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ackground: Asthma is a chronic inflammatory condition characterized by T-helper (TH) 2 polarization. In
hildren, the prevalence of obesity is associated with an increased incidence of asthma. Notably, obesity is
nked with TH1-mediated inflammation and has been identified as a major risk factor for asthma.
bjective: To investigate the impact of obesity on TH1 (tumor necrosis factor a, interferon gamma, inter-

leukin (IL)-6, IL-8) and TH2 (IL-4, IL-5, IL-10, IL-13) immune responses in children with asthma.
Methods: We searched the MEDLINE and gray literature electronic databases for eligible studies from
inception up until April 2020. The quality of included studies and evidence was independently assessed by 2
reviewers. The random-effects model was used in this meta-analysis, and outcomes were reported as
standardized mean difference (SMD) and 95% confidence interval (CI).
Results: Overall, 5 studies comprising 482 participants met the inclusion criteria. The meta-analysis revealed
an increased TH2-mediated immune response in lean people with asthma compared with controls without
asthma (SMD: �1.15 [95% CI: �1.93, 0.36]; I2 ¼ 93%; pH < .001). However, in obese people with asthma, there
was polarization toward TH1 immune response compared with lean people with asthma (SMD: �0.43 [95%
CI: �0.79, �0.08]; I2 ¼ 88%, pH < .001).
Conclusion: This meta-analysis reveals that there are differences in immune responses mediated by T-
helper cells in lean and obese children with asthma. Moreover, and not unique to asthma, obesity polarizes
the immune response toward TH1 rather than the classical TH2. This could be an important aspect to un-
derstand to establish effective therapeutic targets for obese children with asthma.
� 2020 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
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Chronic respiratory diseases (CRDs) are ranked among the top 5
noncommunicable diseases that are currently posing the greatest
health care burden and contributing significantly to increased
mortality globally.1 Among these CRDs is asthma, a chronic in-
flammatory disorder that is characterized by airway obstruction
mediated by various inflammatory immune cells, including in-
flammatory leukocytes.2,3 Recently, it was estimated that asthma
affects 339million people worldwide, with a mortality rate of more
than 356,000 deaths annually.4 This burden may be attributed to
increased prevalence of childhood obesity, a major risk factor for
asthma,5 and comorbidities such as type 2 diabetes mellitus and
cardiovascular diseases.6 Of note, systemic inflammation has been
identified as a common characteristic feature among these
comorbidities7,8 and has led to renewed interest in understanding
the pathoimmunologic aspects of asthma.
lsevier Inc. All rights reserved.
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Immunoglobulin E (IgE)emediated asthma is categorized as a
type 1 hypersensitivity response that is broadly classified as either
eosinophilic or noneosinophilic9 with exacerbated T-helper 2 (TH2)
immune responses mediated by its cytokines interleukin (IL)-4, IL-
5, and IL-13.10 Hence, TH2 polarization is regarded as a hallmark of
asthma pathogenesis. Interestingly, although TH2-mediated re-
sponses in people with asthma have been characterized,10-12 the
clinical relevance of these findings remain controversial. This is
partly due to the variable immunological responses in asthma
therapy and the lack of clear mechanisms and factors that are in-
dependent of TH2emediated responses, as described elsewhere,13,14

particularly, in cases of comorbidity with other disorders such as
obesity.15 Notably, obesity has been associatedwith disease severity
and reduced efficacy of asthma treatment, which is further affected
by age-dependent factors in children.16,17 However, the patho-
physiological mechanisms of obesity-related asthma remain poorly
understood. Here, we hypothesize that these detrimental phe-
nomena are partially a consequence of altered T-helper cell re-
sponses induced by obesity. This is in conjunction with an
exacerbated proinflammatory response in obesity being driven by
TH1 cells, which are characterized by increased release of its cyto-
kines, that is, interferon gamma (IFN-g), tumor necrosis factor
(TNF)-a, and IL-6, as reported elsewhere.18,19 Likewise, these find-
ings have been confirmed in obesity-related asthma,20-22 albeit
others still suggested the TH2 polarization hallmark.23

Although previous systematic reviews and meta-analysis have
investigated the broad associations betweenobesityand asthma,24-26

none have assessed the impact of obesity on immune responses
mediated by TH1 and TH2 in asthma. Therefore, in this study, we
aimed to investigate and establishwhether obesity alters TH1 (TNF-a,
IFN-g, IL-6, IL-8) andTH2 (IL-4, IL-5, IL-10, IL-13) immune responses in
asthma. The selected cytokines are known to mediate respiratory
inflammation27 and affect asthma control in obesity-asthma
conundrum.28

Methods

This meta-analysis was prepared according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines and performed to address the following questions:

Question 1: Is the immune system of lean children with asthma
polarized toward a proinflammatory TH1 or anti-inflammatory TH2
response?

