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Summary

Background: The role of recombinant A. fumigatus (rAsp) antigens in the diagnosis

of allergic bronchopulmonary aspergillosis (ABPA) has not been systematically evalu-

ated. Herein, we evaluate the utility of recombinant A. fumigatus (rAsp) antigens in

diagnosing ABPA.

Methods: We systematically reviewed the PubMed, EmBase and Scopus databases

for studies evaluating rAsp antigens in ABPA. The QUADAS‐2 tool and the GRADE

approach were used to assess the risk of bias and the quality of evidence, respec-

tively. The diagnostic performance of IgE or skin test against rAsp f1, f2, f3, f4, f6

and their combination was evaluated separately for ABPA complicating asthma or

cystic fibrosis (CF), using an HSROC model. The reference standard for diagnosing

ABPA was the composite (clinical, radiological, immunological) criteria.

Results: Our search yielded 26 studies (n = 1694) and 17 studies (n = 1131) for

inclusion in the systematic review and meta‐analysis, respectively. In asthmatics, the

pooled sensitivity for diagnosing ABPA was best for IgE against a combination of

rAsp f1 or f3 (96.7%; 95% confidence interval [CI], 87.6‐99.2). The pooled specificity

for diagnosing ABPA was highest (99.2%; 95% CI, 88.2‐99.9) for IgE against a com-

bination of f4 or f6. In CF patients, the pooled sensitivity of rAsp f1 or f3 was

93.3% (95% CI, 55.2‐99.9) while the pooled specificity of rAsp f4 or f6 was 93.9%

(95% CI, 68.8‐99.9). The quality of evidence was low as per the GRADE approach.

Conclusions: A combination of IgE against rAsp antigens (f1, f2, f3, f4 and f6) is

likely to be helpful in the diagnosis of ABPA.
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1 | INTRODUCTION

Aspergillus species can cause a myriad of illnesses depending on the

interplay between the virulence of the fungi and the immune

response of the host.1 The pulmonary disorders caused by Aspergillus

fumigatus are broadly classified as invasive, allergic and saprophytic.

Allergic bronchopulmonary aspergillosis (ABPA) is a respiratory illness

caused by hypersensitivity reactions mounted against A. fumigatus

colonizing the airways of patients with asthma and cystic fibrosis

(CF).2 The prevalence of A. fumigatus sensitization and ABPA in

asthma ranges from 15%‐48% and 2%‐32%, respectively; in CF,

these figures are 20%‐65% and 3%‐25%, respectively.3,4
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Currently, the diagnosis of ABPA is based on a composite crite-

rion, which primarily rely on identifying immunological responses

against A. fumigatus. Most of these involve demonstration of

humoral responses (IgE, IgG, skin prick test) against crude extracts of

A. fumigatus. With the advent of recombinant DNA technology, puri-

fied antigens have been isolated from A. fumigatus.5,6 Currently, 23

antigens of A. fumigatus have been identified.7 The commercially

available recombinant A. fumigatus antigens (rAsp) may be useful

tools in the diagnosis of ABPA. However, their utility has not been

systematically evaluated. Herein, we conduct a systematic review of

the literature to ascertain the diagnostic performance of rAsp anti-

gens in the diagnosis of ABPA.

2 | METHODS

This review was reported according to the Preferred Reporting Items

for Systematic Reviews and Meta‐Analysis of diagnostic test accu-

racy (PRISMA‐DTA) statement.8 An ethics committee approval was

not required as it was a review of published data.

2.1 | Search strategy

We searched the PubMed, EmBase and Scopus databases (from

inception till 5th December 2017) without any language restrictions,

for articles describing the utility of rAsp antigens in ABPA. The fol-

lowing free text terms were used: (“aspergillus antigens” OR “recom-

binant antigen”) AND (“ABPA” OR “ABPM” OR “asthma” OR “cystic
fibrosis” OR “allergic bronchopulmonary aspergillosis” OR “allergic
bronchopulmonary mycosis” OR “aspergillus sensitization” or “severe
asthma with fungal sensitization” OR “fungal sensitization”). The ref-

erence list of all the included articles and relevant review articles

were searched to identify any additional studies. We also sifted

through our personal database.

2.2 | Inclusion and exclusion criteria

We identified studies describing the performance of rAsp antigens in

the diagnosis of ABPA and its differentiation from asthma, cystic

fibrosis (with or without A. fumigatus sensitization) or healthy con-

trols. Studies were included if the reference standard to diagnose

ABPA was a composite criterion (clinical, radiological, immunological).

We noted the reference criteria (Nelson's criteria,9 Rosenberg‐Patter-
son criteria,10 Cystic Fibrosis Consensus conference criteria11 or the

International society for human and animal mycology (ISHAM) ABPA

working group criteria2) used for making a diagnosis of ABPA. The

following were excluded: (a) case reports, correspondence, editorials,

conference abstracts and review articles; (b) animal studies; (c) stud-

ies describing only cross‐reactivity of antigens, but not describing

the diagnostic performance in ABPA; and (d) studies that described

the purification and isolation of rAsp antigens, but not their diagnos-

tic efficacy.

2.3 | Initial review of studies

We created a database from the electronic searches using the refer-

ence manager Endnote (version X8.2; Clarivate Analytics, Philadel-

phila, PA, US) and discarded duplicate citations. Two authors (VM

and RA) independently screened the database to identify relevant

articles. Any discrepancy between the authors was resolved by con-

sensus. After scrutinizing the records, we obtained the full text of

the relevant articles and reviewed them in detail.

2.4 | Study selection and data abstraction

Two authors (VM and RA) independently assessed the studies and

selected them for inclusion in the review. The following data were

extracted: (a) details of publication (authors, country and year of publi-

cation); (b) number of patients under each category (asthma/CF [with

or without Aspergillus sensitization], ABPA and healthy controls) and

the criteria used to define them; (c) rAsp antigens and the crude Asper-

gillus antigens used; (d) the nature and methodology of the test under

evaluation (skin prick test, intradermal test, serology against rAsp anti-

gens [specific IgE, IgG]), the cut‐offs at which the tests were inter-

preted; (e) prevalence of elevated IgE against the rAsp antigens in the

various study groups (Aspergillus‐sensitized asthma or CF, controls and

ABPA); (f) allergic response and cross‐reactivity to antigens other than

A. fumigatus (if data provided); (g) diagnostic performance of the tests

(sensitivity, specificity), whenever available.

