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Abstract

Background

Chlamydia pneumoniae (Cp) is an obligate intracellular human respiratory pathogen pro-

ducing persisting lung infection with a plausible link to asthma pathogenesis. The population

attributable risk of potentially treatable Cp infection in asthma has not been reported.

Methods

The author searched from 2000 to 2020 inclusive for previously un-reviewed and new cross

sectional and prospective controlled studies of Cp biomarkers and chronic asthma in both

children and adults. Qualitative descriptive results and quantitative estimates of population

attributable risk for selected biomarkers (specific IgG, IgA and IgE) are presented.

Findings

No large, long-term prospective population-based studies of Cp infection and asthma were

identified. About half of case-control studies reported one or more significant associations of

Cp biomarkers and chronic asthma. Heterogeneity of results by age group (pediatric v adult

asthma), severity category (severe/uncontrolled, moderate/partly controlled, mild/con-

trolled) and antibody isotype (specific IgG, IgA, IgE) were suggested by the qualitative

results and confirmed by meta-analyses. The population attributable risks for Cp-specific

IgG and IgA were nul in children and were 6% (95% confidence interval 2%-10%, p = 0.002)

and 13% (9%-18%, p<0.00001) respectively in adults. In contrast to the nul or small popula-

tion attributable risks for Cp-specific IgG and IgA, the population attributable risk for C. pneu-

moniae-specific IgE (children and adults combined) was 47% (39%-55%, p<0.00001). In

the subset of studies that reported on asthma severity categories, Cp biomarkers were posi-

tively and significantly (P<0.00001) associated with asthma severity.

Interpretation

C. pneumoniae-specific IgE is strongly associated with asthma and asthma severity, sug-

gesting a possible mechanism linking chronic Cp infection with asthma in a subset of
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individuals with asthma. Infection biomarkers should be included in future macrolide treat-

ment trials for severe and uncontrolled asthma.

Introduction

Macrolides are now included in the Global Initiative for Asthma (GINA) [1], European Respi-

ratory Society/American Thoracic Society (ERS/ATS) [2], and British Thoracic Society (BTS)

[3] guidelines as treatment options for severe asthma. Macrolide mechanism(s) of action in

asthma are currently unknown and could include immunomodulatory, anti-viral, or anti-

microbial effects [4]. Information regarding the potential quantitative contribution of candi-

date organisms to asthma pathogenesis may aid in prioritizing research efforts into macrolide

mechanisms of action and possibly help guide clinician prescribing of macrolides for severe

asthma. Among the candidate target organisms is Chlamydia pneumoniae (Cp). Cp is an obli-

gate intracellular human pathogen that was first described as a new species causing acute

human respiratory infections (primarily bronchitis and pneumonia) in 1986 [5]. The first

report associating possible Cp persistent infection or re-infection with asthma was published

in 1991 [6]. Two subsequent reviews on associations of Cp and asthma, published in 1999 [7]

and 2005 [8], reported on a growing body of evidence linking Cp biomarkers and chronic air-

way obstructive illnesses (asthma, chronic bronchitis and chronic obstructive pulmonary dis-

ease–COPD). Both reviews reported positive associations of infection biomarkers with asthma

and highlighted the urgent need for further research to inform treatment guidelines. Neither

of the reviews attempted to quantify the potential contribution of infection to asthma popula-

tion burden. The purpose of the current systematic review and meta-analysis is to (1) tabulate

observational studies of Cp biomarkers and chronic asthma in both children and adults that

were published during and after 2005—the date of the most recent review [8]–and (2) calculate

estimates for the population attributable risk (PAR) of selected Cp biomarkers in chronic

asthma.

Methods

The overall research question is What proportion of chronic stable asthma is potentially attrib-

utable to or influenced by chronic Chlamydia pneumoniae infection? Or In individuals diag-

nosed with chronic stable asthma, compared to non-asthma controls, do selected Cp infection

biomarkers demonstrate an increased prevalence? Because direct microbiologic organism

detection of deep lung infection is currently not feasible in population studies, this updated

systematic review and meta-analysis focused on peripheral blood serologic biomarkers as

potential surrogates for infection.

Search strategy and selection criteria

For the updated systematic review, the author searched Pub Med, Scopus, CINAHL and

The Cochrane Library using the search term “asthma and (Chlamydophila pneumoniae or

Chlamydia pneumoniae)” limited to the years 2000 to October 2020. (see supplementary file

S1 Appendix. Search algorithms for updated systematic review). The years 2000 to 2005

were included in case some studies published in those years had been overlooked by the

2005 review. The search returned 332 unique articles that were screened for inclusion as

either case-control or prospective cohort studies of chronic asthma. To avoid confounding

by acute infections in acute exacerbations, studies that reported only patients in
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exacerbation were excluded. Additionally, studies containing a mix of exacerbated and sta-

ble asthma patients, that did not report on chronic stable asthma separately, were excluded.

Foreign language publications were included if they contained an English language abstract

and sufficient biomarker data on cases and controls. A study was included in this updated

review if it (1) reported on one or more biomarkers of Cp infection, (2) studied a population

of subjects with clinician diagnosed chronic stable asthma, (3) included a non-asthmatic

control group and (4) presented sufficient information to calculate biomarker prevalence in

the chronic stable asthma case group and control groups separately. An additional criterion

for inclusion as a prospective study was a follow up duration of at least five years. The

author did not re-tabulate studies that had been reviewed in detail earlier (i.e., were con-

tained in Table I of reference number 8).

Using these criteria 20 publications were included in this updated systematic review (Fig 1).

