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Abstract 

Background The Cystic Fibrosis Foundation Patient Registry (CFFPR) reports a high prevalence of asthma (34.6%) 
in people with Cystic Fibrosis (PwCF). While our current understanding of this relationship is limited, a type 2 
inflammatory (T2) phenotype has often been identified in CF patients.

Research question This study aimed to evaluate the relationship between the eosinophilic CF T2 inflammatory 
phenotype and CF-related pulmonary outcomes and microbiological data.

Study design and methods We conducted a retrospective chart review of adult patients with CF (18 and older; 
n = 93) receiving their care at University of Virginia Medical Center adult program from January, 2013 through 
December, 2018. Data collected included demographic data, CFTR (CF transmembrane conductance regulator) 
mutation, CF comorbidities, medications, Absolute Eosinophil Counts (AEC) in cells/µL and Immunoglobulin E (IgE) 
levels in IU/mL.

Results Of 93 patients screened for study eligibility, 74 were included in the final analysis; 19 patients were excluded 
due to lack of longitudinal data across the study timeline. Lung function decline correlated with increased AEC 
(p < 0.001) and IgE (p < 0.001) even when adjusting for covariates: age, gender, presence of Pseudomonas spp., MRSA, 
other bacterial spp., Aspergillus spp., and other fungi (p < 0.001). Univariate analysis demonstrated that people with 
CF who experienced more than 2 exacerbations requiring hospitalizations and/or intravenous antibiotics a year were 
more likely to have high AEC (p = 0.018). Logistic regression showed that as AEC increases, the probability that the 
measurement was taken during a CF exacerbation increases (p = 0.0039). A linear mixed model showed that each 
additional annual exacerbation event increased on average the log IgE by 0.04. (p = 0.015). This finding remained 
stable in a multivariate model (p = 0.0145). When adjusted for atopy, log IgE increases as the number of exacerbation 
events increases (p = 0.022). There was no association between AEC and IgE and microbiological colonization.

Interpretation This study has shown that in CF patients, T2 inflammation based on serum AEC and IgE correlated 
with pulmonary exacerbations requiring hospitalizations and/or intravenous antibiotics, independent of bacterial 
airway colonization. In addition, lung function decline correlated with increased IgE and AEC. Further studies are 
needed to explore these correlations and potential impact on treatment.
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Introduction
The Cystic Fibrosis Foundation Patient Registry 
(CFFPR) reports a high prevalence of asthma (34.6%) 
in people with Cystic Fibrosis (PwCF) [1]. While our 
current understanding of this relationship is limited, 
a type 2 inflammatory (T2) eosinophilic phenotype 
has often been identified in CF patients [2]. Moreover, 
medication targeting this phenotype has improved the 
clinical course of CF patients with T2 inflammation [3].

This type 2 inflammation is characterized by high 
total IgE antibody titers, specific IgE sensitization and 
eosinophilia. Also central to this signature are type 2 
cytokines (interleukin (IL)-4, IL-5, and IL-13) and type 
2 cytokine producing cells (in airway or sputum), such 
as type 2 innate lymphoid cells [4–6]. CF mouse models 
have shown an exaggerated IgE response to Aspergillus 
fumigatus, with higher levels of IL-13 and IL-14 [7]. 
Moreover, naïve CD4 + T cells from CF transmembrane 
conductance regulator (CFTR) deficient mice produce 
elevated levels of IL-4 after T cell receptor (TCR) 
ligation compared to wild-type CD4 + T cells [8]. 
This T2 signature has also been identified in CF 
patients prior to and after Pseudomonas aeruginosa 
infection, with a T2 inflammatory phenotype being an 
independent risk factor for infection [9].

This study aimed to evaluate the relationship 
between the eosinophilic CF T2 inflammatory 
phenotype and CF-related pulmonary outcomes and 
microbiological data. As there are many parameters 
for T2 inflammation, we focused primarily on 
absolute eosinophil count (AEC) and IgE levels. 
We hypothesized that higher levels of AEC and IgE 
would be associated with poor lung function (FEV1), 
increased frequency of CF exacerbations, and higher 
susceptibility to microbiological infections.