2.5 | Risk of bias assessment

We used the Quality Assessment of Diagnostic Accuracy Studies

(QUADAS)‐2 tool to assess the quality of the studies included in the

meta‐analysis. The QUADAS‐2 consists of four key domains (patient

selection, index test, reference standard, and the flow and timing of

tests). Each domain is assessed in terms of risk of bias and the first

three in terms of concerns regarding applicability. We then entered

these details in the statistical package RevMan, and the methodolog-

ical quality graph was constructed for the studies included in the

meta‐analysis. The quality of the individual studies was also indepen-

dently assessed by two authors (VM and RA) using the QualSyst

tool.12 The QualSyst tool includes a set of 10 questions, with each

having a possible score of 0, 1 and 2.

2.6 | Data analysis

The statistical software packages OpenMetaAnalyst (www.cebm.b

rown.edu/openmeta) and RevMan (Version 5.3; The Cochrane Col-

laboration) were used to perform all the statistical analyses.

2.7 | Determination of the pooled effect

The gold standard for evaluating the performance of the rAsp anti-

gens was the diagnosis of ABPA established using composite criteria.
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The diagnostic performance of the test (sensitivity and specificity) was

evaluated by its efficiency to distinguish individuals with ABPA from

those without (A. fumigatus sensitization, asthma/CF without sensitiza-

tion and healthy controls). Only those studies which allowed for calcu-

lating the above parameters were included in the meta‐analysis. We

calculated the sensitivity and specificity of each rAsp antigen from all

the included studies and pooled the results using a hierarchical sum-

mary receiver operating characteristic (HSROC) model.13 The pooled

sensitivity and specificity (along with 95% confidence interval [(95%

CI]) of each antigen were calculated separately for skin test or IgE

against rAsp. The results for CF and asthma were pooled separately.

2.8 | Quality of evidence

The Grading of Recommendations, Assessment, Development and

Evaluation (GRADE) approach was used to evaluate the quality of

evidence for sensitivity and specificity across studies.14 The risk of

bias, inconsistency in the results, imprecision, indirectness of the evi-

dence were assessed and summarized as per the GRADE working

group recommendations.

3 | RESULTS

Our systematic review yielded 682 studies, of which 26 studies

(n = 1694) were included in this analysis (Figure 1, Table 1).15-40

Most of the included studies were of average quality, with a median

(IQR) QualSyst score being 10.5 (10‐11) (Table S1). Amongst

the included participants, 32.1% (n = 543) had ABPA

(asthma‐ABPA, n = 389; CF‐ABPA, n = 154). Fourteen studies were

from the same group in Switzerland while six studies were from the

United States.15-28,30,32,33,36,37 The study participants had asthma

(14 studies),15,17-19,21,23,24,26-28,31,34,37,39 cystic fibrosis (10 stud-

ies)16,20,25,29,30,32,33,35,36,38 or both (2 studies).22,40 One study

included atopic dermatitis with or without asthma in their cohort

and evaluated the presence of cross‐reactivity to several other aller-

gens (Alternaria alternata, Cladosporium herbarum, Trichophyton

rubrum, Malassezia spp.).39 The utility of rAsp antigens was evaluated

using either specific IgE (20 studies),16,17,19,21-23,25,27,28,30-40 skin test

(4 studies),15,20,26,29 or both (two studies).18,24 Amongst the studies

using rAsp antigens for skin testing, skin prick test (SPT) was per-

formed in all except one, where intradermal testing was employed.26

F IGURE 1 Flow Diagram Showing the Search Strategy and Study Selection Process for the Systematic Review and Meta‐Analysis
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The sensitivities and specificities of rAsp antigens against the com-

posite reference standard varied widely amongst the included stud-

ies (Table 2), depending on the antigen employed (f1, f2, f3, f4 or

f6), the nature of the test (specific IgE or skin test) and the patient

population studied (asthma or cystic fibrosis).

We included 17 studies (n = 1131; of which 375 had ABPA)

for the meta‐analysis.15,18-21,23-27,29,30,32,35,36,38,39 The gold stan-

dard for diagnosing ABPA was the Rosenberg‐Patterson criteria

in eight studies,15,18,19,23,24,26,27,39 Nelson's criteria in

six20,25,29,32,35,36 and the CF consensus conference criteria in

two,30,38 whereas in one study, the criteria to diagnose ABPA

was not explicitly mentioned.21 A high or intermediate risk of bias

was evident in all except one study (Figure 2).39 Of the included

studies, 11 studies provided data on specific

IgE19,21,23,25,27,30,32,35,36,38,39 (Table 3, Tables S2 and S3), four

studies on skin tests15,20,26,29 and two studies provided both

(Table 4, Tables S2-S5).18,24 In subjects with asthma, a pooled

specificity of more than 90% each was seen with IgE against f4

and f6; however, their sensitivities were below 50% (Table 3).

While utilizing IgE against rAsp antigens, f1 and f3 had the high-

est individual pooled sensitivities (80% [95% CI, 65.2%‐89.5%] and

84.8% [95% CI, 56.5‐99.9] respectively), but their specificities

were below 75% (Table 3). In asthmatic patients, IgE against

either f1 or f3 had the highest sensitivity (96.7% [95% CI, 86.7‐
99.2]); IgE to either f4 or f6 antigen had the highest specificity

(99.2% [95% CI, 88.2‐99.9]) (data from a single study); the latter

however, had a sensitivity of only 89%. In CF patients, the high-

est pooled sensitivity was seen when IgE against a combination

of f1 or f3 was used (93.3% [95% CI, 55.2‐99.9]); whereas the

pooled specificity was maximum for IgE against f6 (97.5% [95%

CI, 87.3‐99.9]) (Table 3). The number of studies providing data for

pooled analysis of individual antigens varied from one to six

(Tables S2-S5). The summary of findings as per the GRADE rec-

ommendations was tabulated (Tables 5 and 6). The strength of

evidence for most of the analysis was very low to low, primarily

because of the high risk of bias introduced by case selection

(case‐control study design), small sample sizes and significant

heterogeneity of the included studies.