Question 2: Does obesity alter these T-helper cell responses in
obese children with asthma when compared with their lean
counterparts?

Search Strategy

A comprehensive search was conducted from the inception of
MEDLINE electronic database and ProQuest gray literature up until
April 2020. The search was conducted by 2 independent reviewers
(TMN and BBN), whereas a third reviewer (PVD) was consulted for
arbitration in cases of disagreements. The search strategy comprised
Medical Subject Heading and text words, such as obesity, asthma, TH1
and TH2 cells, and their respective synonyms. In addition to gray
literature search, scanning reference lists of retrieved studieswas also
applied to identify relevant studies. No language restrictions were
applied in the search strategy, and the Mendeley reference manager
software (Elsevier, Amsterdam, Netherlands) was used tomanage the
reference list and remove study duplicates.

Study Selection

Studies were independently screened and selected by 2 re-
viewers (TMN and B.B.N.) using a predefined inclusion and exclu-
sion criteria. Briefly, this meta-analysis only included studies that
reported on both TH1 and TH2 immune responses in children with
asthma (aged�18 years). Moreover, the studies were only included
if participants were categorized as either obese or lean. Reviews,
books, editorials, letters, and studies that included adult partici-
pants (>18 years) were excluded. In addition, studies that did not
compare obese and lean people with asthma or lean people with
asthma vs lean healthy controls were excluded from this study.

Data Extraction

Two independent investigators (TMN and VM) carried out the
data extraction process using a predefined data extraction sheet. In
cases of disagreements, BBN was consulted for arbitration. The
primary aim of the study was to assess TH1 and TH2 function in
obese children with asthma. The extracted data items from each
study included the names of the authors, year of publication, study
design, age of participants, effect measures of TH1 and TH2 function
(cytokines), and the main findings.

Outcomes

The outcomes of this meta-analysis were TH1 and TH2 immune
responses that were reported as standardized mean difference
(SMD).

Quality Assessment

The quality of evidence was assessed using the Grading of
Recommendations Assessment Development and Evaluation29

approach by 2 independent reviewers, TMN and VM. In cases of
disagreements, a third reviewer, PVD, was consulted for arbitration.
Furthermore, the quality of included studies was assessed using the
modified Newcastle-Ottawa Scale adapted for cross-sectional
studies.30 The tool uses the star system to appraise studies based
on the following 3 domains: selection of study groups, compara-
bility of the groups, and outcome ascertainment. A score of 0 to 4 is
rated as unsatisfactory, 5 to 6 as satisfactory, 7 to 8 as good, and 9 to
10 as very good.

Statistical Analysis

All statistical analyses were performed using REVMAN version
5.3 software (Cochrane Collaboration, Oxford, United Kingdom). In
addition, heterogeneity was quantitatively assessed using Higgin’s
I2 index.31 In cases of substantial heterogeneity (I2 > 50%) in the
pooled effects estimate, the random-effects model was used. The
fixed-effects model was used in cases of low heterogeneity (I2 <

50%).32 Statistical significance of heterogeneity was reported as pH.
SMD and 95% confidence interval (CI) that account for the differ-
ences in the reported effect measures were used to measure the
effect size of an outcome. Moreover, Cohen’s method was used to
interpret the calculated effect estimate, whereby an SMD of 0.2, 0.5,
and 0.8 was equated to small, medium, and large, respectively.33 A P
value less than .05 was considered statistically significant. A
sensitivity analysis was conducted to evaluate the influence of each
study on the overall effect size using the leave-one-out method.
The interrater reliability was evaluated for both the included
studies and risk of bias bymeans of Cohen’s kappa. A kappa value of
less than 0.00 was taken as poor strength of agreement, 0.00 to 0.20
as slight agreement, 0.21 to 0.40 as fair agreement, 0.41 to 0.60 as
moderate agreement, 0.61 to 0.80 as substantial agreement, and
0.81 to 1.00 as perfect agreement.34
Results

Study Selection and Data Synthesis

Overall, 369 studies were identified and independently
screened for eligibility by 2 reviewers. A total of 352 studies were
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excluded from the screening stage because 65 were reviews and
287 were not relevant to the topic of interest. The full texts of the
remaining 17 studies were then assessed for eligibility, and a total
of 5 studies were excluded owing to their study design. In the
excluded studies, individuals with asthma were not grouped as
either lean or obese. In addition, 6 studies were excluded due to the
reported T-helper cells subtypes other than TH1 and TH2. One study
was also excluded owing to limited data values of effect measures
reported,21 and only 5 studies20,22,23,35,36 met the inclusion criteria
as shown in Figure 1 (overall agreement 99.73%, kappa ¼ 0.89). The
interrater agreement in the study selection process was perfect. The
meta-analysis was split into 2 major comparisons, one which
compared TH1 and TH2 functions in lean people with asthma vs
controls, whereas the other focused on lean vs obese people with
asthma.
Characteristics of Included Studies

