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Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disorder characterized by airflow obstruction and progressive damage of lung tissues. As currently more than
3 billion people use biomass fuel for cooking and heating worldwide, exposure to biomass
smoke (BS) is recognized as a significant risk factor for COPD. Recent clinical data have
shown that BS-COPD patients have a Th2-type inflammatory profile significantly different
from that in COPD induced by cigarette smoke. As COPD is essentially proinflammatory,
however, the mechanism underlying this Th2-type anti-inflammatory profile remains elusive.
In this work, a network model is applied to study BS-induced inflammatory dynamics. The
network model involves several positive feedback loops, activations of which are responsible
for different mechanisms by which clinical phenotypes of COPD are produced. Our modeling study in this work has identified a subset of BS-COPD patients with a mixed M1- and
Th2-type inflammatory profile. The model’s prediction is in good agreement with clinical
experiments and our in silico knockout simulations have demonstrated several important
network components that play an important role in the disease. Our modeling study provides novel insight into BS-COPD progression, offering a rationale for targeted therapy and
personalized medicine for treatment of the disease in future.
Key words: Network model, Inflammatory dynamics, Positive feedback loops, Biomass
smoke, Chronic obstructive pulmonary disease

COPD, as it can readily penetrate into the small airway and alveoli of the lung [5]. There are several sources
including biomass smoke (BS), a major contributor to
PM2.5 [6], as more than 3 billion people use biomass fuel
for cooking and heating worldwide [7]. Exposure to BS
has been widely recognized as a significant risk factor for
COPD [1, 8]. BS-induced COPD (BS-COPD) has been
considered mainly in developing regions of the world,
but biomass burning is also recognized as a significant
cause of the disease in industrialized countries [8].
BS contains many compounds similar to those in CS
[9]. Both BS and CS activate inflammatory responses
of the lung. The BS- and CS-induced inflammatory
responses involve both innate and adaptive immunity,
which are mediated through a complex network consisting of multiple immune cell types, molecular mediators,
and lung tissues [1]. It would be expected that BS induces an inflammatory pattern similar to that of CS
[1, 9]. Recent studies, however, have shown that immune response caused by exposure to BS [10] appears
to be different from that induced by CS in COPD patients [11]. Clinical data have demonstrated that a set
of patients with BS-COPD have higher levels of IL4producing Th2 cells, which predominate over Th1 and
Th17 [10], while subjects with CS-COPD develop a
proinflammatory Th17-type immune profile, in which
the Th17 population is significantly higher than that

I. INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
a progressive inflammatory condition characterized by
airflow limitation due to small airway obstruction
(bronchitis) and destruction of the lung parenchyma
(emphysema) [1, 2]. COPD has currently become the
third leading cause of death globally [2]. There is no
cure available for COPD and the present drug treatments are mainly effective in the improvement of symptoms and exacerbation but generally do not slow down
the disease progression [3]. The disease poses a huge
public health burden worldwide. Thus, it is of great
importance to elucidate the detailed mechanism of the
disease for the development of effective therapies.
Although inhalation of cigarette smoke (CS) is the
primary cause of COPD (CS-COPD), a growing number of other risk factors such as exposure to air pollution
particulate matter (PM) contribute to the pathology of
the disease [4]. In particular, PM2.5 , defined as fine particulate matter with an aerodynamic diameter less than
2.5 µm, plays a detrimental role in the pathogenesis of
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FIG. 1 Network model for BS-induced inflammatory response. The interactions between various nodes that represent
immune cells, cytokines and tissues (TD) are depicted (see the main text for details). For clarity, only a few inhibitory
interactions of IL-10 are shown (see details in Ref.[12]).

of Th2 [11]. However, a more recent study showed that
another set of patients with BS-COPD exhibited higher
levels of proinflammatory biomarkers than healthy subjects similar to those with CS-COPD, and there was no
predominant Th2-type inflammation observed in BSCOPD subjects [8]. Although the discrepancies between these studies [8, 10] might be attributable to the
high heterogeneity of COPD and a different distribution of males and females in each COPD group selected
[8], the underlying mechanism is not completely clear.