Methods
Patient population
We conducted a retrospective chart review of adult 
patients with CF (18 and older; n = 93) receiving their 
care at University of Virginia Medical Center adult 
program from January, 2013 through December, 2018. 
Inclusion criteria were diagnosis of CF, and complete 
data in our medical system for at least 3 of the 5 years. 
Overall, 19 patients were excluded from the study 
due to incomplete data during the study period, due 
to having less than one annual visit at our center, 
undergoing lung transplantation during the study 

period, moving to a different center during the study 
period, or being new to our center in the period, due 
to transitioning from pediatric or moving to our center 
from a different center.
Data collected
Patient characteristics collected included demographic 
data (age, sex), CFTR mutation, CF comorbidities 
(CF-related diabetes, Allergic Bronchopulmonary 
Aspergillosis (ABPA), Asthma), medications (CFTR 
modulators, inhaled corticosteroids, inhaled antibiotics, 
antifungals), Absolute Eosinophil Counts (AEC) in cells/
µL (all values available in the electronic medical record 
during the study period) and total Immunoglobulin E 
(IgE) levels in IU/mL (average of the patient’s maximal 
annual IgE counts during the study period) and specific 
respiratory or fungal Immunoglobulin E panels. Asthma 
diagnosis was collected in the study data if it was 
documented by the clinical team in the electronical 
medical record at any time during the study period. 
PpFEV1 (percent predicted Forced Expiratory Volume 
in 1  s) and rate of pulmonary exacerbations (identified 
as an event that required intravenous therapy and/
or hospitalization) were retrospectively collected. The 
severity of CF disease based on mean ppFEV1 was 
determined at the end of the study period, in 2018. 
The CF severity was defined as normal if ppFEV1 was 
90% or higher. Mild CF disease was defined as ppFEV1 
between 70 and 90%, moderate as ppFEV1 of 40–90% 
and severe disease if ppFEV1 was below 40% [10]. Mean 
lung function was defined as mean of the two highest 
FEV1 level in 2018 at the end of study period. Frequent 
exacerbations were defined as more than 2 per year. 
Average AEC was defined as the highest annual AEC level 
averaged per year of study period. The IgE titers were 
measured either with annual routine labs as a screening 
for ABPA, as per CFF chronic care guidelines, or on day 
one of hospital admissions, prior to initiating antibiotics 
as per a standardized protocol instituted in 2014 at our 
center. The rationale of this protocol is to identify early 
exacerbations related to ABPA/asthma. We propose 
that elevated AEC during exacerbations is a marker of a 
T2 phenotype. Highest IgE annual levels were collected 
for this study when multiple levels were available. The 
reason for this choice was to eliminate the confounding 
decrease in AEC and IgE levels seen with steroid use. 
Given the retrospective limitations of the study, we 
could not account for oral steroid use during the study 
period as these are frequently prescribed in our patient 
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population by outside providers, and are not recorded in 
our electronic medical record. Average AEC was used for 
univariate analysis, while all AEC values available in the 
EMR were used for longitudinal statistical analysis and 
multiple regression analysis. Due to paucity of IgE data, 
only highest available value per person per year was used 
for the analysis. The AECs obtained during exacerbations 
were included in both analyses as we considered them 
a marker of T2 inflammation regardless of trigger 
(environmental allergens, antibiotics, or a component of 
CF-associated inflammation). As standard of care at our 
institution, with each regular visit and hospitalization, 
CBC and differential, and bacterial, fungal, and acid-fast 
bacterial cultures are obtained (if patient could provide 
good sputum specimens). We specifically collected 
sputum culture data for Mycobacteria sppc, Methicillin 
Sensitive and Resistant Staphylococcus Aureus (MRSA), 
Pseudomonas Aeruginosa, Stenotrophomonas spp., 
Achromobacter spp., Aspergillus Fumigatus and other 
Aspergillus spp., Exophiala spp., Rasamsonia spp., and 
Scedosporium spp. Fungal and bacterial presence was 
defined as detection of a positive fungal or bacterial 
culture of patient sputum, respectively.

AEC and IgE were considered high if they were above 
300 cells/µL and 180  IU/mL respectively. We also 
grouped together Exophiala spp., Rasamsonia spp., and 
Scedosporium spp. as (E/R/S) due to their small sample 
size as we conjectured that it would be important to 
include them in our analyses since those fungal groups 
are known to cause disease in CF patients. Similarly, 
Achromobacter spp. and Stenotrophomonas spp. were 
grouped together.

This study was approved by our institution’s 
Institutional Review Board Human Subjects Research 
(IRB-HSR) committee and followed procedures with 
ethical standards.

Statistical analyses
Univariate analysis
Categorical data are summarized by frequencies and 
percentages, and continuous scaled data are summarized 
by the median and interquartile range, and range of the 
empirical distribution.

AEC and IgE quantification description
For the AEC related univariate analyses, the subject-
specific AEC data represents the subject’s average of 
maximum annual AEC values over the study period, 
while for the IgE related analyses, the subject-specific IgE 
data represents the subject’s average of maximum annual 
IgE values over the study period.