All included studies were published in peer-reviewed journals
between 2012 and 2016, and the detailed study-level characteristic
features are described in Table 1. Briefly, all studies were cross-
sectional studies involving a total of 482 participants with an age
range of 7-18 years from United States and Mexico. Of these, 109
were controls and 373 had asthma, of which 190 were lean and 185
were obese. The reported cases of asthma were based on the
Figure 1. The Preferred Reporting Items for Systematic Reviews and M
physician’s diagnosis and medical electronic records. Obesity was
defined as having a body mass index (BMI) greater than the 95th
percentile for age and sex, whereas lean was defined as having a
BMI less than the 85th percentile.37 For the participants of this
study whose average age was approximately 9 years, obesity was
defined as BMI greater than 21.1 kg/m2 and lean as BMI less than
18.6 kg/m2. However, for 15-year-old participants, obesity was
defined as BMI greater than 26.8 kg/m2 and lean as BMI less than
23.4 kg/m2.

Quality Assessment

All included studies were of good quality and had a median
score range of 7 (6-7) out of a possible score of 10 (eTable 1). Four of
the studies were rated as good20,22,35,36 and the remainder as
satisfactory.23 Briefly, included studies had a selection median of 3
(3-4) of possible 5 stars (overall agreement 100%, kappa ¼ 1),
comparability median of 2 (0-2) of possible 2 stars (overall agree-
ment 70%, kappa ¼ 0.6), and outcome ascertainment median of 2
(2-3) of 3 possible stars (overall agreement 100%, kappa ¼ 1).

Publication Bias

Potential publication bias was explored using visual inspection
of funnel plots. However, owing to lower number of studies than
recommended, we could not effectively assess publication bias
eta-Analyses flow diagram illustrating the study selection process.



Table 1
Characteristics of Included Studies on TH1/2 Cell Function in Obesity-Related Asthma in Children (n ¼ 5)

Study Country Study design Study size Asthma diagnosis BMI (kg/m2) Age (y) TH cell effect measures Main findings

Rastogi et al20 United States Cross-sectional 90 participants (30 lean
people with asthma;
30 obese people with
asthma and 30
controls)

Physician diagnosis
based on the NAEPP
guidelines

Obese people with
asthma (28.4)

Lean people with
asthma (17.3)

9.23 � 1.3 Serum TH1 cytokines IL-6, TNF-
a, and IFN-g and Serum TH2
cytokines (IL-4, IL-5, and IL-
13).

Pediatric obesityeassociated
asthma is marked by TH1 and not
TH2 polarization. In addition,
poor pulmonary function is
associated with increased TH1
cytokines in obese people with
asthma.

Youssef et al36 Egypt Cross-sectional 70 participants (25 lean
people with asthma;
25 obese people with
asthma and 20
controls)

Physician diagnosis
based on GINA
guidelines

Obese people with
asthma (25.1)

Lean people with
asthma (18.6)

8.61 � 2.8 Serum TH1 cytokine (IFN-g) and
TH2 cytokine (IL-4).

Obesity-associated asthma in
children is characterized by TH1
and not TH2 polarization.
Moreover, elevated levels of IFN-
g in obese people with asthma
were associated with poor
pulmonary function and disease
severity.

Sanchez-Zauco et al23 Mexico Cross-sectional 65 estimated
participants (23 lean
people with asthma;
19 obese people with
asthma and 23
controls)

Physician diagnosis Obese people with
asthma (23.9)

Lean people with
asthma (17.6)

9.17 Serum TH1 cytokines (IL-2, IFN-
g, and TNF-a)

and
Serum TH2 cytokines (IL-4 and

IL-10).

Obese people with asthma have
decreased TH1emediated
immune response when
compared with lean people with
asthma and controls.

In addition, TH2 cytokines are
increased in lean people with
asthma when compared with
obese people with asthma and
controls.

Rastogi et al22 United States Cross-sectional 114 participants (39
lean people with
asthma; 39 obese
people with asthma
and 36 controls)

Physician diagnosis and
medical records

Obese people with
asthma (33.2)

Lean people with
asthma (22.2)

15.9 � 1.7 Serum TH1 cytokines (IL-2, IL-6,
TNF-a and IFN-g) and

Serum TH2 cytokines (IL-4, IL-
10, and IL-13).

TH1/2 cytokine ratio is higher in
obese people with asthma when
compared with lean people with
asthma. Moreover, the high

TH1/2 ratio directly correlated with
metabolic abnormalities and poor
pulmonary function.