flammatory [1, 12, 13], how an inflammatory profile of
a Th2-type, which is anti-inflammatory, is achieved in
a subset of patients with BS-COPD has not been addressed in our previous study [12] and remains largely
unclear so far. In the present work, the network model
developed in our previous study [12] is applied to elucidate BS-induced inflammatory dynamics leading to
COPD to address the above issue.
II. MATERIALS AND METHODS

In our previous study [12, 13], a network model was
proposed to describe the dynamics of CS-induced immune responses in COPD progression. This network
model is then extended to study the immune response
dynamics in the progression of ulcerative colitis [14].
Our network model studies have identified several positive feedback loops (PFLs), activation of which plays a
determinant role in several different mechanisms (endotypes) in COPD developments [12–14]. Inhibition
of key elements in the activated PFLs could provide
a possible therapeutic approach for COPD treatment.
Moreover, lessons learned from our previous study are
that a similar clinical phenotype of COPD patients may
originate from different endotypes. Therefore, it is suggested that personalized medicine is required for an effective treatment of COPD [12, 13]. Our previous modeling predictions [13] were in good agreement with the
clinical data for CS-induced COPD, in which Th17 predominates over Th2 [12]. As COPD is essentially proinDOI:10.1063/1674-0068/31/cjcp1801001

A. Network model

The immune system associated with COPD is highly
complex, involving many molecular mediators, immune
cells, and lung tissues. For the sake of simplicity, a network model is developed by treating important components as network nodes [12]. In this network model,
there exist two types of inputs initiated from a node. A
positive or an up-regulation input (denoted by →) represents that an increasing of the concentration of the
tail node will result in an increasing of the head node
or an up-regulation of the process when the input arrow ends at an edge between two nodes, and vice versa
for a negative or a down-regulation (inhibition) input
(denoted by ⊣).
The network model (FIG. 1) used in this work is
based on that presented in our previous study [12].
Upon exposure to external stimuli such as BS, immac
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ture macrophages (M0) are polarized to the inflammatory type, M1 macrophages, and initiate an inflammatory cascade [7]. M1 produces inflammatory cytokines
such as tumor necrosis factor-α (TNF-α), which activates M1 conversely, IL-6 and IL-12 [15]. M1 can
cause tissue damage (TD) in the lung by releasing reactive oxygen species (ROS) leading to oxidative stress,
proteases such as macrophage elastase and metalloproteases (MMPs) to ingest pathogens and apoptotic cells,
and chemokines including IL-8 to recruit neutrophils
into the lung [16–18]. Neutrophils, which are short-lived
and subsequently cleared by macrophages [19], contribute to TD in a manner similar to M1 macrophages
[17]. In addition, the inflammation in COPD is often
described as neutrophilic [1]. Furthermore, the tissues
damaged by M1 can produce elastin fragments (EFs)
as strong attractors to recruit monocytes (precursors of
macrophages, M0) into the lung from circulation [19].
Subsequently, these M0 cells are differentiated into M1,
thus forming a positive feedback loop, M1→TD→M1.
Lung tissue damage triggers an early wounding healing process by producing IL-4 that alternatively activates macrophages (M2) [18, 20, 21]. M2 secretes
IL-10, which activates M2 inversely, and transforming
growth factor, TGF-β [22]. While IL-10 is a potent antiinflammatory cytokine that down-regulates almost all
important proinflammatory and TD-related processes,
TGF-β is a multi-functional growth factor. In the
lung parenchyma, TGF-β down-regulates tissue damage
through inhibition of MMP-12 and MMP-9, whereas in
small airways, TGF-β is a potent inducer for extracellular matrix target genes such as collagens, and fibroblast
proliferation and activation which both are key events
in the fibrogenic process [23].
Dendritic cells (DCs) are antigen-presenting, playing
a critical role in linking the innate to the adaptive immune response [24]. Immature dendritic cells (DC0)
