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ABSTRACT
Background  Although asthma is the most commonly 
diagnosed respiratory disease, its pathogenesis is 
complex, involving both genetic and environmental factors. 
A role for the respiratory microbiome in modifying asthma 
severity has been recently recognised. Airway colonisation 
by Pneumocystis jirovecii has previously been associated 
with multiple chronic lung diseases, including chronic 
obstructive pulmonary disease (COPD) and severe asthma 
(SA). Decreased incidence of Pneumocystis pneumonia in 
HIV-infected individuals and reduced severity of COPD is 
associated with naturally occurring antibody responses to 
the Pneumocystis antigen, Kexin (KEX1).
Methods  104 paediatric patients were screened for KEX1 
IgG reciprocal end point titre (RET), including 51 with SA, 
20 with mild/moderate asthma, 20 non-asthma and 13 
with cystic fibrosis (CF) in a cross-sectional study.
Results  Patients with SA had significantly reduced 
Pneumocystis KEX1 titres compared with patients with 
mild/moderate asthma (p=0.018) and CF (p=0.003). A 
binary KEX1 RET indicator was determined at a threshold 
of KEX1 RET=1000. Patients with SA had 4.40 (95% CI 
1.28 to 13.25, p=0.014) and 17.92 (95% CI 4.15 to 66.62, 
p<0.001) times the odds of falling below that threshold 
compared with mild/moderate asthma and patients 
with CF, respectively. Moreover, KEX1 IgG RET did not 
correlate with tetanus toxoid IgG (r=0.21, p=0.82) or total 
IgE (r=0.03, p=0.76), indicating findings are specific to 
antibody responses to KEX1.
Conclusions  Paediatric patients with SA may be at higher 
risk for chronic Pneumocystis infections and asthma 
symptom exacerbation due to reduced levels of protective 
antibodies. Plasma KEX1 IgG titre may be a useful 
parameter in determining the clinical course of treatment 
for paediatric patients with asthma.

INTRODUCTION
Asthma is the most commonly diagnosed 
chronic respiratory disease worldwide, 
affecting over 300 million people of all ethnic 
groups and ages.1 Patients diagnosed with the 
asthma subphenotype severe asthma (SA) 
exhibit sustained symptoms including breath-
lessness, wheezing and coughing despite high 
levels of inhaled or oral corticosteroids and 
bronchodilators.2 While some genetic3 and 
environmental factors4 have been shown to 
contribute to the development of asthma, the 

role of infectious agents in development and 
exacerbation of chronic disease continues to 
evolve. Fungal pathogens have only recently 
being started appreciated for their potential 
role in asthma symptoms, despite infection-
induced production of mucin and TH2-
related cytokines directly promoting asth-
matic processes.5 Animal models have demon-
strated that colonisation with fungal patho-
gens, such as Aspergillus fumigatus and, more 
recently, Pneumocystis jirovecii (Pc), contribute 
to asthma-like phenotypes, including airway 
hyper-responsiveness.6

Pc is an opportunistic fungal pathogen and 
a causative agent of pneumonia in immuno-
compromised individuals. Pc has also been 
previously implicated in chronic lung disease, 
including chronic obstructive pulmonary 
disease (COPD); Pc colonisation was asso-
ciated with the development and severity of 
COPD in human subjects and animal models.7 
The role of Pc in chronic lung disease has 
been further expanded with recent findings 
where Pc was found to be enriched in the lung 

Key messages

►► Are antibody titres to the Pneumocystis (Pc) protein 
Kexin (KEX1), which have been previously correlat-
ed with a failure to control Pc infection in patients 
with HIV or chronic obstructive pulmonary disease 
(COPD), reduced in patients with severe asthma 
(SA) compared with those with mild or moderate 
disease?

►► Paediatric patients with SA had significantly reduced 
antibody titres to KEX1 compared with patients with 
mild/moderate asthma or cystic fibrosis, suggesting 
that these patients may have chronic underlying Pc 
infections contributing to their severe symptoms 
and, further, that low anti-KEX1 titre is a marker for 
SA.