Lautenbacher et al35 United States Cross-sectional 143 participants (71
lean people with
asthma and 72 obese
people with asthma)

Physician diagnosis and
medical records

Not reported (7-18) Serum TH1 cytokines (IFN-g,
TNF, IL-6, and IL-8)

and
Serum TH2 cytokines (IL-4, IL-5

and IL-13).

TH1 cytokines are increased in
obese people with asthma vs lean
people with asthma. In addition,
increased TH1 function is
associated with poor pulmonary
function.

TH2 cytokines are comparable
across all 3 groups except for IL-
13, which is high among lean
people with asthma.

Abbreviations: BMI, body mass index; GINA, Global Initiative for Asthma; IL, interleukin; IFN, interferon; NAEPP, National Asthma Education and Prevention Program; TH, T-helper; TNF, tumor necrosis factor.

T.M
.N

yam
buya

et
al./

A
nn

A
llergy

A
sthm

a
Im

m
unol

xxx
(2020)

1
e
8

4



Figure 2. A comparison of standardized mean difference of TH1- and TH2-mediated responses between lean people with asthma and healthy controls. 95% CI, 95% confidence
interval; TH1, T-helper 1; TH2, T-helper 2.
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(eFig 1). Therefore, there may be potential publication bias among
the included studies.
TH1/2 Immune Responses in Lean People With Asthma

Overall pooled estimates revealed a TH1-weighted imbalance in
lean people with asthma compared with the controls without
asthma (SMD: 0.16 [95% CI: �0.41, 0.72]; I2 ¼ 89%; pH < .001) (Fig
2A). Owing to substantial levels of statistical heterogeneity in the
reported effect estimate, we performed a subgroup analysis to
Figure 3. A comparison of standardized mean difference of TH1- and TH2-mediated resp
TH1, T-helper 1; TH2, T-helper 2.
explore sources of heterogeneity based on the reported effect
measures of TH1 response. The test for subgroup differences
revealed no significant subgroup effect (P ¼ 1.00) (eTable 2), sug-
gesting that the observed differences in TH1 immune response are
not modified by varying effect measures reported. However, the
pooled estimates support a TH2 weighted response in lean children
with asthma compared with controls (SMD: �1.15 [95%
CI: �1.93, �0.36]; I2 ¼ 93%; pH < .001) (Fig 2B). Nonetheless, due to
high statistical heterogeneity among the included studies and dif-
ferences in the reported effect measures of the TH2 responses, we
onses between lean and obese people with asthma. 95% CI, 95% confidence interval;
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performed a subgroup analysis based on the reported effect mea-
sures of TH2 function.

Subgroup analysis of TH2 immune response
The test for subgroup differences revealed a statistically signif-

icant subgroup effect (P ¼ .08) (eTable 2). Thus, the different cy-
tokines assessed as effect measures modified the overall effect of
TH2 immune response in lean people with asthma in comparison
with controls. However, there were substantial levels of unex-
plained heterogeneity between included studies (I2 ¼ 60.6%).
Interestingly, there was a large effect size in IL-4 levels between
lean people with asthma and controls (SMD: �2.22 [95%
CI: �3.88, �0.55]; I2 ¼ 95%; pH < .001). Moreover, IL-13 levels were
higher in lean people with asthma compared to controls
(SMD:�0.28 [95% CI:�0.62, 0.06]; I2¼ 0%; pH¼ .50), and therewas
a medium effect size in IL-10 levels (SMD: �0.68 [95% CI: �2.59,
1.23]; I2 ¼ 95%; pH < .001).

Obesity-Related Asthma Is Characterized by TH1 and Not TH2
Polarization

Interestingly, unlike in the lean counterparts, immune re-
sponses in obese individuals with asthma are TH1 weighted. The
pooled estimates revealed that TH1 cytokine levels are increased in
obese people with asthma compared to lean people with asthma
(SMD: �0.43 [95% CI: �0.79, �0.08], I2 ¼ 88%; pH < .001) (Fig 3A).
However, pooled estimates of TH2 immune-mediated responses
were decreased in obese individuals with asthma compared to lean
people with asthma (SMD: 0.54 [95% CI: 0.10, 0.98]; I2 ¼ 89%; pH <

.001) (Fig 3B). Nonetheless, due to substantial statistical hetero-
geneity, we performed a subgroup analysis based on the reported
effect measures.

Subgroup analysis of TH2-Mediated immune response
The test for subgroup differences revealed a statistically signif-

icant subgroup effect (P < .001) with substantial levels of unex-
plained heterogeneity (I2 ¼ 87.7%) (eTable 3). Pooled estimates of
IL-4 and IL-13 levels were lower in obese people with asthma
compared with lean people with asthma (SMD: 0.83 [95% CI: 0.00,
1.65]; I2 ¼ 92%%; pH ¼ .44) and (SMD: 0.74 [95% CI: 0.32, 1.17]; I2 ¼
64%; pH ¼ .06), respectively. In contrast, IL-5 levels were higher in
obese people with asthma vs lean counterparts (SMD: �0.28 [95%
CI: �0.62, 0.06]; I2 ¼ 27%; pH ¼ .24).