near the epithelial surface are activated directly by BS
or dangerous signals generated from TD [1, 11]. DC
undergoes a maturation process and migrates towards
the local lymph nodes. Naı̈ve, quiescent T cells cannot enter the lung parenchyma. But once activated by
matured DC [25, 26], they can move into the lung and
differentiate into Th1, Th2, Th17, T-regulatory (Treg)
and CD8+ T cells in their corresponding cytokine environments, e.g., in the presence of IL-12 secreted by
M1 (as well as DC), naı̈ve CD4+ T cells (Th0) differentiate into T helper 1 (Th1) cells [27–29]. Th1 secretes interferon-γ (IFN-γ) to up-regulate the polarization process from M0 to M1 [30]. A multi-node positive
feedback loop, M1→IL12→Th1→IFN→γ→M1, is thus
created. In contrast to Th1, Th2 is polarized from Th0
in the presence of IL-4. Release of IL-4 further enhances
the production of IL-10 and TGF-β by M2 (FIG. 1).
In the presence of TGF-β, Th0 cells differentiate into
Treg, which secretes IL-10 [31]. TGF-β and IL-6 together induce Th17 differentiation, leading to the production of IL-17 [32–35]. While IL-17 acts on epitheDOI:10.1063/1674-0068/31/cjcp1801001
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lial cells to recruit neutrophils to cause TD further,
the activated epithelial cells in TD secrete IL-6, forming another positive feedback loop, IL-6→Th17→IL17→TD→IL-6 [27, 35]. Th17 cells also produce IL-21
for the differentiation of CD8+ T cells from naı̈ve CD8+
cytotoxic T lymphocytes (T0) [27, 36]. While CD8+ T
cells produce IFN-γ to enhance the M1 inflammatory
activities, they also release granzyme B and perforins,
causing apoptosis/necrosis of targeted cells and leading to TD further [27]. In addition, IL-6 can downregulate the activation of Treg that secretes IL-10 inhibiting Th17 [37]. Consequently, a positive feedback
loop, IL-6⊣ Treg→IL-10⊣ Th17→IL-17→TD→IL-6, is
generated. The aforementioned molecular mediators,
immune cells, and TD are then treated as nodes, and are
integrated into the network model presented in FIG. 1.
In this network model M1, DC, Th1, Th17, and
CD8+ T with their associated cytokines, TNF-α, IL-6,
IL-12, IFN-γ, and IL-17 form multiple proinflammatory pathways, whereas M2, Th2, and Treg with the
related cytokines, IL-4, TGF-β, and IL-10, form antiinflammatory/regulatory pathways. The inflammatory
and anti-inflammatory/regulatory pathways are interlinked with each other through several nodes representing molecular mediators such as IL-6, TGF-β, IL-10,
IL-4, and IFN-γ (FIG. 1). These pathways eventually
converge at the TD node. As we focus on the immunologic aspects of BS-COPD, the TD node of the network
is highly coarse-grained, involving neutrophil-induced
tissue damage, epithelial cell injury and extracellular
matrix degradation etc. [12]. For example, epithelial
cell injury in lung tissue (TD) can release molecular mediators including IL-4, IL-33 and thymic stromal lymphopoitin (TSLP) to up-regulate Th2 and type II innate
lymphoid cells (ILCs), both of which secrete IL-4, IL-5,
and IL-13 [1, 38]. Dysregulated expressions of these cytokines in the airway smooth muscle are associated with
asthma [1]. For simplicity, ILCs and TSLP, IL-5, and
IL-13 are not included in the present network model.

B. Network dynamics

The above constructed network has a multiple
timescale nature. For example, while cytokine regulation of cellular function via signal transduction usually
takes place on a sub-second timescale, cell production
of cytokines takes minutes to hours [39]. Therefore,
the cytokine regulation activity can be considered to be
at steady state in the equation that describes the slow
timescale activities of the cells. Thereby, a positive or
a negative input can be modeled using an increasing
or decreasing Hill function [12]. In this work, we use
a set of ordinary differential equations (ODEs), which
are similar to those in our previous study [12], to describe the dynamics of the above network components
(see text in Supplementary materials). These ODEs
involve 18 variables, i.e., M 1 , M 2 , D C , T 1 , T 2 , T 8 ,
c
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FIG. 2 Population dynamics of M 1 , M 2 and D C over a time period of (a) 6000 days and (b) 180 days (the dashed square
region in (a)) in BS-COPD progression.