►► This is the first study to demonstrate that patients 
with SA have reduced levels of the protective Pc 
antibody KEX1, generating new diagnostic and 
therapeutic possibilities centred on the potential 
role of underlying Pc infection in exacerbation of SA 
symptoms.
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microbiota of patients with SA and COPD compared with 
patients without asthma and COPD, respectively.8 9

While host defence against Pc involves both humoral 
and cellular immune responses, our group has shown 
that antibody responses to an internal 90 amino acid 
peptide of the Pneumocystis endoprotease Kexin (KEX1) 
correlate with protection from Pc pneumonia in HIV-
infected individuals and that protection can be induced 
through vaccination with KEX1 recombinant protein in a 
non-human primate model of HIV infection.10 11 Further-
more, low or undetectable KEX1 antibody titres were an 
independent predictor of disease severity in patients with 
COPD,12 suggesting a role for anti-KEX1 antibodies in 
preventing the deleterious effects of Pc colonisation.

Pc colonisation induces chronic inflammation and has 
been implicated as a co-factor in chronic lung diseases 
such as COPD and SA, and anti-KEX1 antibodies are 
associated with protection against Pc infection. Thus, we 
sought to determine whether paediatric patients with SA 
had reduced levels of protective Pc antibodies compared 
with paediatric patients with other respiratory diagnoses, 
including mild/moderate asthma. We performed a 
cross-sectional pilot study of anti-KEX1 antibody titres in 
cohorts of patients with SA, mild/moderate asthma, non-
asthma (NA) and cystic fibrosis (CF).

METHODS
Cohort description
Plasma collected from paediatric patients with SA (n=51) 
was analysed against that collected from cohorts of chil-
dren with mild/moderate asthma (n=20) and CF (n=13), 
as well as a NA cohort (n=20). In additional to the NA 
cohort, patients with CF were used as a control for SA as 
both are chronic pulmonary conditions associated with 
small airway obstruction.

Plasma samples were collected from patients receiving 
care at Cohen’s Children’s hospital and the Mount Sinai 
Kravis Children’s Hospital. The diagnosis of asthma was 
confirmed with either methacholine challenge or pre-
albuterol and post-albuterol spirometry to document 
airway reactivity/reversibility. Severe asthma was defined 
by SARP criteria,13 while mild/moderate was defined 
based on ≥2 symptoms per week, use of an inhaled bron-
chodilator ≥twice weekly or use of daily medication for 
asthma and increased airway responsiveness to metha-
choline (PC20 ≤12.5 mg/mL).14 All control patients had 
no personal or family history of asthma in first-degree 
relatives, normal spirometry and no bronchodilator 
response.

IgE levels to specific allergens, including Aspergillus, 
were determined from a commercial lab as part of 
routine care.

KEX1 reciprocal end point antibody titre determination
A 90 amino acid fragment of human-derived KEX1 was 
cloned into the pET28b(+) expression vector (GenScript) 
in Escherichia coli BL21(DE3) pLysS (Thermo Fisher 

Scientific) and used to produce an approximately 11 
kDa recombinant protein. Microtitre plates (Immunolon 
4HBX; Thermo Fisher Scientific) were coated with 5 µg/
mL of purified KEX1 in phosphate-buffered saline (PBS). 
Heat-inactivated plasma was diluted 1:100 in blocking 
buffer (PBS with 5% non-fat milk); 50 µL of plasma were 
plated into KEX1-coated wells, and serial dilutions were 
made to determine end point titres. Goat antihuman 
immunoglobulin-conjugated horseradish peroxidase 
(1:10 000, IgG; Sigma-Aldrich) was used for detection, 
and plates were developed by standard methods. Plasma 
samples from this cohort that had an undetectable Pc 
antibody titre were used as negative controls. The recip-
rocal end point titre (RET) was calculated as the highest 
dilution at which the optical density was the same or less 
than that of the negative control. To determine whether 
patients with low anti-KEX1 antibody titres had a gener-
alised defect in humoral immunity, tetanus toxoid anti-
body levels were determined using commercial ELISA kit 
(MyBioSource).