Cross sectional studies were abstracted for study location (country), case and control defini-

tions, microbiological method(s), main finding(s) and additional comments. Prospective stud-

ies were abstracted for location, study design, population studied, microbiological method(s),

outcome definition(s), main finding(s) and additional comments. Microbiologic tests included

culture, polymerase chain reaction (PCR) testing and/or various serologic tests. Selected meth-

odologic issues for case-control studies are discussed in the text and presented systematically

in supplementary file S2 Appendix for the studies included in the meta-analysis. This study

did not involve human subjects and human subjects committee approval was not sought.

Data analysis

Meta-analyses of population attributable risks (PAR) were estimated using Review Manager

(RevMan) {Computer program} Version 5.4, The Cochrane Collaboration, 2020. Individual

meta-analyses for Cp-specific IgG, IgA and IgE are reported. Appropriate data for meta-

analysis were available from a total of 25 studies: 14 tabulated in this updated review and 11

tabulated in the 2005 review [8] (Fig 1). PAR was defined as the absolute difference between

prevalence of biomarker positivity in the asthma case group and the non-asthma control

group. For example, if 50% of asthma cases and 40% of controls are biomarker positive, the

difference (50% minus 40% = 10%) is the population attributable risk. The PAR is an esti-

mate of what percent of an outcome could possibly be prevented if a risk factor were to be

removed from a population [9]. The risk difference between cases and controls was analyzed

using the Mantel-Haenzel Fixed Effect method. Heterogeneity was assessed using the het-

erogeneity Chi-square test and the I2 statistic. Results are presented with 95% confidence

intervals. Cp-specific IgG, IgA and IgE on peripheral blood were chosen for meta-analysis

because they were by far the most commonly reported biomarkers. Peripheral blood is also

the most accessible and reliable source for biomarker data in clinical practice and research.

Cp IgM was not analyzed because it is primarily a marker for acute, not chronic, infection.

Cp IgG and IgA were analyzed individually for child- and adult asthma separately. Due to

the limited number of studies, Cp IgE was analyzed for both age groups combined. A subset

of studies reported on asthma severity. Due to the limited number of such studies, a meta-

analysis combining biomarkers and asthma age groups was performed to estimate and com-

pare the PARs for severity subgroups. Study definitions for severity varied, e.g., some stud-

ies used a mild-moderate-severe nosology and others used a controlled-partly controlled-

uncontrolled nosology. Therefore, severity was concatenated into mild/controlled, moder-

ate/partly controlled and severe/uncontrolled categories. Biomarker classification (positive

or negative), asthma case definitions and severity categories were recorded based on the cri-

teria of the publication.
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Fig 1. Pub Med search results (asthma and (Chlamydia pneumoniae or Chlamydophila pneumoniae)) limits 1/1/2000 to 10/2020.

https://doi.org/10.1371/journal.pone.0250034.g001
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Quality assessment of individual studies

The Cochrane Collaboration provides a formal risk of bias (ROB) assessment tool in Rev-

Man that is appropriate for randomized trials and includes domains such as random

sequence generation, allocation sequence concealment, blinding of participants and per-

sonnel, blinding of outcome assessment, incomplete outcome data and selective outcome

reporting. These domains do not apply to the assessment of case-control studies. For the

individual case-control studies included in this meta-analysis four domains were distilled

and tailored from the NIH Quality Assessment of Case-Control Studies checklist [10]:

(1) case selection bias (Are asthma patients with particular characteristics, e.g. smoking

and lung co-morbidities, systematically excluded or included?), (2) case diagnostic cer-
tainty (Is asthma diagnosis supported by objective evidence of reversible airway obstruc-

tion or airway hyperreactivity?), (3) control selection bias (Are controls representative of

the general population?) and (4) biomarker validity (How well are the included bio-

marker tests validated?). Regarding publication bias, the number of studies were gener-

ally insufficient to justify using funnel plots to assess for publication bias according to

Cochrane Collaboration guidance [11]. A single analysis (Fig 3A) was examined via a

funnel plot because it was the only analytic group containing more than 10 studies. Sensi-

tivity analysis was performed for selected analytic groups (Figs 2A, 3A and 5) to investi-

gate subgroup heterogeneity.

Fig 2. Meta-analysis of population attributable risk (C. pneumoniae biomarkers and asthma) in pediatric asthma. A: C. pneumoniae-specific
IgG. B: C. pneumoniae-specific IgA. Population attributable risk varies from 0 (0%: contributes to none of the disease) to 1 (100%: contributes to all

of the disease).

https://doi.org/10.1371/journal.pone.0250034.g002
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Results

Updated systematic review

Ten pediatric asthma studies from 7 countries met inclusion criteria (Table 1) [12–21]. Nine

studies reported peripheral blood biomarkers (serology in 8, culture in 1) and 1 reported on

nasal and/or induced sputum specimens. Five of 10 reported one or more positive associations

with asthma (Table 1). Two positive studies included severe asthma patients undergoing bron-

choscopy for clinical indications [12,20] and a third positive study reported that biomarker

positivity tended to be higher in more severe asthma [17]. Another positive study reported that

Cp biomarker positivity was associated with non-atopic asthma [14]. The fifth positive study

compared atopic asthma with non-atopic controls, raising the possibility of confounding by

atopic status [13]. Of the five studies reporting no significant biomarker association with

chronic asthma, one reported a positive association of Cp IgM and acute exacerbations

(P = 0.03) [16], and another found a positive association of Cp IgA and asthma in the subgroup

Fig 3. Meta-analysis of population attributable risk (C. pneumoniae biomarkers and asthma) in adult asthma. A: C. pneumoniae-specific IgG. B:

C. pneumoniae-specific IgA. Population attributable risk varies from 0 (0%: contributes to none of the disease) to 1 (100%: contributes to all of the

disease).

https://doi.org/10.1371/journal.pone.0250034.g003
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Table 1. Pediatric case-control studies of Chlamydia pneumoniae biomarkers in asthma.