FIG. 3 Population dynamics of I α , I 6 , I 12 , I 17 , I γ , I 4 , I 10 and I β over a time period of (a) 6000 days and (b) 180 days
(the dashed square region in (a)) in BS-COPD progression.

T 17 , and T g represent the densities of M1, M2, DC,
Th1, Th2, CD8+ , Th17, and Treg cells (in units of cell
numbers in a cubic millimeter of tissue), respectively,
whereas I 4 , I 6 , I 10 , I 12 , I 17 , I 21 , I α , I γ , and I β denote concentrations of the cytokines, IL-4, IL-6, IL-10,
IL-12, IL-17, IL-21,TNF-α, IFN-γ, and TGF-β. The
variable, T D , represents the tissue damage (in terms of
a percentage) [12]. Given the network model (FIG. 1)
as well as the ODEs (see text in the Supplementary
materials), the values of the parameters in the ODEs
determine the immune response dynamics and inflammatory profile of a subject exposed to BS. In the following discussion, the values of the parameters (Table
S1 in the Supplementary materials) in the ODEs (see
text in the Supplementary materials) were adopted or
estimated from experimental data (Table S2 in the Supplementary materials). A subset of the parameters including k 9 (3.36×104 /day), k 26 (8.00 pmol/(cell day))
and k 27 (2.00 pmol/(cell day)), which govern the dynamics of Th2 and IL-4, respectively, have different values from their counterparts, k 8 (0.41×104 /day), k I4,TD
(1.56 pmol/(cell day)) and k I4,T2 (0.83 pmol/(cell day))
in Table S1 in Ref.[12] for patients with CS-COPD stud-

DOI:10.1063/1674-0068/31/cjcp1801001

ied previously.
As mentioned above, 18 ODEs, which involve 18
variables, M 1 , M 2 , D C , T 1 , T 2 , T 8 , T 17 , T g ,I 4 ,
I 6 , I 10 , I 12 , I 17 , I 21 , I α , I γ , I β , and T D , are used
to describe the network dynamics. These ODEs are
listed in Supplementary materials. The system of ODEs
is solved numerically using MATLAB (version R2013a
Mathworks) with a variable order and multistep solver,
ode15s, and the parameters used in the simulations are
listed in Table S1. MATLAB is also used to plot the
simulation data to generate the figures presented below.
III. RESULTS
A. Dynamics of BS-induced immune response and
inflammatory profile

FIGs. 2−4 present the population dynamics of the
immune cells and cytokines in response to BS, respectively. The M1 population (FIG. 2(b)) along with TNFα , IL-6, and IL-12 (FIG. 3(b)) ascends to a peak after
BS exposure for ∼13 days, and then goes downuntil day
20 due to the down-regulation of IL-10 mainly produced
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FIG. 4 Population dynamics of T 1 , T 2 , T 8 , T 17 , and T g over a time period of (a) 6000 days and (b) 180 days (the dashed
square region in (a)) in BS-COPD progression.

FIG. 5 (a) TD dynamics. (b) Calculated results (red) for Th1, Th2, Th17, and Treg compared with clinical data (black)
for BS-COPD. The clinical data are taken from Ref.[12].

by M2 (FIG. 1(a)), exhibiting an acute inflammatory
response to BS exposure. As discussed in the previous study, this time period is referred to as phase I
in COPD progression [14]. Thereafter, the IL-10 inhibitory effect on M1 is countervailed by the M1 production up-regulated by TNF-α, TD and IFN-γ (see
FIG. 1). M1 is then raised again up to day of 180. This
time of period is referred to as phase II, which bridges
the innate and adaptive immunity in the progression of
COPD [14]. During phase II, DC along with IL-12, IL6, and TGF-β (FIG. 3(b)), and IL-21 (data not shown)
increases slowly and gradually, leading to the slow productions of Th1, Th17, and CD8+ , respectively. After
phase II, TD (FIG. 5(a)) along with the immune cells
and molecular mediators eventually reaches a steady
state (stable COPD, see results in Table S2). Our modeling results are consistent with laboratory and clinical
experiments (see Table S2 in the Supplementary materials).