Pooled analysis of data for skin test in asthmatics showed that f3

antigen had the highest sensitivity (95.8% [95% CI, 57.5‐99.7])
(Table 4). Skin test with a combination of either f4 or f6 had the

highest specificity (97.2% [95% CI, 67.8‐99.8]). In patients with CF,

skin test using rAsp f4 antigen (data from a single study) was the

most sensitive (96.2% [95% CI, 59.7‐99.8]) and specific (88.5% [95%

CI, 74.2‐95.3]). Skin test using f3 and f6 also had a good sensitivity in

subjects with CF (single study, 91.7% [95% CI, 58.7‐98.8]).

3.1 | Heterogeneity

There was significant clinical heterogeneity in the studies included

for pooled analysis. Different cut‐offs have been used for interpret-

ing the tests in the included studies, and this represents a major

source for heterogeneity.T
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4 | DISCUSSION

The results of this study suggest that IgE against either rAsp f1 or f3

had the highest sensitivity (96.7% and 93.3% in asthma and CF,

respectively), in differentiating patients with and without ABPA. On

the other hand, IgE against either rAsp f4 or f6 had the highest

specificity (99%) in asthma, while rAsp f6 alone had the highest

specificity (98%) in CF, respectively, to distinguish patients with and

without ABPA.

The demonstration of immunological responses against A. fumiga-

tus is an essential component in the diagnostic criteria for ABPA.

The diagnostic performance of the immunological tests however,

depends on the quality of the antigen used. The widely available

Aspergillus antigens are crude proteins, highly variable in their quality

and show significant cross‐reactivity with other fungi.41 Also, the

batch‐to‐batch variability in the antigenic components, and the vari-

ability introduced by the strain of A. fumigatus used for antigen

preparation are other factors contributing to the false‐negative and

F IGURE 2 Risk of Bias Assessment of the Studies Included Only in the Meta‐Analysis, Using the Quality Assessment of Diagnostic
Accuracy Studies‐2 Tool
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false‐positive results.41 Recently, the availability of recombinant

technology has enabled pure forms of A. fumigatus antigens to be

isolated in large quantities.42 The ability of these recombinant aller-

gens to bind antibodies has been found to be similar to that of their

naturally existing counterparts.24,28

Recombinant A. fumigatus antigens have been classified into two

functional groups: (a) secreted allergens (rAsp f1 and rAsp f3), which

are recognized by antibodies from patients with both ABPA and

Aspergillus‐sensitized asthma; and (b) non‐secreted allergens (rAsp f4

and rAsp f6), which are detected primarily in ABPA patients.23,43 The

results of our study are also concordant with these observations. A

combination of rAsp f4 or f6 specific IgE had the highest specificity

to diagnose ABPA, whereas, a combination of rAsp f1 and/or f3

specific IgE had the highest sensitivity to detect Aspergillus sensitiza-

tion. Contrary to our results, Tanimoto et al found that the combina-

tion of rAsp f1 or f2 had a better diagnostic performance in

asthmatics. In this study, a high prevalence of specific IgE against

several non‐Aspergillus fungi (Malasezzia spp., Trichophyton rubrum,

Penicillium chrysogenum, Alternaria alternata, Candida albicans) was

seen in asthmatics with or without atopic dermatitis. They

TABLE 3 Diagnostic accuracy of IgE against rAsp antigens (pooled sensitivitiesa and specificitiesa) for diagnosing ABPA in asthma and CF
using composite reference criteria as the gold standard

rAsp antigen

Asthma Cystic fibrosis

Pooled sensitivity
(95% CI), references

Pooled specificity
(95% CI), references

Pooled sensitivity
(95% CI), references

Pooled specificity
(95% CI), references

f1 80% (65.2‐89.5)* 70.1% (46.7‐88.6)* 78.9% (41.2‐99.9)25,30,32,35,36 81.9% (48.8‐99.9)25,30,32,35,36

76.3% (61.3‐86.7)**,18,19,23,27,39 79.3% (55.4‐97)**,18,19,23,27,39

f2 71.3% (38.9‐93.7)* 84.3% (64‐99.9)* 75.4% (27.9‐99.9)30,35 75.4% (33.3‐99.9)30,35

74.9% (43.7‐99.3)**,21,27,39 79.7% (51.1‐98.5)**,21,27,39

f3 84.8% (54.5‐99.9)* 68% (38.5‐89.7)* 85.8% (50‐99.9)25,30,32,35,36 75.2% (40.6‐98.8)25,30,32,35,36

83.3% (52.2‐99.9)**,23,24,27,39 69.5% (38.9‐92)**,23,24,27,39

f4 50.2% (16.1‐78.2)* 92% (73.2‐99.9)* 67.4% (41.4‐83.9)25,30,32,35,36,38 92.2% (80‐99.9)25,30,32,35,36,38

48.7% (11.6‐75.4)**,23,27,39 94.2% (77.8‐99.9)**,23,27,39

f6 42.6% (8‐75.7)* 94.9% (70.1‐99.9)* 51.3% (20‐75.7)25,30,32,35,36,38 97.5% (87.3‐99.9)25,30,32,35,36,38

49.7% (10.8‐84.4)**,23,27,39 89% (54.1‐99.9)**,23,27,39

f1 or f3b 96.7% (87.6‐99.2)23 50% (37.6‐62.4)23 93.3% (55.2‐99.9)25 54.8% (15‐93.8)25,32,35

f4 or f6c 89.3% (78.8‐95)23 99.2% (88.2‐99.9)23 57% (17.6‐88.3)25 93.9% (68.8‐99.9)25,32,35

CF, cystic fibrosis; CI, confidence interval; rAsp antigens, recombinant A. fumigatus antigens; ref, references.

Samples from same patients processed in Swiss lab* and US lab** in the study by Kurup et al.27

aThe efficiency of the test to distinguish individuals with ABPA from those without (A. fumigatus sensitization, asthma/CF without sensitization and/or
healthy controls).
bIgE positive to either f1 or f3 rAsp antigens.
cIgE positive to either f4 or f6 rAsp antigens.