Reference Country Cases Controls Microbiologic methods Main finding(s) Significant

association

with asthma?

Yes/No

Additional Comments

Webley and

coworkers,

2005 [12]

USA 70 patients aged 1

month to 19 years

undergoing

bronchoscopy for

refractory respiratory

symptoms (42 w/

asthma, 28 w/ other

respiratory conditions).

70 age and sex

matched

patients

without asthma

or respiratory

conditions.

Blood culture for Cp in all.

Bronchoalveolar lavage

(BAL) for Cp smear,

culture and PCR in cases

only

Blood culture for Cp

was positive in 20

(34%) of 70 cases v 8

(11%) of 70 controls,

p< 0.01; 17 (40.5%) of

the asthma subgroup

were culture positive.

38 (54%) of 70 cases

were Cp PCR+ with no

significant differences

in Cp prevalence

between asthma cases v

other respiratory illness

cases.

Yes Cp was detected in both

asthma and in subjects

with poorly

differentiated chronic

respiratory illnesses. Of

the 42 asthma patients,

28 (67%) were BAL PCR

positive and 14 of these

were also positive on

culture, indicating a

high prevalence of

active and/or persistent

infection. Elevated total

IgE was present in 20

(48%) of 42 subjects

with positive BAL

cultures compared to 9

(19%) of 48 with

negative BAL cultures,

p< .0001, suggesting a

relationship between

infection and atopy.

Kopriva and

coworkers,

2005 [13]

Czech

Republic

149 atopic children ages

4–8 with chronic cough

(83) or asthma (66).

241 non-atopic

children with

non-respiratory

complaints.

Serology: IgM, IgG, IgA by

ELISA (Medac, Hamburg,

Germany). Cutoff values

for seropositivity not

provided.

Seropositivity (IgG and

IgM or IgG and IgA)

positivity was 49 (33%)

of 149 cases v 38 (16%)

of 241 controls, p<

0.01. Seropositivity was

29 (44%) of 66 in the

asthma subgroup, p<

0.0001.

Yes The case subgroup with

asthma had mild

asthma. The fact that

cases were atopic and

controls were non-

atopic raises the issue of

confounding by atopic

status.

Teig and

coworkers,

2005 [14]

Germany 38 children ages 7–15

with chronic stable lung

disease (26 with asthma,

12 with chronic

purulent bronchitis).

42 healthy

children ages

6–15.

Nested PCR on nasal brush

specimens and/or induced

sputum

Cp PCR was positive in

9 (24%) of 38 cases v 0

of 42 controls,

p = 0.001). When

analyzed separately,

both asthma and

chronic bronchitis

were significantly

associated with PCR

positivity (4/26 (15.4%)

and 5/12 (41.6%) v 0/

42, p = .017

and < 0.001,

respectively).

Yes Case status was also

associated with M.

pneumoniae (Mp) PCR

positivity (4 (11%) of 38

cases v 0 controls, p<

.05). Significantly more

children with non-

atopic asthma than with

atopic asthma were Cp

PCR positive and/or Mp

PCR positive (4/8 v 1/

18, p = .02). No

correlation was found

between Cp detection

and severity of lung

disease.

Dal Molin

and

coworkers,

2005 [15]

Italy 47 children ages 5–12

with ever-asthma, part

of a population-based

survey

180 children

ages 5–12

without ever-

asthma, part of

a population-

based survey

Serology: IgG and IgA by

MIF on sera that screened

positive by a commercial

ELISA (Elegance, Bioclone

Australia)

Cp IgG seroreactivity

was detected in 8

(17.0%) of 47 cases v

180 (29.9%) of 602

controls, p = 0.09.

Cp IgA seroreactivity

was detected in 5

(10.6%) of 47 cases v

123 (20.4%) of 602

controls, p = 0.15.

No The control group

contained subjects with

respiratory illnesses,

e.g., sinusitis (18), otitis

(54), pneumonia (7).

(Continued)
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Table 1. (Continued)

Reference Country Cases Controls Microbiologic methods Main finding(s) Significant

association

with asthma?

Yes/No

Additional Comments

Annagur

and

coworkers,

2007 [16]

Turkey 79 asthmatic children

and adolescents ages

5–15 years (37 with

acute exacerbations, 42

with stable asthma).

36 non-atopic

healthy

children and

adolescents.

Serology: specific IgM and

IgG by ELISA (IBL,

Hamburg. Germany)

Cp IgG positivity was

found in 17 of 42

(40.5%) stable asthma

cases v 8 (22%) of 36

controls, p = 0.07.

No Cp IgM indicative of

acute infection was

significantly associated

with acute asthma

exacerbations (5 (14%)

of 37 v 0 with stable

asthma v 0 controls, p<

0.01). M. pneumoniae
IgM was also associated

with exacerbations (8%

v 0% controls, p = .031).

There were no

associations with H.

pylori antibodies.

Wazir and

coworkers,

2007 [17]

India 54 children ages 5–14

with physician-

diagnosed chronic

stable persistent asthma

(26 mild-, 20 moderate-

, 8 severe-persistent)

34 healthy

children of

similar age.

Serology: specific IgG by

ELISA (Savyon, Israel)

Cp IgG positivity was

found in 22 (41%) of 54

cases of chronic stable

asthma v 4 (11%) of 34

controls, p = 0.004)

Yes IgG positivity was

somewhat more

common in moderate

and severe persistent-

compared to mild-

persistent asthma (14

(50%) of 28 mod-severe

persistent asthma v 8

(31%) of 26 mild

persistent asthma, p =

.18).