Average AEC and IgE and lung function
The relationship between AEC and lung function and 
the relationship between IgE and lung function was 
examined in two ways. In the first analysis, AEC/IgE 
served as the outcome variable, and lung function served 
as the stratification variable, where lung function was 
stratified into the following ordinal categories: normal, 
mildly impaired, moderately impaired, and severely 
impaired based on ppFEV1. The nonparametric Kruskal–
Wallis test was used to compare the lung function 
stratified AEC/IgE empirical distributions. In the 
second analysis, the ordinal categories for lung function 
served as outcome variable, and AEC/IgE served as the 
predictor variable. Ordinal logistic regression (OLR) 
was used to examine if a higher level of lung function 
impairment is associated with higher levels of AEC/IgE. 
Outcome versus predictor association was quantified 
by the OLR proportional odds ratio test (POR), and 
proportion odds ratio represented relative difference 
between odds of having a higher level of lung function 
impairment between two hypothetical subjects: one with 
an AEC/IgE value equal to the 75th percentile of the 
AEC/IgE empirical distribution, and the other with an 
AEC/IgE value equal to the 25th percentile of the AEC/
IgE empirical distribution.

Average AEC and IgE and pulmonary exacerbations
The relationship between AEC or IgE and the number 
of annual pulmonary exacerbations was examined in 
exactly the same way as the relationships between AEC 
and IgE lung function. A CF exacerbation was defined 
as a respiratory exacerbation event that required 
intravenous antibiotics and/or hospitalization. For both 
sets of analyses the number of pulmonary exacerbations 
was ordinally categorized as: 0, 1–2, and > 2 pulmonary 
exacerbation per year per person. For example, if a 
person had 3 exacerbations per year in any given year of 
the study period, he would be included in the analysis 
as > 2 pulmonary exacerbations.

Average AEC and IgE and microbiological infections
AEC and IgE levels were compared between subjects 
who tested positive and subjects who test negative 
for: (A) Mycobacteria spp., (B) Methicillin Resistant 
Staphylococcus Aureus (MRSA), (C) Pseudomonas 
aeruginosa, (D) Stenotrophomonas spp., (E) 
Achromobacter spp., (F) Aspergillus fumigatus and other 
Aspergillus spp., (G) Exophiala spp., (H) Rasamsonia spp., 
and (I) Scedosporium spp. Per microbiological organism, 
2 sets of analyses were conducted. One set of analysis 
compared via the nonparametric two-sample Wilcoxon 
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Rank Sum test the AEC/IgE empirical distributions of 
those subjects who had positive sputum tests for the 
microbiological organism to the AEC/IgE empirical 
distributions of those subjects who had negative sputum 
tests for the microbiological organism. The second set 
of univariate analyses was focused on determining 
via logistic regression (LR) if the subjects AEC/IgE 
levels could predict the presence of the microbiological 
organism. The LR odds ratio test compared the odds 
for testing positive for the microbiological organism 
between a hypothetical subject who has an AEC/IgE level 
equal to the 75th percentile of the AEC/IgE empirical 
distribution, relative to a hypothetical subject who has an 
AEC/IgE level equal to the 25th percentile of the AEC/
IgE empirical distribution.

Longitudinal data analysis
Longitudinal data were analyzed using mixed effects 
models with a random effect of patient built in R using 
the lme4 and lmerTest packages. Two sets of secondary 
models were built that considered covariates age, gender, 
ppFEV1, and presence of Pseudomonas spp., MRSA, 
other bacteria (Stenotrophomonas spp., Achromobacter 
spp), Aspergillus spp., or other fungi (Exophiala spp., 
Rasamsonia spp., and Scedosporium spp) and separately, 
a positive allergen panel (specific respiratory or fungal 
Immunoglobulin E panels) [11]. AEC and IgE were 
analyzed after a log-transformation. Linear mixed effects 
models were built to explain AEC value by whether 
the measurement was taken during a pulmonary 
exacerbation, annual variability in AEC by the number of 
annual exacerbations, annual IgE values by the number 
of annual exacerbations, and ppFEV1 by AEC and IgE 
(excluding ppFEV1 as a covariate). One final linear mixed 
effects model was built to explain AEC values using 
IgE levels. Poisson mixed models were used to explain 
the number of annual pulmonary exacerbations using 
AEC or IgE and using the covariate sets listed above. 
A linear regression explained variability in IgE by the 
total number of exacerbations experienced by a patient 
across the study period and considered the two sets of 
covariates listed above.

Significance level
For all analyses, a two-sided p ≤ 0.05 decision rule was 
used as the null hypothesis rejection criterion.