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism (GraphPad Software, La Jolla, California, USA). 
An alpha of 0.05 was used for inferential testing. Cohort 
demographic and clinical characteristics were compared 
among the four cohorts using one-way analysis of vari-
ance (ANOVA) or Fisher’s exact test, as appropriate. 
Samples without a detectible KEX1 titre were assigned 
a value of 50, which is half the limit of detection. Inde-
pendent sample t-tests were used to compare the KEX1 
and tetanus toxoid results of the severe asthma cohort to 
each of the others with a Holm correction for multiple 
comparisons.15 For a set of three comparisons, this correc-
tion compares the smallest observed p value to 0.017, the 
middle observed p value to 0.025 and the largest to 0.05. 
ANOVA was not used for the KEX1 comparisons since 
the emphasis was on SA versus each of the other cohorts, 
rather than an assessment of differences among all four 
groups. The Baptista-Pike method was used to calculate 
ORs and their corresponding 95% CIs. Fisher’s exact test 
was used to determine association between pulmonary 
diagnosis and low KEX1 RET.

Patient and public involvement
Patients were not involved in the design, conduct or 
interpretation of this post hoc analysis.

RESULTS
One hundred four paediatric patients were included in 
the analysis: 51 diagnosed with severe asthma, 20 diag-
nosed with mild/moderate asthma, 13 diagnosed with CF 
and 20 categorised as NA. Patient cohorts were similar 
with regard to age (p=0.407) and sex (p=0.895), as seen 
in table  1. Total IgE titre, collected as part of routine 
care, was also compared across cohorts and found to be 
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similar between the groups (p=0.529). Cohorts varied 
by racial breakdown, but were predominantly white. No 
significant differences in KEX1 titres were found by racial 
group (p=0.844). All patients with SA were on inhaled 
corticosteroid regimens, while the patients with mild/
moderate asthma, NA and CF were not.

Figure 1A shows that patients diagnosed with SA had 
significantly reduced KEX1 IgG antibody RETs compared 
with patients with mild/moderate asthma (p=0.018) and 
CF (p=0.003), but did not differ significantly for patients 
with NA (p=0.077). Similar analyses for tetanus toxoid 
antibody titres in patients with SA demonstrated no 
significant relationship when compared with patients 
with mild/moderate asthma (p=0.522), CF (p=0.171) 
or NA (0.253), suggesting the lower KEX1 RET in the 
SA cohort was not a generalised defect in the humoral 
response (figure 1B).

The mean KEX1 antibody titre across cohorts was 953 
(range 1–32 000) and thus a cut-off of 1000 was speci-
fied for a low KEX1 antibody titre. Within the respiratory 
disease status groups, 16% of patients with SA (8 of 51), 
5% of patients with mild/moderate (1 of 20), 20% of 
patients with NA (4 of 20) and 0% of patients with CF 
(0 of 13) had undetectable titres. When characterised 

by high and low KEX1 antibody titres, 84.3% (43 of 
51) of patients with SA had a low KEX1 titre while only 
55% (11 of 20) of patients with mild/moderate asthma, 
60% of patients with NA (12 of 20) and 23.1% (3 of 13) 
of patients with CF had low KEX1. Using the binary 
KEX1 RET indicator, table  2 shows patients with SA 
had 4.40 times the odds of a low KEX1 RET compared 
with patients with mild/moderate asthma (95% CI 1.23 
to 13.25, p<0.05) and 17.92 times the odds compared 
with patients with CF (95% CI 4.15 to 66.62, p<0.0001). 
The odds of a low KEX1 RET among participants with 
SA were 3.58 compared with the NA cohort; however, 
this association was not quite significant (95% CI 1.20 to 
10.84, p=0.055).

Figure 2 demonstrates the specificity these findings in 
anti-KEX1 antibodies as they relate to pulmonary disease 
diagnosis. Figure  2A shows that there is no significant 
correlation between KEX1 IgG RET and tetanus toxoid 
IgG (r=0.21, p=0.82), supporting the findings that low 
KEX1 is not the result of a generalised humoral defect 
across cohorts. KEX1 IgG RET was also not significantly 
correlated with total IgE titre (r=0.03, p=0.76), indicating 
that the titres observed were not part of a broader, non-
specific antibody response.