Nagy and

coworkers,

2007 [18]

Hungary 141 patients with

asthma aged 3–21 years

(1) 125 healthy

controls aged

3–12

(2) 62 allergic

but non-

asthmatic

patients aged

4–20 years.

Serology: IgG & IgA by

ELISA

Cp IgG positivity was

found in 61 (43.2%) of

141 cases of chronic

stable asthma v 90

(48.1%) of 187

controls, p = 0.45.

Cp IgA positivity was

found in 45 (31.9%) of

141 cases of chronic

stable asthma v 61

(32.6%) of 187

controls, p = 0.91.

No There were no patients

with severe persist

asthma in the study

group.

Irrespective of case/

control status, no food/

drug-allergic patient

was positive for Cp IgA,

whereas 41.6% of the

inhalant allergic patients

were positive

(p = 0.002).

Kazar and

coworkers,

2011 [19]

Czech

Republic

97 children and

adolescents with stable

mild to moderate

persistent asthma.

129 children

and adolescents

with no

respiratory

illness or

asthma.

Serology: specific IgA and

IgG by ELISA (Savyon,

Israel)

Cp IgG positivity was

found in 19 (19.6%) of

97 cases v 26 (20.1%) of

129 controls, p = 0.88).

Cp IgA positivity was

found in 14 (14.4%) of

97 cases v 18 (13.9%) of

129 controls, p = 0.94).

No This study did not

include severe persistent

asthma.

Patel and

coworkers,

2012 [20]

USA 177 pediatric patients

with severe

inflammatory lung

diseases, unresponsive

to corticosteroids, of

whom 143 had asthma.

35 healthy age-

and gender-

matched

controls.

Serology: Cp-specific IgE

by immunoblotting

Cp-specific IgE was

detected in 97 (55%) of

177 cases v 0 (0%) of 35

healthy controls

(P = 0.0001).

Yes The study did not report

asthma separately. All

cases underwent

bronchoscopy: 100

(56%) of 177 cases were

Cp PCR positive in

BAL. Cp IgE was also

detected in BAL.

Tutanç and

coworkers

[21]

Turkey 66 pediatric patients

with bronchial asthma,

ages 3 to 14

46 healthy

children of

similar ages

Serology: Cp IgG by

indirect

immunofluorescence

(EUROIMMUNE)

Cp-specific IgG was

detected in 18 (27.3%)

of 66 cases v 6 (13.0%)

of 46 healthy controls

(P = 0.10).

No Cp IgG seropositivity

was reported as

significantly (P<0.001)

higher in patients with

more frequent attacks.

https://doi.org/10.1371/journal.pone.0250034.t001
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with inhalant allergy (P = 0.002) but not in the subgroup with food allergy [18]. A third nega-

tive study reported a significant (P<0.001) association of Cp IgG with increased attacks but

did not provide primary data [21]. A fourth negative study used as controls a group of patients

some of whom had sinusitis, otitis and pneumonia [15] and the fifth negative study did not

include severe asthma [19].

Ten adult asthma studies from 8 countries met inclusion criteria (Table 2) [22–31]. Eight

studies reported peripheral blood biomarkers (all serology) and 2 reported on nasal and/or

induced sputum specimens. Five of 10 studies reported one or more positive associations with

asthma (Table 2). Two positive studies reported significant associations of Cp biomarkers and

asthma severity [30] or poor control [29] while the three other positive studies did not docu-

ment the level of asthma severity/control. One negative study found a significant association of

Cp PCR positivity and lower FEV1/FVC (P = 0.02) [24]. Another negative study used family

members as controls instead of general community members [26]. In two other negative stud-

ies asthma was mild [25] or did not require active symptoms [28]. The fifth negative study

failed to include a full array of biomarker data [22].

No prospective studies meeting inclusion criteria were found. One prospective study in

adults was derived from an historical cohort organized for other purposes and failed to meet

case definition criteria for asthma [32]. Three pediatric studies followed small numbers of chil-

dren for less than 2 years and failed to meet duration criterion [33–35]. Thus, there were no

long-term prospective studies designed specifically to investigate Cp infection in asthma.

Meta-analysis

The meta-analyses included 11 studies published prior to 2005 [36–46] that were tabulated in

the 2005 review [8] and not re-tabulated, and 14 studies published since 2005 [15–

21,23,25,26,28–31] that are presented in Tables 1 and 2. Fig 2 presents meta-analyses of the

PARs of Cp IgG and Cp IgA for pediatric asthma. There were no significant associations with

asthma for either antibody in pediatric asthma (i.e., the PAR confidence intervals include 0%).

For IgG there appeared to be significant underlying heterogeneity (I2 = 76%, P = 0.0001). The

heterogeneity for Cp IgG is completely explained by three outliers: I2 became zero when Wazir

2007 [17], Annagur 2007 [16] and Tutanç 2015 [21] were removed from the meta-analysis.

Wazir 2007 [17] contained almost two-thirds of patients with moderate to severe asthma and

was the only one of the studies in Fig 2A to specify asthma severity. The contribution of asthma

severity category to the heterogeneity is explored further in the analysis depicted in Fig 5.