TABLE 4 Diagnostic accuracy of skin test using rAsp antigens (pooled sensitivitiesa and specificitiesa) for diagnosing ABPA in asthma and CF
employing composite reference criteria as the gold standard

rAsp antigen

Asthma Cystic fibrosis

Pooled sensitivity
(95% CI), references

Pooled specificity
(95% CI), references

Pooled sensitivity
(95% CI), references

Pooled specificity
(95% CI), references

f1 66.1% (21.1‐99.9)15,18 78.1% (39.3‐99.9)15,18 55.9% (10.8‐95.6)20,29 66.4% (28.3‐99.8)20,29

f2 – – – –

f3 95.8% (57.5‐99.7)24 57.7% (31.2‐80.4)24 91.7% (58.7‐98.8)29 68.4% (52.2‐81.1)29

f4 80.8% (51.4‐94.3)26 97.2% (67.8‐99.8)26 96.2% (59.7‐99.8)29 88.5% (74.2‐95.3)29

f6 42.3% (19.6‐68.8)26 97.2% (67.8‐99.8)26 91.7% (58.7‐98.8)29 68.4% (52.2‐81.1)29

f1 or f3b – – – –

f4 or f6c 88.5% (58.3‐97.7)26 97.2% (67.8‐99.8)26 – –

CF, cystic fibrosis; CI, confidence interval; rAsp antigens, recombinant A. fumigatus antigens; ref, references.
aThe efficiency of the test to distinguish individuals with ABPA from those without (A. fumigatus sensitization, asthma/CF without sensitization and/or
healthy controls).
bSkin test positive to either f1 or f3 rAsp antigens.
cSkin test positive to either f4 or f6 rAsp antigens.
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postulated that several fungal proteins with similar functions are

highly conserved across different species of fungi, and these may

result in cross‐reactivity amongst various fungi.39 Asthmatics with

Alternaria allergy may cross‐react with Aspergillus, due to homologous

allergens including manganese superoxide dismutase (MnSODs; Asp

f6 and Alt a14), enolases (Asp f22 and Alt a6) and heat shock pro-

teins (Asp f12 and Alt a3). Malassezia spp., antigens Mal f2 and Mal

f3 share sequence homology with A. fumigatus Asp f3 antigen.44

Thus, the presence of other fungi could explain the discordant

results seen in this study. However, this being the only study

demonstrating discordance, the observations require confirmation in

future studies.

What are the implications for a clinician from the current study?

It is often difficult to differentiate asthma with A. fumigatus sensiti-

zation from ABPA, especially severe asthma with fungal sensitization

(SAFS).45 However, this distinction is important as glucocorticoid

therapy is warranted only in ABPA to prevent irreversible lung dam-

age. The presence of immediate cutaneous hypersensitivity to Asper-

gillus antigens, raised total IgE and specific IgE against A. fumigatus

are features that are common to both ABPA and SAFS. Although the

sensitivity of A. fumigatus‐specific IgE in the diagnosis of ABPA is

100%, the specificity is only 69%.46 Serum precipitins (and recently

A. fumigatus‐specific IgG) and a total eosinophil count >500 cells/μL

are seen in 29% (88% for A. fumigatus‐specific IgG) and 66% of

ABPA patients, respectively.47,48 Adding to the diagnostic conun-

drum, patients with SAFS may also manifest bronchiectasis on com-

puted tomography.49 Thus, differentiating SAFS and ABPA based

only on clinical, radiological and commonly available immunological

tests may be occasionally difficult. The diagnosis of ABPA in CF is

also fraught with difficulty as CF lung disease and ABPA share sev-

eral clinical characteristics including the presence of pulmonary infil-

trates and bronchiectasis.50 Moreover, the immunological tests

performed using crude antigens in CF patients tend to vary over

time.51 In all the above situations, it is possible that rAsp antigens

may enable a precise diagnosis of ABPA. The use of rAsp antigens

may also help in distinguishing cross‐reactivity to other fungal aller-

gens from true Aspergillus sensitization.

Our study has a few limitations. The studies included in the cur-

rent review have mainly used the Rosenberg‐Patterson criteria or

the Nelson criteria for diagnosing ABPA in asthma and CF patients,

respectively.9,10 Whether the results would be different if the rec-

ommendations of the ISHAM‐ABPA working group are used for

diagnosing ABPA remains unclear.2 Most of the included studies had

a high risk of bias, and the number of studies providing data for

pooling the results for each antigen was few (Tables S2-S5). Almost

all the studies have been performed in centres specializing in allergic

diseases; whether less specialized centres can reproduce these

results also remains to be seen. Several of the included studies are

from the same group of researchers; although not mentioned explic-

itly, a possibility of overlap of samples cannot be excluded. Further,

the quantitative analysis in our study was obtained from 17 studies,

of which only one was conducted outside of Europe or the United

States.39 The strength of evidence generated from our review wasT
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low as per the GRADE approach. Hence, the utility of rAsp antigens

requires confirmation in larger prospective studies. Finally, whether

genetic and geographic variations could influence the pattern of anti-

body response against rAsp antigens also remains to be explored.

In conclusion, rAsp antigens appear to have a promising role in

the diagnosis of ABPA. A combination of rAsp antigens (rAsp f1, f2,

f3, f4, f6) may provide better diagnostic performance than individual

antigens. However, as the quality of currently available evidence is

low, their exact utility in the diagnostic algorithm of ABPA needs to

be elucidated on larger scale studies from different parts of the

globe.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Ritesh Agarwal http://orcid.org/0000-0003-2547-7668

REFERENCES

1. Kosmidis C, Denning DW. The clinical spectrum of pulmonary

aspergillosis. Thorax. 2015;70:270‐277.
2. Agarwal R, Chakrabarti A, Shah A, et al. Allergic bronchopulmonary

aspergillosis: review of literature and proposal of new diagnostic and

classification criteria. Clin Exp Allergy. 2013;43:850‐873.
3. Agarwal R, Aggarwal AN, Gupta D, Jindal SK. Aspergillus hypersensi-

tivity and allergic bronchopulmonary aspergillosis in patients with

bronchial asthma: systematic review and meta‐analysis. Int J Tuberc

Lung Dis. 2009;13:936‐944.
4. Maturu VN, Agarwal R. Prevalence of Aspergillus sensitization and

allergic bronchopulmonary aspergillosis in cystic fibrosis: systematic

review and meta‐analysis. Clin Exp Allergy. 2015;45:1765‐1778.
5. Fukutomi Y, Tanimoto H, Yasueda H, Taniguchi M. Serological diag-

nosis of allergic bronchopulmonary mycosis: progress and challenges.