Sensitivity Analysis

To investigate the levels of high unexplained sources of het-
erogeneity and to ascertain whether our findings were influenced
by any single study, we performed a sensitivity analysis based on
the guidelines followed to diagnose asthma (eTable 4). Heteroge-
neity among the included studies remained high in both reported
outcomes involving lean and obese people with asthma. We
repeated the meta-analysis by leaving out the study by Youssef
et al36 due to its peculiarly large effect size in the reported out-
comes. The findings remained robust except for the magnitude of
TH2 immune response, which changed from a medium (0.54 [0.10,
0.98]) to a small (0.29 [�0.02, 0.59]) effect size (eTable 4).

Discussion

The primary aim of this meta-analysis was to determine
whether obesity alters TH1 and TH2 immune responses in children
with asthma. As expected, the pooled effect estimates revealed
increased TH2-mediated immune responses in lean people with
asthma. However, in obesity-related asthma, there is polarization
toward TH1 immune response, which is associated with poor pul-
monary function.20,22,35 Therefore, the overall findings from this
meta-analysis suggest that obesity, although not unique to asthma,
aggravates TH1-mediated immune responses in obesity-related
asthma.

T-helper cells are involved in the initiation and mediation of
airway inflammation in asthma,11,12 by exacerbating cytokine
release and action. Notably, cytokines play a pivotal role in gener-
ating a cytokine milieu that promotes the differentiation of naive T-
helper cells intoTH2 cells.2 As a consequence, TH2 effector responses
are aggravated coupled with increased secretion of cytokines such
as IL-4, IL-5, and IL-13. Ourfindings revealed that both IL-4 and IL-13
levels were increased in lean people with asthma compared with
both controls and obese people with asthma. Interestingly, IL-4 and
IL-13 are central inmediating TH2 immune responses and also share
a common receptor that orchestrates B-cell activation and IgE
antibody secretion.38,39 Moreover, IL-13 is involved in airway
inflammation and obstruction by activating proinflammatory mac-
rophages and increasing mucus production.40 Overall, these find-
ings are supporting evidence of TH2-mediated immune response in
lean children with asthma.

In our previous work, we reported that in the context of T-helper
cells, obesity-induced inflammation is mediated by increased TH1
and TH17 responses coupled with decreased TH2 and regulatory T
cells.41 These findings prompt us to postulate that obesity-related
asthma may be a different entity of this disease because obesity
is a low-grade inflammatory state characterized by increased
adiposity and activation of various inflammatory pathways.42,43 As
such, increased activation and release of proinflammatory cyto-
kines and adipokines promotes systemic inflammation, which has
been linked to hypersensitivity reactions.44,45 The meta-analysis
revealed that obese individuals with asthma have increased TH1-
mediated immune response.

Furthermore, obesityworsens the severity of asthma in children, in
part by increasing IL-5 and eosinophil-mediated inflammation as
previously reported.46 IL-5 signaling can promote IL-4einduced B-cell
activation and class switch to IgE-synthesizing plasma cells, resulting
in marked increase in serum IgE levels and activation of eosino-
phils.47,48 In fact, elevated levels of IgE promote the activation of eo-
sinophils through increased IgE receptor signaling48,49 on their cell
surface subsequent to eosinophilia, thus highlighting the direct asso-
ciation between IL-5 and IgE levels in asthma50 and their association
with poor pulmonary function. Interestingly, in this study, the levels of
IL-5 were higher in obese people with asthma than in lean counter-
parts. Therefore, we postulate that therapies targeting IL-5 activity
maybe less effective if the therapeutic dosesused inobesepeoplewith
asthma are similar to those prescribed for lean people with asthma.
Collectively, these findings suggest that, although obesity-related
asthma is characterized by TH1 polarization, the levels of IL-5 are still
increased. Therefore, therapies that inhibit IL-5 activity, such as
mepolizumab combined with corticosteroids, which reduce T-cell
activation while promoting the differentiation of regulatory T cells,51

maybe of therapeutic benefit and improve the response to treatment
in obese people with asthma. Nevertheless, beyond the TH1/TH2
paradigm, other mechanisms involving additional T-cell subsets, such
as CD8, TH9, TH17, TH22, and follicular T-helper cell subsets have to be
studied in detail for their role in asthma pathogenesis in obese chil-
dren, as reviewed elsewhere.51,52