Fig 3 presents comparable results for adult asthma. Cp IgG was associated with a significant

but small PAR (6%, 95% confidence interval 2%-10%, p = 0.002). Cp IgA was associated with a

significant somewhat larger PAR (13%, 9%-18%, p<0.00001). Both estimates exhibited a mod-

erate amount of statistical heterogeneity (I2 = 54% and 34%, respectively). Similar to the case

for children, the heterogeneity for Cp IgG is completely explained by outliers: I2 became zero

when Sirmatel 2003 [44] and Specjalski 2001 [29] were removed from the meta-analysis. In

Specjalski 2001 [29] almost three-quarters of the patients had moderate to severe asthma. Sir-

matel 2003 [44] did not provide asthma severity data. A funnel plot identifies these two studies

as lying outside the funnel (S1 Fig). This asymmetry is not necessarily related to publication

bias; rather it may possibly be explained by a greater than average severity, as explored further

in analyses associated with Fig 5.

Fig 4 presents results for Cp IgE for combined age groups. In contrast to the IgG and IgA

results, the PAR for IgE was large (47%, 39%-55%, p<0.00001) with only moderate heteroge-

neity (I2 = 47%, P = 0.05) despite combining child and adult asthma.
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Table 2. Adult case-control studies of Chlamydia pneumoniae biomarkers in asthma.

Reference Country Cases Controls Microbiologic

methods

Main finding(s) Significant

association

with asthma?

Yes/No

Additional Comments

Park and

coworkers, 2005

[22]

Korea 36 adults with stable

asthma

45 controls without

asthma or COPD

(unknown clinical

status).

Serology: IgM & IgG

by MIF

Cp IgG >1:512 or

IgM >1:20 was 3

(8.3%) of 36 cases v

1 (2.2%) of 45

controls, P = 0.2)

No No biomarker data for

lesser degrees of Cp

seroreactivity were

provided.

Rodriguez and

coworkers, 2005

[23]

Spain 55 adults with

intrinsic asthma

87 healthy blood

donors.

Serology: IgG by LPS

rELISA (Medac,

Hamburg, Germany)

Cp IgG OD>1.1

(seropositivity

threshold) was

detected in 13 (24%)

of 55 cases v 9 (10%)

of 87 controls,

p = 0.033).

Yes Article in Spanish.

Harju and

coworkers, 2006

[24]

Finland 103 adult asthma

patients (53 mild, 50

moderate)

30 controls without

respiratory complaints

and with normal lung

function.

PCR from NP swabs

and induced sputum

Cp PCR+ was

detected in 10 (19%)

of 53 mild and 8

(16%) of 50

moderate asthma

cases v 9 (30%) of 30

controls, p = 0.304.

No PCR positive

asthmatics had lower

FEV1/FVC than PCR

negative cases (78% v

81%, p = .023).

Paldanius and

coworkers, 2007

[25]

Finland 123 military recruits

with asthma

394 military recruits

without asthma

Serology: IgG & IgA by

MIF

At entry to military

duty:

Cp IgG�1:32 was

detected in 61

(49.6%) of 123 cases

v 178 (45.3%) of 394

controls, p = 0.45.

Cp IgA�1:10 was

detected in 28

(22.8%) of 123 cases

v 66 (16.8%) of 393

controls, p = 0.17.

No Severity of asthma was

not documented. It was

presumably of mild

degree to allow for

military duty.

Kocabas and

coworkers, 2008

[26]

Turkey 84 adults with stable

asthma (32 mild

intermittent, 38 mild

persistent, 13

moderate persistent,

1 severe persistent).

34 healthy adult

relatives of the cases.

Serology: IgM & IgG

by MIF

Cp PCR of throat wash

IgG�1:16 was

detected in 53

(63.1%) of 84 cases v

22 (64.7%) of 34

controls, P = NS.

Cp PCR was

detected in 24 (29%)

of 84 cases v 4 (12%)

of 34 controls,

p = 0.059.

No Choice of family

members instead of

general community

members as controls

may have contributed

to similar

seroprevalence across

groups. No serologic

acute infections were

noted for any PCR

+ subject, suggesting

chronic infection.

Torshizi and

coworkers, 2008

[27]

Iran 20 adults with

chronic stable

asthma.

20 pair-matched

healthy controls.

Cell culture (McCoy

cells) of nasal epithelial

cells obtained from

nasopharyngeal swabs

Positive culture was

detected in 7 (35%)

of 20 stable asthma

cases v 1 (5%) of 20

matched controls,

P = 0.044.

Yes Positive culture was

also detected in 10

(48%) of 21 patients

with asthma

exacerbations v 3

(14%) of 21 pair-

matched controls,

P = 0.043

(Continued)
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Fig 5 presents the meta-analytic results for studies that reported on asthma severity catego-

ries. This analysis combined asthma age groups and used all available antibody results (IgG,

IgA, IgE). There was a strong positive association of Cp biomarker positivity and asthma sever-

ity category that was highly significant (P<0.00001). Cp biomarkers were associated with a 5%

PAR (0%-10%, p = 0.03) in mild/controlled asthma, a 28% PAR (19%-36%, p<0.00001) in

moderate/partly controlled asthma and a 39% PAR (32%-47%, p<0.00001) in severe/uncon-

trolled asthma. As one might predict when combining age groups and isotypes, within

Table 2. (Continued)

Reference Country Cases Controls Microbiologic

methods

Main finding(s) Significant

association

with asthma?

Yes/No

Additional Comments

Dejsomritrutai

and coworkers,

2009 [28]

Thailand 52 adults (20–44

years old) with

asthma (reversible

airway obstruction

and asthma

symptoms within the

past year) identified

from a population-

based cohort study.

137 adults without

bronchial

hyperreactivity BHR or

asthma, matched by

age and geographic

location and randomly

selected from the same

cohort study.

Serology: IgM, IgG &

IgA by MIF

IgM�1:10: 12

(23.1%) of 52 cases v

20 (14.6%) of 137

controls, p = 0.17.

IgG�1:32: 33

(63.5%) of 52 cases v

85 (62.0%) of 137

controls, p = 0.86.