icant differences in the dynamics of some important
network components including IL-4 and Th2 between
these two cases. As shown in FIG. 3 IL-4 (I 4 ) is increased dramatically compared to that in CS-COPD
[14]. Th2 is also significantly enhanced, predominating over Th1 and Th17, respectively, during the COPD
progression (FIG. 4). The BS-COPD patients, which
were all female [12], studied in this work have an inflammatory profile in which the Th2 level is higher than
that of Th17 (FIG. 5(b)), different from that of CSCOPD in which Th17 predominates over Th2 [13, 14]
(see FIG. S1 in this work). Here, our simulations results are in good agreement with the clinical data [12],
as shown in FIG. 5(b). Nevertheless, M1 still remains
at a high level (FIG. 2) similar to that of CS-COPD
[14] as the host is persistently exposed to BS and the
M1-involved PFLs are constantly activated. As a result,
our modeling study has identified a subset of COPD patients whose immune dynamics is dominated by a mixed
M1- and Th2-type response.

Our simulation results show that overall, BS-induced
dynamic behaviors of the innate immune cells, M1 and
DC (FIG. 2) are similar to those induced by CS in
COPD progression [12]. However, there exist signifDOI:10.1063/1674-0068/31/cjcp1801001
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FIG. 6 Simulations of TD dynamics for in silico knockout of (a) an immune cell, M 1 (red), T 1 (green), T 2 (blue), T 17
(cyan), or T 8 (pink) and (b) a cytokine, I α (red slashed line), I 6 (cyan), I 17 (pink), I γ (green), or I 4 (blue). WT (wild-type)
is represented by black solid line.

B. Knockout simulations

In the following discussion, in silico knockout simulations are performed to identify important network
components for BS-COPD through deletion of a node
by setting all parameters of the component and the rate
to zero. The results for knockouts of the immune cells,
M1, Th1, Th2, Th17, CD8+ , and the cytokines, TNF-α,
IL-6, IL-17, IFN-γ, and IL-4 are presented in FIG. 6 (a)
and (b), respectively.
FIG. 6(a) shows that M1 knockout leads to a significant reduction in TD in spite of persistent exposure to BS. As discussed earlier, M1 not only produces
proinflammatory cytokines such as IL-6 and IL-12 to
activate the adaptive immune responses, but also induces TD by producing chemokines such as IL-8 to recruit neutrophils into the lung, ROS leading to oxidative
stress, and elastolytic enzymes including MMPs. The
M1 knockout result along with that shown in FIG. 3
demonstrates that M1 predominates in the immune response, consistent with experiments in which M1 has a
determinant role for BS-COPD [1] similar to the case
of CS-COPD [40]. While deletion of Th1 leads to a
small change in BS-induced TD, knockouts of Th17
and CD8+ result in a large amount of reduction in
TD, respectively. Interestingly, deleting Th2 leads to
an increase in TD (FIG. 6(a)), which is consistent with
knockout of Th2-produicng IL-4 (FIG. 6(b)). These
results are not surprising as Th2 and IL-4 execute
their anti-inflammatory and wound healing effects on
TD. Our modeling study indicates that anti-IL-4/Th2
strategy may not be effective in the treatment of BSCOPD, although both Th2 and IL-4 are significantly enhanced that might be associated with coexisting asthma
[41, 42], in line with clinical experiments [38].
Although the TNF-α level (FIG. 3) is significantly
increased in BS-COPD, no significant reduction in TD
is found in the TNF-α knockout simulation (FIG. 6(a)).
This result is consistent with clinical data showing that
DOI:10.1063/1674-0068/31/cjcp1801001

TNF-targeted therapy is ineffective in COPD treatment
[3, 43]. As shown in FIG. 6(b), the deletions of IL-17
and IFN-γ lead to a relatively small decrease (<∼10%)
in TD, respectively. These low-level reductions are not
contradictory to the effects of CD8+ and Th17 knockouts, as the latter effects come from both cytokine deletion and elimination of the cytotoxicity of CD8+ that
produce granzyme B and perforins to cause TD further
as discussed earlier. Despite a relatively low level of
IL-6 in BS-COPD, the IL-6 knockout still results in a
large reduction of TD at the steady state, demonstrating an important role of IL-6 in bridging the innate and
adaptive immunity. Our knockout simulations indicate
that IL-6 is a promising anti-inflammatory target for an
effective treatment of COPD [3].