Table 1  Baseline cohort characteristics

Cohort Severe asthma
Mild and moderate 
asthma Non-asthma Cystic fibrosis

All patients n=51 n=20 n=20 n=13

Male, sex, N (%) 29 (56.9) 11 (55.0) 12 (60.0) 7 (53.8)

Race, N (%)

 � White 23 (45.1) 10 (50.0) 18 (90.0) 13 (100.0)

 � Black 12 (23.5) 5 (25.0) 0 (0.0) 0 (0.0)

 � Asian 2 (3.9) 1 (5.0) 0 (0.0) 0 (0.0)

 � More than one 11 (21.6) 4 (20.0) 1 (5.0) 0 (0.0)

 � Unknown 3 (5.9) 0 (0.0) 1 (5.0) 0 (0.0)

Ethnicity: Hispanic/Latinx 9 (17.6) 6 (30.0) 1 (5.0) 2 (15.4)

Age, years (mean±SD) 10.9±4.2 11.9±3.6 11.9±3.6 12.9±3.6

Total IgE titre (log) 2.2±1.0 2.4±0.4 2.6±0.4 1.7±0.8

Used inhaled corticosteroids, N (%) 51 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)

Figure 1  Plasma immunoglobulin titres. (A) Kexin (KEX1)-specific IgG titre as determined by ELISA and (B) tetanus toxoid 
antibody (IU/mL), stratified by disease diagnosis. Low KEX1 titre cut-off indicated by dotted line. *P<0.05, ***p<0.001. RET, 
reciprocal end point titre.
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DISCUSSION
This study is the first to report on the relationship of Pc 
KEX1 titres and paediatric asthma diagnosis. We found 
that patients with SA have significantly reduced KEX1 
IgG titres compared with patients with mild/moderate 
asthma and CF. When a binary KEX1 RET indicator was 
used to categorise titres as ‘high’ and ‘low’, patients with 
SA had 4.4 and 17.9 times the odds of having a low KEX1 
RET compared with patients with mild/moderate asthma 
and CF, respectively.

Comparable tetanus toxoid antibody levels in these 
cohorts suggest that the lower KEX1 antibody titres in 
patients with SA is not an indicator of generally poorer 
humoral immunity within the cohort. This conclusion 
is further supported by the correlation analysis of KEX1 
titres with tetanus toxoid and total IgE titres. The lack of 
correlation between KEX1 RET and tetanus toxoid anti-
body titres further indicates that differences in KEX1 RET 

are not a result of a generalised humoral defect across or 
within groups. Furthermore, elevated IgE titres do not 
correlate with elevated KEX1 RET, indicating that differ-
ences in KEX1 titres are distinct from overall antibody 
responses associated with allergens (including fungi).16 
These findings support the hypothesis that reduced 
Pc KEX1 antibody titres indicate a reduced capacity to 
control Pc infection and may lead to symptom exacerba-
tion in patients with asthma.

Previous studies have shown a relationship between 
Pc colonisation and chronic lung diseases, including 
SA.6 12 Patients with SA have increased enrichment of 
Pc in bronchoalveolar lavage fluid (BALF)8 and higher 
sera titres against whole cell Pc antigens,6 suggesting 
increased exposure to Pc in patients with SA compared 
with healthy individuals. However, there are multiple Pc 
antigens which are highly immunogenic but not associ-
ated with protection from infection,10 and thus we sought 

Table 2  Association between pulmonary diagnosis and Kexin (KEX1) RET

Cohort Severe asthma Mild and moderate asthma Non-asthma Cystic fibrosis

All patients n=51 n=20 n=20 n=13

Primary outcome

 � High KEX1 RET 8 9 8 10

 � Low KEX1 RET 43 11 12 3

OR of low KEX1 RET in patients with severe asthma

 � Value – 4.40 3.58 17.92

 � 95% CI, Baptista-Pike – 1.28 to 13.25 1.20 to 10.84 4.15 to 66.62

Association between pulmonary diagnosis and binary KEX1 RET indicator

 � Fisher’s exact test p value – 0.014* 0.055 <0.0001***

*P<0.05, ***p<0.001.
KEX1, Kexin; OR, Odds Ratio; RET, reciprocal end point titre.