IgA �1:32: 15

(28.8%) of 52 cases v

30 (21.9%) of 137

controls, p = 0.32.

No Severity of asthma was

not documented, and

did not require current

symptoms.

Specjalski and

coworkers, 2011

[29]

Poland 95 patients with

persistent asthma

58 healthy controls Serology: Cp-specific

IgG & IgA by ELISA

(Savyon)

PCR in induced

sputum (subset)

Cp IgG

seroreactivity was

detected in 58

(61.1%) of 95 cases v

21 (36.2%) of 58

controls, p<0.005.

Cp IgA

seroreactivity was

detected in 42

(44.2%) of 95 cases v

17 (29.3%) of 58

controls, p = 0.09.

Yes IgG was detected more

frequently in patients

with uncontrolled

(p = 0.001) and

nonatopic (p<0.05)

asthma. Cp PCR was

positive in 8 (40%) of

20 asthma patients.

Hahn and

coworkers, 2012

[30]

USA 66 outpatients with

asthma.

51 platelet donors Serology: Cp-specific

IgE by

immunoblotting

against Cp EB proteins

Cp PCR of whole

blood (cases only)

Cp IgE

seroreactivity was

detected in 33 (50%)

of 66 cases v 4

(7.8%) of controls,

p<0.0001.

Yes Cp IgE seroreactivity

was detected in 4 (21%)

of 19 mild intermittent,

4 (67%) of 6 mild

persistent, 14 52%) of

27 moderate persistent

and 11 (79%) of 14

severe persistent

asthma cases, p = 0.002

for trend.

Cp PCR was detected

in 25% of asthma

subjects, and was

strongly associated

with the presence of Cp

IgE (P = 0.001).

Smith-Norowitz

and coworkers,

2020 [31]

USA 22 Cp IgG

seropositive asthma

patients enrolled

from an inner-city

primary care clinic

22 Cp IgG seropositive

non-asthma controls

enrolled from an

inner-city primary care

clinic

Serology: Cp IgE by a

modification of an

enzyme immunoassay

(EIA) (Labsystems,

Vantaa, Finland) using

Cp OMP as the antigen

Cp IgE was detected

in 21 (95.5%) of 22

cases v 10 (45.5%) of

22 controls,

p = 0.0006.

Yes Severity of asthma was

not documented.

https://doi.org/10.1371/journal.pone.0250034.t002
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subgroup heterogeneity ranged from moderate (I2 = 46%) for the mild/controlled subgroup to

substantial (I2 = 77%) for the severe/uncontrolled subgroup. The exception was the moderate/

Fig 4. Meta-analysis of population attributable risk for C. pneumoniae-specific IgE in pediatric and adult asthma combined. Pediatric asthma:

Patel 2012. Adult asthma: Hahn 2020 & Smith-Norowitz 2020. Population attributable risk varies from 0 (0%: contributes to none of the disease) to

1 (100%: contributes to all of the disease).

https://doi.org/10.1371/journal.pone.0250034.g004

Fig 5. Meta-analysis of population attributable risk for C. pneumoniae-specific IgG, IgA & IgE in pediatric and adult asthma by severity

subgroups. Pediatric asthma: Patel 2012. Adult asthma: All others. Population attributable risk varies from 0 (0%: contributes to none of the

disease) to 1 (100%: contributes to all of the disease).

https://doi.org/10.1371/journal.pone.0250034.g005
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partly controlled subgroup that exhibited negligible (I2 = 24%) heterogeneity. Importantly, the

PARs between subgroups were highly significantly different (p<0.00001), confirming that

severity was likely responsible for some of the heterogeneity noted in previous results.

Interestingly, when Cp IgE studies are removed from the meta-analysis (S2 Fig), the hetero-

geneity for Moderate/Partly Controlled and Severe/Uncontrolled categories disappears (I2 =

0). Nevertheless, the significant associations of severity category and the other Cp biomarkers

remain significant (P<0.00001), despite the fact that the PARs diminish from 28% to 25% for

Moderate/Partly Controlled and from 39% to 29% for Severe/Uncontrolled asthma. These pat-

terns suggest that the associations are robust across biomarker types and that Cp IgE produces

the strongest associations.

Study quality

Quality assessment results for the studies included in the meta-analyses are presented in sup-

plementary file S2 Appendix. Case selection was rated as good in a minority (5 of 12) of adult

asthma studies that could be assessed, indicating that external validity was adversely affected

by exclusion of patients who smoked and/or had lung comorbidities. An additional 4 adult

studies failed to provide enough information to allow a rating, an indication of inadequate

reporting quality. The majority of studies (15 of 23) confirmed the asthma diagnosis with

objective measures and only 2 studies failed to provide data, indicating that diagnostic cer-

tainty was generally good. Most (n = 17) control groups were composed of convenience sam-

ples of a healthy (usually patient) population. Only 3 studies reported choosing controls

randomly and 5 studies were rated as having made poor choices of controls on the basis of

using family members, health care workers, or using inappropriate matching criteria (e.g.,

intentional mismatches between atopic and non-topic cases and controls). Biomarker validity

was rated as Good for 15 studies that employed a version of the microimmunofluorescence

(MIF) test or other tests that had been validated against organism detection in either that study

or other publications. Nine studies employed an ELISA test of unknown validity and one

study did not provide any test information.