Allergol Int. 2016;65:30‐36.
6. Kurup VP. Aspergillus antigens: which are important? Med Mycol.

2005;43:S189‐S196.
7. Allergen nomenclature: WHO/IUIS Allergen Nomenclature Sub-Com-

mittee. http://www.allergen.org/search.php?Species=Aspergillus%20f

umigatus. Accessed December 18, 2017.

8. McInnes MDF, Moher D, Thombs BD, et al. Preferred reporting

items for a systematic review and meta‐analysis of diagnostic test

accuracy studies: the PRISMA‐DTA statement. JAMA. 2018;319:388‐
396.

9. Nelson LA, Callerame ML, Schwartz RH. Aspergillosis and atopy in

cystic fibrosis. Am Rev Respir Dis. 1979;120:863‐873.
10. Rosenberg M, Patterson R, Mintzer R, Cooper BJ, Roberts M,

Harris KE. Clinical and immunologic criteria for the diagnosis of

allergic bronchopulmonary aspergillosis. Ann Intern Med. 1977;86:

405‐414.
11. Stevens DA, Moss RB, Kurup VP, et al. Allergic bronchopulmonary

aspergillosis in cystic fibrosis–state of the art: cystic Fibrosis Founda-

tion Consensus Conference. Clin Infect Dis. 2003;37(Suppl 3):S225‐
S264.

12. Williamson GR, O'Connor A, Kayleigh EJ. Women's experiences of

personalised support for asthma care during pregnancy: a systematic

review of the literature. BMC Pregnancy Childbirth. 2017;17:69.

T
A
B
L
E

6
(C
o
nt
in
u
ed

)

O
ut
co

m
e

№
o
f
st
ud

ie
s
(№

o
f
pa

ti
en

ts
)

St
ud

y
de

si
gn

Fa
ct
o
rs

th
at

m
ay

de
cr
ea

se
ce

rt
ai
nt
y
o
f
ev

id
en

ce
E
ff
ec

t
pe

r
1
0
0
0
pa

ti
en

ts
te
st
ed

T
es
t

ac
cu

ra
cy

C
o
E

R
is
k
o
f
bi
as

In
di
re
ct
ne

ss
In
co

ns
is
te
nc

y
Im

pr
ec

is
io
n

P
ub

lic
at
io
n

bi
as

P
re
‐te

st
pr
o
ba

bi
lit
y

o
f
2
%

P
re
‐te

st
pr
o
ba

bi
lit
y

o
f
5
%

P
re
‐te

st
pr
o
ba

b
ili
ty

o
f
1
0
%

Ig
E
ag
ai
ns
t
rA

sp
f4

o
r
f6

T
ru
e
po

si
ti
ve

s
3
st
ud

ie
s
(1
2
9

pa
ti
en

ts
)

C
as
e‐
co

nt
ro
l
ty
pe

ac
cu

ra
cy

st
ud

y

Se
ri
o
us

d
N
o
t
se
ri
o
us

Se
ri
o
us

d
Se

ri
o
us

c
N
o
ne

1
1
(4
‐1
8
)

2
8
(9
‐4
4
)

5
7
(1
8
‐8
8
)

⊕
○
○
○

V
er
y
lo
w

F
al
se

ne
ga
ti
ve

s
9
(2
‐1
6
)

2
2
(6
‐4
1
)

4
3
(1
2
‐8
2
)

T
ru
e
ne

ga
ti
ve

s
3
st
ud

ie
s
(1
2
9

pa
ti
en

ts
)

C
as
e‐
co

nt
ro
l
ty
pe

ac
cu

ra
cy

st
ud

y

Se
ri
o
us

a
N
o
t
se
ri
o
us

Se
ri
o
us

b
Se

ri
o
us

c
N
o
ne

9
2
0
(6
7
4
‐9
7
9
)

8
9
2
(6
5
4
‐9
4
9
)

8
4
5
(6
1
9
‐8
9
9
)

⊕
○
○
○

V
er
y
lo
w

F
al
se

po
si
ti
ve

s
6
0
(1
‐3
0
6
)

5
8
(1
‐2
9
6
)

5
5
(1
‐2
8
1
)

a C
as
e‐
co

nt
ro
l
st
ud

y
(p
o
ss
ib
ly

no
n
‐c
o
ns
ec
ut
iv
e
pa

ti
en

ts
).

b
In
co

ns
is
te
nc

y
w
it
h
re
ga
rd
s
to

pa
ti
en

t
se
le
ct
io
n
an

d
ap

pl
ic
ab

ili
ty

co
nc

er
ns

o
f
th
e
in
de

x
te
st

o
f
al
l
th
e
in
cl
ud

ed
st
ud

ie
s.

c S
m
al
le
r
sa
m
pl
e
si
ze

an
d
w
id
e
co

nf
id
en

ce
in
te
rv
al
s
fo
r
th
e
es
ti
m
at
e.

d
O
nl
y
o
ne

st
ud

y
(C
as
e‐
co

nt
ro
l
de

si
gn

)
w
as

in
cl
ud

ed
in

th
e
an

al
ys
is
.

1134 | MUTHU ET AL.

http://orcid.org/0000-0003-2547-7668
http://orcid.org/0000-0003-2547-7668
http://orcid.org/0000-0003-2547-7668
http://www.allergen.org/search.php?Species=Aspergillus fumigatus
http://www.allergen.org/search.php?Species=Aspergillus fumigatus


13. Rutter CM, Gatsonis CA. A hierarchical regression approach to meta‐
analysis of diagnostic test accuracy evaluations. Stat Med.

2001;20:2865‐2884.
14. Brozek JL, Akl EA, Jaeschke R, et al. Grading quality of evidence and

strength of recommendations in clinical practice guidelines: Part 2 of

3. The GRADE approach to grading quality of evidence about diag-

nostic tests and strategies. Allergy. 2009;64:1109‐1116.
15. Moser M, Crameri R, Brust E, Suter M, Menz G. Diagnostic value of

recombinant Aspergillus fumigatus allergen I/a for skin testing and

serology. J Allergy Clin Immunol. 1994;93:1‐11.
16. Nikolaizik WH, Moser M, Crameri R, et al. Identification of allergic

bronchopulmonary aspergillosis in cystic fibrosis patients by recom-

binant Aspergillus fumigatus I/a‐specific serology. Am J Respir Crit

Care Med. 1995;152:634‐639.
17. Banerjee B, Kurup VP, Phadnis S, Greenberger PA, Fink JN. Molecu-

lar cloning and expression of a recombinant Aspergillus fumigatus

protein Asp f II with significant immunoglobulin E reactivity in aller-

gic bronchopulmonary aspergillosis. J Lab Clin Med. 1996;127:253‐
262.