In addition, exacerbated inflammation in obese people with
asthma has also been attributed to increased levels of leptin and
TNF-a which were directly associated with enhanced activation of
eosinophils in these patients.53 Likewise, low levels of vitamin D
concomitant to increased risk of respiratory infections in obese
children with asthma have also been described.15 This may in part
be attributed to impaired immunomodulatory effects of vitamin D
on TH1/2 and TH17 immune responses.54,55 In addition to these
factors, asthma outcomes are significantly influenced by socio-
economic distal factors. For instance, poor communities are most
likely to have unhealthy residential environments,56 which
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together with genetics and wheezing episodes at preschool age57

predisposes these children to develop asthma. Moreover, these
societies are associated with high levels of stress, violence, and
poor access to medical care, which increases morbidities.56

Obesity-related asthma, however, is more driven by increased
sedentary lifestyle and unhealthy eating that are most prevalent in
developed countries.58 Congruent to this, 60% of the included
studies were from those with high income,20,22,35 and the
remaining studies were from low- to middle-income countries.23,36

The limitations of the current review include lack of standard-
ization of asthma diagnosis, which was based on physician diag-
nosis and electronic records. This was a challenge because the
approaches used potentially varied significantly, making it difficult
to assess the validity of studies and to compare their findings.
Moreover, people with asthma were generally grouped and not
categorized based on their immunologic phenotypes (eosinophilic
or noneosinophilic). This was a major limitation because different
asthma subtypes present with unique immunologic features.
Together with differences in disease duration among the partici-
pants, the heterogeneous nature of asthma and reported TH2 effect
measures, which were pooled cytokines with antagonistic effect,
may potentially be the source of unexplained heterogeneity among
the included studies, particularly in the analysis between lean and
obese people with asthma. Finally, critical population features, such
as social and economic demographics, which heavily influence the
interaction between obesity and asthma in children were not re-
ported in the included studies. Ethnicity was reported in 3 of the
included studies,20,22,35 which involved an approximately equal
number of Hispanics and African American children. The remaining
2 studies23,36 did not report on this aspect, and this limits the
generalizability of our findings. However, our study highlights the
evidence gap that needs to be explored to better understand the
disease pathology in white people because they may not be rep-
resented in these patient cohorts.

Despite these limitations, our study has significant strengths.
First, and to the best of our knowledge, this is the first meta-
analysis to explore the effect of obesity on TH1 and TH2 immune
responses in children with asthma. This is of special interest to
understand the TH1/TH2 paradigm in modulating an adaptive im-
mune response, especially in relation to the development of
metabolic complications, as recently reviewed.59 Second, the study
selection and quality assessment processes employed in this study
were robust and comprehensive as indicated by high levels of
interrater reliability. Moreover, the reported effect sizes were
consistent and the sensitivity analysis demonstrated the robustness
of the presented findings. Finally, the findings of this study provide
insights into future asthma therapies to consider the impact of
obesity on the immune response, which we have shown to be
completely different when compared with the lean counterparts,
despite sharing the same condition.

In conclusion, the evidence synthesized in this meta-analysis
reveals that there are differences in immune responses mediated
by T-helper cells in lean and obese children with asthma. In addi-
tion, although not unique to asthma, obesity polarizes the immune
response toward TH1 rather than the classical TH2. Therefore,
asthma therapies that particularly target immune responses should
consider the underlying obese state of these patients for an effec-
tive treatment outcome.
Supplementary Data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.anai.2020.06.020.
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Supplementary Data
eFigure 1. Funnel plots reporting publication bias. SMD, standardized mean difference.



eTable 1
Quality Assessment of Included Studies Using the Modified Newcastle-Ottawa Scale for Cross-Sectional Studies (n ¼ 5)

Study and year Selection Comparability Outcome Total
quality
score

Rating

Representativeness
of the sample

Selected
group
of users

Sample
size

Diagnose Average Confounders Score Assessment
of methods

Statistical
test

Average

Rastogi, 2012 0 0 0 *** 3 ** 2 * * 2 7 Good
Lautenbacher, 2016 0 0 0 *** 3 ** 2 * * 2 7 Good
Rastogi, 2015 0 0 0 *** 3 ** 2 * * 2 7 Good
Youssef, 2013 0 * 0 *** 4 0 0 ** * 3 7 Good
Sanchez-Zauco, 2014 0 * 0 *** 4 0 0 * * 2 6 Satisfactory

* represents the number of scores awarded per domain.

eTable 2
Forest Plot Text Data for TH1/TH2 Immune Responses in Lean Individuals With Asthma

Outcome Effect measure Study Control Lean individuals with asthma Weight Random effects I2, pH

Mean SD Total Mean SD Total SMD [95% CI]