Discussion

This systematic review/meta-analysis focused on chronic asthma, not asthma exacerbations,

and was undertaken to update observational studies published since 2005, the date of the last

review [8] and, for the first time, to estimate the population attributable risk (PAR) of Cp bio-

markers in chronic asthma. Studies of short-term azalide/ketolide treatment for asthma exac-

erbations have been disappointing [47,48] whereas studies of long-term macrolide/azalide

treatment for long-term management of chronic asthma have yielded clinically significant

benefits [49], hence the focus on chronic asthma herein. Underlying mechanism(s) of action

for macrolide benefits in chronic asthma are unknown and may include pathogen and host-

directed anti-inflammatory effects [50]. The meta-analyses found nul to small associations of

Cp IgG and IgA with asthma in children and adults, respectively. These results are not surpris-

ing given that children often do not mount a detectable antibody response in proven Cp infec-

tion [12] and the background prevalence of Cp antibody in the adult population is high [51].

These results suggest that Cp IgG and IgA may not prove clinically useful in predicting which

patients will benefit from macrolide treatment. Further analysis found that Cp IgE population

attributable risk approached 50% (Fig 4). This result suggests that Cp chronic infection cannot

be discounted as a potentially significant contributing factor to asthma, particularly moderate

to severe asthma, in both children and adults.
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Population attributable risk (PAR) as an outcome was chosen over the odds ratio (OR)

because PAR is more clinically interpretable. Patterns and significance of results did not

change when OR was substituted as an outcome measure in each meta-analysis (data not

shown). Neither Cp IgG nor IgA had a significant association with PAR in child asthma, and

had only modest associations (6% and 13%, respectively) in adult asthma. Cp IgG indicates

past infection, which is prevalent in adult populations worldwide [51]. Cp IgA is thought to

better reflect possible ongoing chronic infection [39]. This study did not assess the value of

combined biomarkers (e.g. IgG�1:xxx and IgA�1:xx). By contrast with IgG and IgA results,

the PAR for Cp IgE was a surprisingly high 47% (95% CI 40% to 55%) with little heterogeneity

despite combining asthma age groups. The pathogenicity of antigen-specific IgE in asthma is

well established and antigen avoidance and/or removal is the foundation of asthma symptom

prevention and treatment. Asthma, whether atopic or non-atopic (i.e., associated or not with

skin test positivity against a battery of aeroallergens) is almost always associated with some

type of IgE-related reaction [52]. The results of this meta-analysis raise the possibility that

some undetected antigen(s) responsible for generating a cryptic IgE response in some asthma

patients could be expressed by Chlamydia pneumoniae.
Whether Cp IgE reflects ongoing Cp infection or a “hit and run” phenomenon is not estab-

lished. Bronchoscopic studies of severely symptomatic children with asthma and/or chronic

bronchitis have demonstrated the presence of Cp (by PCR, staining and/or culture) in around

half the studied patients [12,20,53]. One of these studies reported that elevation of total IgE was

strongly associated with lavage culture positivity of Chlamydia [12]. These observations suggest

that Cp IgE should be explored further for its accuracy in predicting the presence of ongoing

treatable chronic Cp infection in asthma. There are no comparable bronchoscopic studies of

adults with severe asthma. Cp has been detected within lung tissue monocytes by immunostain-

ing in 44% of young adults (mean age 32 years) autopsied after traumatic deaths [54] and Cp

PCR positivity in peripheral blood is equally prevalent in healthy blood donors [55,56]. Thus,

chronic exposure to Cp antigens appears to be common. Perhaps the presence of Cp IgE in

asthma reflects an aberrant host immune response that is causally related to reactive airways dis-

eases. Cp IgM, IgG and IgA are the commercially available biomarkers used to assess acute Cp

infection in medical practice. The results of this study suggest that these commercially available

tests have limited sensitivity and specificity to identify potentially chronically infected individu-

als. Cp IgE may be a more promising biomarker to explore in patients with asthma.

Severe asthma is currently a guideline criterion for macrolide treatment [1–3]. Fig 5

presents evidence that Cp biomarkers, whether IgG, IgA or IgE, are associated with increas-

ing asthma severity in a somewhat linear fashion. This finding has two implications: (1) Cp

infection is a potential underlying cause for macrolide benefits in a subset of patients with

severe asthma and (2) some proportion of less than severe asthma may also be attributable

to infection. It has not been ruled out that macrolides (and perhaps other antibiotics, or

combinations of antibiotics) are beneficial for some selected patients with moderate/partly

controlled or even mild/controlled, asthma. Based on the data in Fig 5, the estimated num-

bers needed to treat (NNT) are 20 for mild/controlled asthma, 4 for moderate/partly con-

trolled asthma, and 3 for severe/uncontrolled asthma. These estimates assume that

antibiotics are completely effective in removing the risk factor and that the risk factor is

causal or a necessary contributing factor. The former assumption is unlikely to be true and

the latter is plausible but unproven. The results do support the need however to include Cp

biomarkers (especially Cp IgE) in future macrolide treatment trials, and to include less than

severe asthma in such trials. Clinicians should keep in mind the possibility that they are

treating an infection as they prescribe macrolides for asthma, and consider following a rec-

ommendation of the British Thoracic Society guidelines [3] that “ongoing treatment should
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be guided by clinical response based on specific outcome measures, including exacerbation

frequency, symptoms and quality of life assessed at baseline.”