IV. DISCUSSION

COPD is associated with chronic inflammation that
affects predominantly the lung parenchyma and airways
leading to airway limitation. This inflammation is amplified in patients with COPD and persists even after
exposure to smoke is stopped [1]. However, the precise mechanisms for the inflammatory amplification and
persistence are not clear [1]. Recently, we proposed
a network model to probe the cellular and molecular
mechanisms of CS-induced COPD [12]. Our modeling
study has identified several positive feedback loops, activations of which are responsible for such inflammatory amplification and persistence in COPD patients
and have an important role in several distinct mechanisms (endotypes) by which clinical COPD phenotypes
are developed [12]. Our previous modeling results indicate that similar clinical phenotypes of COPD patients
can come from different endotypes, suggesting that personalized medicine is required for COPD treatment.
Recent clinical data have shown that a set of patients
with BS-COPD have a Th2-type inflammatory profile,
c
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in which the levels of Th2 are higher than those of Th1
and Th17, respectively [10], significantly different from
that with CS-COPD where Th17 predominates over
Th2 [11]. As the immune response dynamics of CSCOPD was extensively studied in our previous work
[12], the underlying mechanism by which BS-COPD
patients develop a Th2-type inflammatory profile has
remained elusive [1, 9–11]. In the present work, we employed the network model developed in our previous
study [12] to investigate BS-induced inflammatory response in COPD progression. Our modeling study has
identified a subset of patients with BS-COPD, whose
immune response is of mixed M1- and Th2- type, in
which M1 dominates M2, whereas Th2 predominates
over Th1 and Th17, respectively, in good agreement
with clinical data (FIG. 5(b)) [10]. In silico knockout
simulations in this work have demonstrated several important network components that have an important
role in BS-COPD.
It is of interest to note that BS-COPD occurs mostly
in women [10] and while female BS-COPD patients
have a Th2-type inflammatory profile [10], male patients with BS-COPD have an immune response similar to that of CS-COPD [8]. This modeling study
has identified a subset of COPD patients (i.e., females)
who are likely more sensitive to tissue damage in the
lung and have developed a protective mechanism by
which IL-4 is significantly enhanced in response to the
signal from TD (see FIG. 1) in the early phase as
shown in FIG. 3(b) [12]. The positive feedback loop,
IL-4→Th2→IL-4 (FIG. 1), is then activated so that the
Th2 level is significantly enhanced, predominating over
Th1 and Th17, respectively (see FIG. 4). IL-4 also alternatively activates M2 that secretes TGF-β and IL10. While TGF-β promotes tissue repair in the lung
parenchyma as mentioned above, IL-10 attenuates the
proinflammatory responses and reduces tissue damage.
Intriguingly, in silico knockout of IL-4 or Th2 in this
study leads to an increase of TD although IL-4 and
Th2 are both significantly enhanced in patients with
BS-COPD, implicating that anti-IL-4/Th2 therapy may
not be effective in the treatment of BS-COPD. Our
modeling study provides novel insight into the cellular
and molecular mechanism of BS-COPD with a Th2 profile, providing a rationale for targeted therapy and the
personalized medicine treatment of COPD in future.
Supplementary materials: Equations (S1)−(S7) are
given for the population dynamics of cytokines, I α
(TNF-α), I 12 (IL-12), I γ (IFN-γ), I 17 (IL-17), I 21 (IL21), I 4 (IL-4), and I β (TGF-β). FIG. S1 shows calculated results (red) for Th1, Th2, Th17, and Treg compared with clinical data (black) for CS-induced COPD.
TABLE S1 lists parameters for the equations describing network dynamics of BS-induced immune response.
TABLE S2 lists cell density and cytokine concentrations
at the steady state from the simulations compared to
DOI:10.1063/1674-0068/31/cjcp1801001
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experiments.
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