TH1 immune
response

Tumor necrosis
factor-a

Rastogi, 2012 1.01 0.33 30 1.21 0.59 30 12.7% �0.41 [�0.92, 0.10]

Rastogi, 2015 0.65 0.43 36 0.29 0.44 39 12.9% 0.82 [0.35, 1.29]
Subtotal 66 69 25.6% 0.21 [L1.00, 1.41] 92%, <.001

Interferon gamma Rastogi, 2012 1.1 0.66 30 0.72 1.15 30 12.7% 0.40 [�0.11, 0.91]
Rastogi, 2015 0.64 1.01 36 0.27 0.81 39 13.0% 0.40 [�0.06, 0.86]
Sanchez-Zauco, 2014 25.7 7.8 23 13.0 7.4 16 11.4% 1.63 [0.89, 2.37]
Youssef, 2013 20.0 9.5 20 40.8 11.3 25 11.5% �1.94 [�2.66, �1.22]
Subtotal 109 110 48.6% 0.13 [L1.06, 1.32] 94%, <.001

Interleukin 6 Rastogi, 2012 0.88 1.1 30 1.03 1.11 30 12.7% �0.13 [�0.64, 0.37]
Rastogi, 2015 0.03 0.59 36 �0.19 0.39 39 13.0% 0.44 [�0.02, 0.90]
Subtotal 66 69 25.7% 0.16 [L0.40, 0.72] 63%, .10
Total 241 248 100% 0.16 [L0.41, 0.72] 89%, <.001
Test for subgroup
differences

(P ¼ 1.00), 0%

TH2 immune
response

Interleukin 4 Rastogi, 2012 �0.27 0.82 30 0.48 1.11 30 14.8% �0.76 [�1.28, �0.23]
Rastogi, 2015 1.1 0.5 36 1.76 0.5 39 14.9% �1.31 [�1.81, �0.81]
Youssef, 2013 10.0 2.2 20 89.0 20.9 25 11.4% �4.95 [�6.17, �3.73]
Subtotal 86 94 41.1% L2.22 [L3.88, L0.55] 95%, <.001

Interleukin 10 Rastogi, 2015 0.21 0.71 36 0.04 0.49 39 15.0% 0.28 [�0.18, 0.73]
Sanchez-Zauco, 2014 0.3 0.3 20 14.9 11.7 23 14.0% �1.67 [�2.38, �0.97]
Subtotal 56 62 29.1% �0.68 [�2.59, 1.23] 95%, <.001

Interleukin 13 Rastogi, 2012 0.79 1.08 30 0.96 1.12 30 14.8% �0.15 [�0.66, 0.35]
Rastogi, 2015 0.34 0.88 36 0.6 0.35 39 15.0% �0.39 [�0.85, 0.07]
Subtotal 66 69 29.9% L0.28 [L0.62, 0.06] 0%, .50
Total 208 225 100.0% �1.15 [�1.93, �0.36] 93%, <.001
Test for subgroup
differences

(P ¼ .08), I2 ¼ 60.6%

Abbreviations: CI, confidence interval; TH1, T-helper 1; TH2, T-helper 2; SMD, standardized mean difference.
Bold values are the pooled effect size of the cytokine reported.
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eTable 3
Forest Plot Text Data for TH1/TH2 Immune Responses in Obese Individuals With Asthma

Outcome Effect measure Study Lean individuals with asthma Obese individuals with asthma Weight Random effects I2, pH

Mean SD Total Mean SD Total SMD [95% CI]

TH1 immune
response

Tumor necrosis
factor-a

Lautenbacher, 2016 0.68 0.69 71 0.92 0.57 72 8.5% �0.38 [�0.71, �0.05]

Rastogi, 2012 1.21 0.59 30 1.31 0.43 30 7.8% �0.19 [�0.70, 0.32]
Rastogi, 2015 0.29 0.44 39 0.6 0.46 39 8.0% �0.68 [�1.14, �0.22]
Subtotal 140 141 24.3% �0.42 [�0.66, �0.17] 5%, .35

Interferon-g Lautenbacher, 2016 0.46 0.99 71 0.56 0.87 72 8.6% �0.11 [�0.43, 0.22]
Rastogi, 2012 0.72 1.15 30 0.68 0.85 30 7.8% 0.04 [�0.47, 0.55]
Rastogi, 2015 0.27 0.81 39 0.47 0.89 39 8.1% �0.23 [�0.68, 0.21]
Sanchez-Zauco, 2014 13.0 7.4 16 4.2 1.3 17 6.3% 1.64 [0.84, 2.44]
Youssef, 2013 40.8 11.3 25 203.0 36.0 25 4.0% �5.98 [�7.33, �4.64]
Subtotal 181 183 34.7% -0.75 [-1.93, 0.42] 96%, <.001