Limitations

This review and meta-analysis did not address a potential role for Mycoplasma pneumoniae
(Mp). Mp is associated with asthma exacerbations, mostly but not exclusively in children [57],

and has recently been associated with asthma inception in a population-based study [58]. This

review and meta-analysis did not address the considerable amount of in vitro and in vivo experi-

mental data supporting the plausible role for Cp in asthma pathogenesis, extensively reviewed

elsewhere [59–61]. This study has limitations including issues with diversity of diagnosis,

patient selection, and study and biomarker methodology in the source material, all of which

may contribute to analytic heterogeneity (i.e., the possibility that an analysis is missing impor-

tant subgroup differences and/or comparing “apples and oranges”). The main requirement for

inclusion in this study was clinician-diagnosed asthma. Some, but not all, studies included

objective evidence for reversible airway obstruction. Up to 30% of physician diagnosed asthma

patients may not have the diagnosis confirmed after systematic evaluation [62]. Overdiagnosis

would tend to decrease contrasts, i.e., bias towards nul findings and is less likely as asthma sever-

ity increases [62]. Variations in choice of the control group likely increased heterogeneity and

probably also biased towards the nul. For example, Kocabas et al. [26] used relatives of cases as

controls, which probably biased results towards the nul because family members are likely to

share viruses and bacteria. Another source of bias is the all too common practice in asthma

case-control studies to conflate asthma and atopy by comparing, for example, an atopic case

group with a non-atopic control group (or vice versa), as was done by Kopriva et al. [13]. Vari-

ability in biomarker methodology included differences in laboratory test methods and use of

different criteria for positive and negative results. This variability underscores the fact that there

are no established serological criteria for chronic infection [63]. All these limitations likely con-

tributed to the heterogeneity of results. Despite many of these limitations biasing towards the

nul the results for Cp IgE and severity were quantitatively large. An assessment of the prevalence

of these biases can be found in the supplementary S2 Appendix.

Study quality assessment

The Cochrane Collaboration has developed a tool for Risk of Bias (ROB) assessment of ran-

domized trials of medical interventions but has not developed a quality tool for case-control

studies. Therefore, the case-control studies included in the meta-analyses reported here were

assessed using a tool developed for this report that included four domains relevant to the

assessment of case-control studies: case selection bias, case diagnostic certainty, control selec-

tion bias and biomarker validity. Case selection bias assessed the extent to which the included

cases were representative of typical asthma patients in the population, as a measure of gener-

alizability or external validity. Asthma efficacy trials upon which the guideline treatments are

based systematically exclude asthma patients who smoke, or who have ever smoked more than

10 pack-years, or who suffer from lung co-morbidities such as chronic bronchitis and/or

emphysema [64,65]. These types of selection bias are critically important to acknowledge

because biomarkers of C. pneumoniae infection are associated with smoking, chronic bronchi-

tis and emphysema [7,66,67]. The case selection bias domain qualitatively assessed the degree

to which such exclusions were implemented in individual case-control studies: a Good rating

was given to studies that included smoking and co-morbidities, a Fair rating was given to stud-

ies that included one but not both and a Poor rating was given to studies that excluded both

smoking and lung co-morbidities. The case diagnostic certainty domain assessed whether the
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asthma diagnosis was supported by objective evidence of either reversible airway obstruction

measured by pulmonary function testing or bronchial hyperreactivity testing. Clinician diag-

nosed asthma–the primary inclusion criterion in this report–may be incorrect in up to 30% of

diagnosed patients [62]. Such overdiagnosis is more common in less severe asthma and may

decrease power to show case-control differences. A Good rating was applied to studies that

included systematic objective airway testing and a Fair rating was given to studies without

such systematic testing. Control selection bias assessed the extent to which the included con-

trols were representative of typical individuals without asthma in the general population.

Choosing randomly selected healthy individuals received a Good rating. Selecting a conve-

nience sample of healthy non-asthma controls was given a Fair rating. Selecting family mem-

bers, health care workers or subjects with respiratory illnesses as controls received a Poor

rating because transmission and/or prevalence of C. pneumoniae infection is enhanced in

these settings [59]. Biomarker validation assessed the extent to which the serologic test(s)

employed had been validated against human infections documented by organism detection. A

Good rating was given, e.g., to the microimmunofluorescence (MIF) test that has been assessed

against human population infections confirmed by organism detection [68]. A Fair rating was

given to enzyme-linked immunosorbent assays (ELISAs) or other serological tests for which

no comparable published validation data could be found. Overall quality assessment results

confirm the need for larger, better designed studies into the potential role of chronic C. pneu-
moniae infection in asthma. Ideally such studies should include direct organism identification

from the lung but this ideal appears infeasible currently and thus indirect biomarkers of infec-

tion such as serology will be required pending advances in chlamydial sampling and diagnos-

tics for chronic lung infection.

Publication bias is a recognized significant issue for reports of randomized trials of inter-

ventions. It is not clear that publication bias affects the reporting of case-control studies to a

comparable extent because there are few if any financial disincentives to reporting negative

results of case-control studies compared to randomized trials of medical treatments. Except

for a single funnel plot associated with Fig 3A, no formal assessment of publication bias was

possible for this report due to the limited number of published studies. It is worth noting the

paucity of any type of study into this potentially important area of inquiry [69]. In particular,

this review highlights the lack of any long-term, population-based prospective observational

studies of C. pneumoniae infection in asthma inception or severity.

In summary, this updated systematic review found that biomarkers of Chlamydia pneumo-
niae infection are associated with chronic asthma in half of observational studies and heteroge-

neity was suggested based on asthma age group, disease severity category and/or antibody

isotype. Meta-analysis results confirmed that age (child asthma v adult asthma), severity (mild/

controlled, moderate/partly controlled, severe/uncontrolled) and isotype (IgG, IgA, IgE) were

all significantly associated with heterogeneous population attributable risks for asthma. Results

also suggest that potential “bacterial allergy” (i.e., presence of Cp-specific IgE) may be a quanti-

tatively important pathogenetic mechanism in asthma, particularly in moderate/partly con-

trolled and severe/uncontrolled asthma. These findings should inform future research into

macrolide mechanisms of action in asthma and may inform clinicians’ macrolide treatment

plans for selected patients.
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