18. Crameri R, Lidholm J, Gronlund H, Stuber D, Blaser K, Menz G.

Automated specific IgE assay with recombinant allergens: evaluation

of the recombinant Aspergillus fumigatus allergen I in the Pharmacia

Cap System. Clin Exp Allergy. 1996;26:1411‐1419.
19. Crameri R, Lidholm J, Menz G, Gronlund H, Blaser K. Automated

serology with recombinant allergens. A feasibility study. Adv Exp

Med Biol. 1996;409:111‐116.
20. Nikolaizik WH, Crameri R, Blaser K, Schoni MH. Skin test reactivity

to recombinant Aspergillus fumigatus allergen I/a in patients with cys-

tic fibrosis. Int Arch Allergy Immunol. 1996;111:403‐408.
21. Banerjee B, Kurup VP, Greenberger PA, Hoffman DR, Nair DS, Fink

JN. Purification of a major allergen, Asp f 2 binding to IgE in allergic

bronchopulmonary aspergillosis, from culture filtrate of Aspergillus

fumigatus. J Allergy Clin Immunol. 1997;99:821‐827.
22. Banerjee B, Greenberger PA, Fink JN, Kurup VP. Immunological

characterization of Asp f 2, a major allergen from Aspergillus fumiga-

tus associated with allergic bronchopulmonary aspergillosis. Infect

Immun. 1998;66:5175‐5182.
23. Crameri R, Hemmann S, Ismail C, Menz G, Blaser K. Disease‐specific

recombinant allergens for the diagnosis of allergic bronchopulmonary

aspergillosis. Int Immunol. 1998;10:1211‐1216.
24. Hemmann S, Ismail C, Blaser K, Menz G, Crameri R. Skin‐test reac-

tivity and isotype‐specific immune responses to recombinant Asp f

3, a major allergen of Aspergillus fumigatus. Clin Exp Allergy.

1998;28:860‐867.
25. Hemmann S, Nikolaizik WH, Schoni MH, Blaser K, Crameri R. Differ-

ential IgE recognition of recombinant Aspergillus fumigatus allergens

by cystic fibrosis patients with allergic bronchopulmonary aspergillo-

sis or Aspergillus allergy. Eur J Immunol. 1998;28:1155‐1160.
26. Hemmann S, Menz G, Ismail C, Blaser K, Crameri R. Skin test reac-

tivity to 2 recombinant Aspergillus fumigatus allergens in A fumiga-

tus‐sensitized asthmatic subjects allows diagnostic separation of

allergic bronchopulmonary aspergillosis from fungal sensitization. J

Allergy Clin Immunol. 1999;104:601‐607.
27. Kurup VP, Banerjee B, Hemmann S, Greenberger PA, Blaser K, Cra-

meri R. Selected recombinant Aspergillus fumigatus allergens bind

specifically to IgE in ABPA. Clin Exp Allergy. 2000;30:988‐993.
28. Banerjee B, Kurup VP, Greenberger PA, Johnson BD, Fink JN. Clon-

ing and expression of Aspergillus fumigatus allergen Asp f 16 mediat-

ing both humoral and cell‐mediated immunity in allergic

bronchopulmonary aspergillosis (ABPA). Clin Exp Allergy.

2001;31:761‐770.
29. Nikolaizik WH, Weichel M, Blaser K, Crameri R. Intracutaneous tests

with recombinant allergens in cystic fibrosis patients with allergic

bronchopulmonary aspergillosis and Aspergillus allergy. Am J Respir

Crit Care Med. 2002;165:916‐921.

30. Knutsen AP, Hutcheson PS, Slavin RG, Kurup VP. IgE antibody to

Aspergillus fumigatus recombinant allergens in cystic fibrosis patients

with allergic bronchopulmonary aspergillosis. Allergy. 2004;59:198‐
203.

31. Bowyer P, Blightman O, Denning DW. Relative reactivity of

Aspergillus allergens used in serological tests. Med Mycol.

2006;44:23‐28.
32. Kraemer R, Delosea N, Ballinari P, Gallati S, Crameri R. Effect of

allergic bronchopulmonary aspergillosis on lung function in children

with cystic fibrosis. Am J Respir Crit Care Med. 2006;174:1211‐1220.
33. Kurup VP, Knutsen AP, Moss RB, Bansal NK. Specific antibodies to

recombinant allergens of Aspergillus fumigatus in cystic fibrosis

patients with ABPA. Clin Mol Allergy. 2006;4:11.

34. de Oliveira E, Giavina-Bianchi P, Fonseca LA, Franca AT, Kalil J.

Allergic bronchopulmonary aspergillosis’ diagnosis remains a chal-

lenge. Respir Med. 2007;101:2352‐2357.
35. Ringer S, Hipler UC, Elsner P, Zintl F, Mainz J. Potential role of the

cellular allergen stimulation test (CAST) in diagnosis of allergic bron-

chopulmonary aspergillosis (ABPA) in cystic fibrosis. Pediatr Pulmonol.

2007;42:314‐318.
36. Latzin P, Hartl D, Regamey N, Frey U, Schoeni MH, Casaulta C.

Comparison of serum markers for allergic bronchopulmonary

aspergillosis in cystic fibrosis. Eur Respir J. 2008;31:36‐42.
37. Glaser AG, Kirsch AI, Zeller S, Menz G, Rhyner C, Crameri R. Molec-

ular and immunological characterization of Asp f 34, a novel major

cell wall allergen of Aspergillus fumigatus. Allergy. 2009;64:1144‐
1151.

38. Fricker-Hidalgo H, Coltey B, Llerena C, et al. Recombinant allergens

combined with biological markers in the diagnosis of allergic bron-

chopulmonary aspergillosis in cystic fibrosis patients. Clin Vaccine

Immunol. 2010;17:1330‐1336.
39. Tanimoto H, Fukutomi Y, Yasueda H, et al. Molecular‐based allergy

diagnosis of allergic bronchopulmonary aspergillosis in Aspergillus

fumigatus‐sensitized Japanese patients. Clin Exp Allergy.