Figure 2  Correlation of antibody responses. (A) Correlation between Kexin (KEX1) IgG reciprocal end point titre (RET) and 
tetanus toxoid IgG (r=0.21, p=0.82) and (B) correlation between KEX1 IgG RET and total IgE (r=0.03, p=0.76).
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to determine the relationship between SA and immunity 
to the protective Pc antigen KEX1.17 The association of 
low anti-KEX1 antibody levels expands the findings of 
previous studies, which implicate anti-KEX1 antibody 
responses in protection against Pc pneumonia and 
COPD.7 In human and non-human primate models of 
HIV, low anti-KEX1 titres was predictive of susceptibility 
to PCP.10 11 Additionally, in an examination of patients 
with COPD, undetectable anti-KEX1 antibody titres were 
an independent predictor of more severe airway obstruc-
tion in smokers.12

This study had several limitations. Antibody levels were 
measured at a single time and we did not have corre-
sponding data on colonisation with Pc in these cohorts. 
Thus, we were unable to determine the cause and effect 
of Pc colonisation with SA. As we have shown in COPD, 
persistence of this organism in the lung environment may 
amplify the inflammatory response and worsen disease or 
be an indicator of disease severity.12 18 Additionally, the 
cohorts differed in demographic factors, although those 
differences were not significant. A larger study would 
allow a more in-depth consideration of demographic 
covariates. These groups did, however, significantly 
differ in corticosteroid use. All patients with SA were on 
inhaled corticosteroid regimens while the patients with 
mild/moderate asthma, CF and NA were not, although 
this difference did not appear to affect tetanus toxoid or 
IgE antibody levels and suggests that this likely does not 
play a role in KEX1 differences. Despite these limitations, 
these results provide the basis for further investigation of 
the role of Pc colonisation in SA and the potential protec-
tive effect of anti-KEX1 humoral responses is preventing 
or ameliorating SA symptoms. Further studies linking Pc 
colonisation, pulmonary inflammatory responses and 
the potential use of anti-KEX1 antibody responses as a 
biomarker of disease progression will be informative.

These findings have a number of potential clinical 
implications. Despite the heterogeneity of paediatric 
asthma (ie, viral-induced, allergic, non-allergic), as well 
as its diversity in underlying genetic and environmental 
factors, current treatment is limited to anti-inflammatory 
and bronchodilator therapies. Even for patients who fail 
maximum doses of inhaled corticosteroids and long-
acting beta agonists, alternate approaches which also 
target the inflammatory response (specifically anti-IL5 
or anti-IgE monoclonal antibodies) represent the only 
FDA-approved options. Although shown to be effective in 
controlling symptoms for patients with severe-persistent 
disease, such therapies lack long-term safety data and 
have unfavourable financial implications. Importantly, 
our findings highlight the possibility of targeted anti-
microbial therapy as a potentially feasible and inexpen-
sive option to improve symptom control, and perhaps 
lower requirements for standard therapies. Furthermore, 
because children may in fact be a significant reservoir 
for Pc,19 these findings may be important to consider for 
family members or close contacts with asthma or other 
conditions who have a high risk for Pc infection.

In summary, we found that patients with SA have a 
reduced anti-KEX1 Pc titre compared with patients with 
mild/moderate asthma and CF. These findings lend 
additional support to a potential role for Pc colonisa-
tion in the pathogenesis of severe asthma and suggest 
that protective anti-KEX1 antibody responses might be 
an important mechanism by which Pc colonisation is 
reduced or prevented. Furthermore, linking KEX1 anti-
body response to detection of Pc colonisation in BALF 
and asthma disease severity will be informative in deter-
mining whether identification and antibiotic treatment 
of Pc colonisation represents a therapeutic option for 
paediatric patients with SA. Future studies may also vali-
date the use of plasma anti-KEX1 titres as a non-invasive 
marker for the identification of patients susceptible to 
chronic Pc colonisation and asthma exacerbation.
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