Interleukin 6 Lautenbacher, 2016 0.32 0.98 71 0.58 0.98 72 8.6% �0.26 [�0.59, 0.07]
Rastogi, 2012 1.03 1.11 30 1.41 0.74 30 7.8% �0.40 [�0.91, 0.11]
Rastogi, 2015 �0.19 0.39 39 0.05 0.6 39 8.0% �0.47 [�0.92, �0.02]
Subtotal 140 141 24.4% �0.35 [�0.58, �0.11] 0%, .75

Interleukin 8 Lautenbacher, 2016 0.78 1.08 71 1.12 0.95 72 8.5% �0.33 [�0.66, �0.00]
Rastogi, 2015 0.18 0.74 39 0.59 0.55 39 8.0% �0.62 [�1.08, �0.17]
Subtotal 110 111 16.6% �0.43 [�0.70, �0.16] 2%, <.001
Total 571 576 100.0% �0.43 [�0.79, �0.08] 88%, <.001
Test for subgroup
differences

P ¼ .89, I2 ¼ 0%

TH2 immune
response

Interleukin 4 Lautenbacher, 2016 0.51 0.77 71 0.38 0.77 72 10.9% 0.17 [�0.16, 0.50]
Rastogi, 2012 0.48 1.11 30 0.06 0.87 30 10.0% 0.42 [�0.10, 0.93]
Rastogi, 2015 1.76 0.5 39 1.42 0.8 39 10.3% 0.50 [0.05, 0.96]
Sanchez-Zauco, 2014 107.7 23.4 23 112.4 30.3 19 9.5% �0.17 [�0.78, 0.44]
Youssef, 2013 89.0 20.9 25 30.0 8.2 25 7.6% 3.66 [2.73, 4.59]
Subtotal 188 185 48.3% 0.83 [�0.00, 1.65] 92%, <.001

Interleukin 5 Lautenbacher, 2016 �0.4 0.68 71 �0.29 0.72 72 10.9% �0.16 [�0.48, 0.17]
Rastogi, 2012 �0.11 1.05 30 0.4 0.87 30 10.0% �0.52 [�1.04, �0.01]
Subtotal 101 102 20.8% �0.28 [�0.62, 0.06] 27%, .24

Interleukin 13 Lautenbacher, 2016 0.37 0.96 71 0.03 0.75 72 10.8% 0.39 [0.06, 0.72]
Rastogi, 2012 0.96 1.12 30 �0.03 0.89 30 9.9% 0.97 [0.43, 1.50]
Rastogi, 2015 0.6 0.35 39 0.1 0.62 39 10.2% 0.98 [0.51, 1.45]
Subtotal 140 141 30.9% 0.74 [0.32, 1.17] 64%, .06
Total 429 428 100.0% 0.54 [0.10, 0.98] 89%, <.001
Test for subgroup
differences

P < .001, I2 ¼ 87.7%

Abbreviations: CI, confidence interval; TH1, T-helper 1; TH2, T-helper 2; SMD, standardized mean difference.

eTable 4
Sensitivity Analysis of TH1 and TH2 Immune Responses in Obese Individuals With Asthma Based on the Guidelines Followed in Diagnosing Asthma

Outcomes Asthma diagnosis
guidelines followed

Number of studies Omitted studies SMD [95% CI] I2 (%), pH value Overall effect: Z (P value)

TH1 immune
response

All
NAEPP
GINA
Unspecified

520,22,23,35,36

120

136

322,23,35

None
4 22,23,35,36

4 20,22,23,35

220,36

After removal of
Youssef et al, 201336

�0.43 [�0.79, �0.08]
�0.18 [�0.48, 0.11]
�5.98 [�7.33, �4.64]
�0.25 [�0.51, 0.01]
�0.24 [�0.45, �0.03]

88% (pH <.001)
Not applicable
Not applicable
73% (pH <.001)
65% (pH ¼ .01)

2.37 (.02)
1.21 (.22)
8.74 (< .001)
1.88 (.06)
2.26 (.02)

TH2 immune
response

All
NAEPP
GINA
Unspecified

5 20,22,23,35,36

120

136

3 22,23,35

None
422,23,35,36

420,22,23,35

220,36

After removal of
Youssef et al36

0.54 [0.10, 0.98]
0.28 [�0.56, 1.13]
3.66 [2.73, 4.59]
0.29 [�0.03, 0.61]
0.29 [�0.02, 0.59]

89% (pH < .001)
Not applicable
Not applicable
74% (pH ¼ .002)
77% (pH < .001)

2.42 (.02)
0.66 (.51)
7.71 (< .001)
1.75 (.08)
1.85 (.06)

Abbreviations: CI, confidence interval; TH1, T-helper 1; TH2, T-helper 2; SMD, standardized mean difference.
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