2015;45:1790‐1800.
40. Vitte J, Romain T, Carsin A, et al. Aspergillus fumigatus components

distinguish IgE but not IgG4 profiles between fungal sensitization

and allergic broncho‐pulmonary aspergillosis. Allergy. 2016;71:1640‐
1643.

41. Kurup VP, Kumar A. Immunodiagnosis of aspergillosis. Clin Microbiol

Rev. 1991;4:439‐456.
42. Scheiner O. Recombinant allergens: biological, immunological and

practical aspects. Int Arch Allergy Immunol. 1992;98:93‐96.
43. Crameri R. Recombinant Aspergillus fumigatus allergens: from the

nucleotide sequences to clinical applications. Int Arch Allergy Immu-

nol. 1998;115:99‐114.
44. Yasueda H, Hashida-Okado T, Saito A, et al. Identification and clon-

ing of two novel allergens from the lipophilic yeast, Malassezia furfur.

Biochem Biophys Res Commun. 1998;248:240‐244.
45. Agarwal R. Severe asthma with fungal sensitization. Curr Allergy

Asthma Rep. 2011;11:403‐413.
46. Agarwal R, Maskey D, Aggarwal AN, et al. Diagnostic performance

of various tests and criteria employed in allergic bronchopulmonary

aspergillosis: a latent class analysis. PLoS One. 2013;8:e61105.

47. Agarwal R, Dua D, Choudhary H, et al. Role of Aspergillus fumiga-

tus‐specific IgG in diagnosis and monitoring treatment response in

allergic bronchopulmonary aspergillosis. Mycoses. 2017;60:33‐39.
48. Agarwal R, Khan A, Aggarwal AN, et al. Clinical relevance of periph-

eral blood eosinophil count in allergic bronchopulmonary aspergillo-

sis. J Infect Public Health. 2011;4:235‐243.
49. Fairs A, Agbetile J, Hargadon B, et al. IgE sensitization to Aspergillus

fumigatus is associated with reduced lung function in asthma. Am J

Respir Crit Care Med. 2010;182:1362‐1368.
50. Agarwal R. Allergic bronchopulmonary aspergillosis. Chest. 2009;

135:805‐826.

MUTHU ET AL. | 1135



51. Hutcheson PS, Rejent AJ, Slavin RG. Variability in parameters of

allergic bronchopulmonary aspergillosis in patients with cystic fibro-

sis. J Allergy Clin Immunol. 1991;88:390‐394.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Muthu V, Sehgal IS, Dhooria S,

Aggarwal AN, Agarwal R. Utility of recombinant Aspergillus

fumigatus antigens in the diagnosis of allergic

bronchopulmonary aspergillosis: A systematic review and

diagnostic test accuracy meta‐analysis. Clin Exp Allergy.

2018;48:1107–1136. https://doi.org/10.1111/cea.13216

1136 | MUTHU ET AL.

https://doi.org/10.1111/cea.13216


Supplemental table 1: Assessment of quality of the studies included in the systematic review using the QualSyst tool
Criterion Moser et

al. 1994
(1)

Nikolaizik
et al. 1995
(2)

Banerjee
et al. 1996
(3)

Crameri et
al. 1996
(4)

Crameri
et al.
1996 (5)

Nikolaizik
et al. 1996
(6)

Banerjee
et al. 1997
(7)

Banerjee
et al. 1998
(8)

Crameri
et al.
1998 (9)

1 Question / objective sufficiently
described?

2 1 1 1 1 1 1 1 1

2 Study design evident and
appropriate?

1 2 2 1 1 1 1 1 1

3 Context for the study clear? 1 1 1 2 1 1 1 1 1
4 Connection to a theoretical

framework /wider body of
knowledge?

1 1 1 1 1 1 1 1 1

5 Sampling strategy described,
relevant and justified?

1 1 0 1 1 1 0 1 1

6 Data collection methods clearly
described and systematic?

1 1 0 1 1 1 1 0 1

7 Data analysis clearly described
and systematic?

1 1 1 1 1 1 0 1 1

8 Use of verification procedure(s)
to establish credibility?

0 1 1 1 1 1 1 1 1

9 Conclusions supported by the
results?

1 1 1 1 1 1 1 1 1

10 Reflexivity of the account? 1 1 1 1 1 1 1 1 1
Total 10 11 9 11 10 10 8 9 10



Criterion Hemmann
et al. 1998
(10)

Hemmann
et al. 1998
(11)

Hemmann
et al. 1999
(12)

Kurup et
al. 2000
(13)

Banerjee et
al. 2001
(14)

Nikolaizik
et al. 2002
(15)

Knutsen
et al.
2004 (16)

Bowyer
et al.
2006
(17)

Kraemer
et al.
2006 (18)

1 Question / objective sufficiently
described?

2 2 2 2 2 2 1 2 2

2 Study design evident and
appropriate?

2 1 1 1 1 1 1 1 1

3 Context for the study clear? 1 1 1 2 1 1 2 1 1
4 Connection to a theoretical

framework /wider body of
knowledge?

1 1 1 1 1 1 1 1 1

5 Sampling strategy described,
relevant and justified?

1 1 1 1 1 1 1 1 1

6 Data collection methods clearly
described and systematic?

1 1 1 2 2 1 1 1 2

7 Data analysis clearly described
and systematic?

1 1 1 2 1 2 1 1 1

8 Use of verification procedure(s)
to establish credibility?

1 1 1 1 1 1 1 1 1

9 Conclusions supported by the
results?

1 1 1 1 1 1 1 1 1

10 Reflexivity of the account? 1 1 1 1 1 1 1 1 1
Total 12 11 11 14 12 12 11 11 12



Criterion Kurup et al.
2006 (19)

de Oliveira
et al. 2007
(20)

Ringer et
al. 2007
(21)

Latzin et
al. 2008
(22)

Glaser et al.
2009 (23)

Fricker-
Hidalgo et
al et al.
2010 (24)

Tanimoto et
al. 2015
(25)

Vitte et al.
2016 (26)

1 Question / objective sufficiently
described?

1 1 1 1 1 1 2 1

2 Study design evident and
appropriate?

1 1 1 1 1 1 1 1

3 Context for the study clear? 1 1 1 1 1 1 1 1
4 Connection to a theoretical

framework /wider body of
knowledge?

1 1 1 1 1 1 1 1

5 Sampling strategy described,
relevant and justified?

1 1 1 1 1 1 2 1

6 Data collection methods clearly
described and systematic?

1 1 1 1 1 1 2 1

7 Data analysis clearly described and
systematic?

1 1 2 1 1 1 1 1

8 Use of verification procedure(s) to
establish credibility?

1 1 1 1 1 1 1 1

9 Conclusions supported by the
results?

0 1 1 1 1 1 1 1

10 Reflexivity of the account? 1 1 1 1 1 1 1 1
Total 9 10 11 10 10 10 13 10



Supplemental table 2: Raw data used for calculating pooled sensitivity and specificity of IgE against rAsp antigens for diagnosing
ABPA in asthma using composite reference standard as the gold standard
Antigen (n)* Reference TP FN FP TN
f1 (5) Crameri et al.(4) 1996 30 0 10 19

Crameri et al.(9) 1998 50 10 18 42
**Kurup et al.(13) 2000 20 4 14 12

16 8 0 26
Tanimoto et al.(25) 2015 32 21 45 208
Crameri et al.(5) 1996 24 6 5 24

f2 (3) Banerjee et al.(7) 1997 24 1 0 20
**Kurup et al.(13) 2000 21 3 1 25

21 3 6 20
Tanimoto et al.(25) 2015 36 17 48 205

f3 (4) Crameri et al.(9) 1998 55 5 21 39
Hemmann et al.(10) 1998 11 0 5 7
**Kurup et al.(13) 2000 20 4 7 19

19 5 5 21
Tanimoto et al.(25) 2015 30 23 53 200

f4 (3) Crameri et al.(9) 1998 48 12 0 60
**Kurup et al.(13) 2000 22 2 0 26

15 9 3 23
Tanimoto et al.(25) 2015 19 34 26 227

f6 (3) Crameri et al.(9) 1998 33 27 0 60
**Kurup et al.(13) 2000 14 10 0 26

16 8 4 22
Tanimoto et al.(25) 2015 20 33 75 178

f1 or f3 (1) Crameri et al.(9)1998 58 2 30 30
f4 or f6 (1) Crameri et al.(9) 1998 54 6 0 60
*The number of studies included for each analysis are provided in parentheses as (n)
**In this study same samples were tested at two different labs (Swiss and US labs). TP, TN, FN and FP are provided separately for both and were
utilized separately for pooling the results
FN – false negative; FP – false positive; TN – true negative; TP – true positive



Supplemental table 3: Raw data used for calculating pooled sensitivity and specificity of IgE against rAsp antigens for diagnosing
ABPA in cystic fibrosis using composite reference standard as the gold standard
Antigen (n)* Reference TP FN FP TN
f1 (5) Hemmann et al.(11) 1998 20 0 12 18

Knutsen et al.(16) 2004 24 4 13 29
Kraemer et al.(18) 2006 16 0 5 31
Ringer et al.(21) 2007 5 3 0 19
Latzin et al.(22) 2008 8 4 0 36

f2 (2) Knutsen et al.(16) 2004 21 7 10 32
Ringer et al.(21) 2007 8 0 1 18

f3 (5) Hemmann et al.(11) 1998 20 0 19 11
Knutsen et al.(16) 2004 22 6 7 35
Kraemer et al.(18) 2006 16 0 5 31
Ringer et al.(21) 2007 8 0 2 17
Latzin et al(22). 2008 7 5 0 36

f4 (6) Hemmann et al.(11) 1998 16 4 0 30
Knutsen et al.(16) 2004 23 5 9 33
Kraemer et al.(18) 2006 14 2 0 36
Ringer et al(21). 2007 4 4 0 19
Latzin et al. 2008 7 5 3 33
Fricker-Hidalgo et al.(24) 2010 12 1 3 45

f6 (6) Hemmann et al.(11) 1998 14 6 0 30
Knutsen et al.(16) 2004 7 21 0 42
Kraemer et al.(18) 2006 15 1 5 31
Ringer et al.(21) 2007 3 5 0 19
Latzin et al.(22) 2008 9 3 0 36
Fricker-Hidalgo et al.(24) 2010 7 6 4 44

f1 or f3 (3) Hemmann et al.(11) 1998 20 0 19 11
Kraemer et al.(18) 2006 16 0 0 36
Ringer et al.(21) 2007 8 0 3 16

f4 or f6 (3) Hemmann et al.(11) 1998 20 0 0 30
Kraemer et al.(18) 2006 13 3 0 36
Ringer et al.(21) 2007 6 2 0 19

*The number of studies included for each analysis are provided in parentheses as (n)
FN – false negative; FP – false positive; TN – true negative; TP – true positive



Supplemental table 4: Raw data used for calculating pooled sensitivity and specificity of skin prick test using rAsp antigens for
diagnosing ABPA in asthma using composite reference standard as the gold standard
Pooled analysis (n)* Reference TP FN FP TN
f1 (2) Moser et al.(1) 1994 8 7 5 18

Crameri et al.(4) 1996 24 6 5 24
f3 (1) Hemmann et al.(10) 1998 11 0 5 7
f4 (1) Hemmann et al.(12) 1999 10 20 0 17
f6 (1) Hemmann et al.(12) 1999 5 7 0 17
f4 or f6 (1) Hemmann et al.(12) 1999 11 1 0 17
*The number of studies included for each analysis are provided in parentheses as (n)
FN – false negative; FP – false positive; TN – true negative; TP – true positive



Supplemental table 5: Raw data used for calculating pooled sensitivity and specificity of skin prick test using rAsp antigens for
diagnosing ABPA in cystic fibrosis using composite reference standard as the gold standard
Pooled analysis (n)* Reference TP FN FP TN
f1 (2) Nikolaizik et al.(6) 1996 3 3 13 25

Nikolaizik et al.(15) 2002 8 4 12 26
f3 (1) Nikolaizik et al.(15) 2002 11 1 12 26
f4 (1) Nikolaizik et al.(15) 2002 12 0 4 34
f6 (1) Nikolaizik et al.(15) 2002 11 1 12 26
*The number of studies included for each analysis are provided in parentheses as (n)
FN – false negative; FP – false positive; TN – true negative; TP – true positive
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