Results
Baseline demographic and characteristics
Baseline demographics and patient characteristic data 
are presented in Table  1. Of 93 patients screened for 
study eligibility, 74 were included in the final analysis; 19 
patients were excluded due to lack of longitudinal data 

across the study timeline. Our sample of patients had a 
prevalence of CF-related diabetes of 43.2%, ABPA of 8.3%, 
and physician diagnosed asthma of 82.3%. Our sample of 
patients had a prevalence of Pseudomonas aeruginosa 
of 70%, MRSA of 32.9%, and Mycobacteria spp. of 20.8% 
over the study period. Notably, when highest AEC per 
year were averaged over the study period 34 (45.9%) 
patients had AEC levels above 300 cells/μL. In our 
cohort, 18.9% of the patients had a maximum IgE level 
>180 IU/mL. Most of the patients in our sample were on 
inhaled corticosteroids and CFTR modulators (Table 1).

AEC and IgE and lung function
With respect to AEC, there was no detectable shift 
in the central location of distribution between the 4 
different levels of lung function impairment: normal, 
mild, moderate or severe (p = 0.877). Greater AEC was 
not a significant predictor of disease severity (POR: 
1.24; 95% CI [0.82, 1.88], p = 0.298). With respect to 
IgE, there was a detectable shift in the central location 
of distribution between the 4 different levels of lung 
function impairment (p = 0.049), with the highest median 
IgE value for the group of patients with moderate lung 
function impairment. However greater IgE was not a 

Table 1 Subject characteristics

Characteristic

Age: mean (SD) [range] 35.1 (10.8) [18, 62]

Female Sex: n (%) 40 (53.3)

delF508 Homozygous: n (%) 44 (59)

CF related diabetes: n (%) 32 (43.2)

ABPA (allergic bronchopulmonary aspergillosis): n (%) 6 (8.3)

Asthma: n (%) 60 (82.3)

Aspergillus Fumigatus sensitization (IgE > 0.35 Ku/L): 
n (%)

17 (23.0)

Any fungal sensitization (IgE > 0.35 Ku/L): n (%) 9 (12.0)

Fungal presence: n (%)

 Aspergillus spp. 51 (69.9)

 Exophiala, or Rasamsonia or Scedosporium (ERS) 23 (31.5)

 Bacterial presence: n (%)

 Pseudomonas 51 (69.9)

 MRSA 24 (32.9)

 Achromobacter spp. or Stenotrophomonas spp. 22 (30.1)

 Mycobacteria 15 (20.8)

Exacerbations: n (%)

 0 Exacerbations per year 15(20.2)

 1–2 Exacerbations per year 42 (57.5)

  > 2 Exacerbations per year 17 (23.3)

Medications: n (%)

 CFTR modulators 51 (69.9)

 Inhaled corticosteroids 51 (69.9)
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significant predictor of disease severity. (POR: 1.06; 95% 
CI [0.95, 1.18], p = 0.332).

A linear mixed model showed a statistically 
significant negative association between ppFEV1 and 
log AEC (p < 0.001). This negative association remained 
statistically significant even when adjusting for age, 
gender, presence of Pseudomonas spp., MRSA, other 
bacterial spp., Aspergillus spp, and other fungi (p < 0.001). 
Also in this model, increased age was correlated with 
a decline in ppFEV1 (p = 0.0396), while there was no 
statistically significant relationship between ppFEV1 and 
the other covariates (Fig. 1 left).

A linear mixed model showed demonstrated a 
statistically significant correlation between ppFEV1 
decline and IgE increase (p < 0.001). This correlation 
remained statistically significant in a multivariate linear 
mixed model when after adjusting for age, gender, 
presence of Pseudomonas spp., MRSA, other bacterial 
spp., Aspergillus spp, and other fungi (p < 0.001). In this 
model, increasing increased age was also correlated with 
a decline in ppFEV1 decline (p = 0.04). (Fig. 1 right).

AEC and IgE and pulmonary exacerbations
With respect to AEC, there was a detectable shift in the 
central location of distribution between the 3 different 
levels of pulmonary exacerbation (p = 0.018) Fig. 2, with 
the highest median AEC for the group of patients with > 2 
pulmonary exacerbations. Greater AEC was a significant 

predictor of greater number of pulmonary exacerbation 
episodes (POR: 1.88; 95% CI [1.14, 3.08], p = 0.013). With 
respect to IgE, there was no detectable shift in the central 
location of distribution between the 3 different levels of 
pulmonary exacerbation (p = 0.994). Greater IgE was not 
a significant predictor of greater number of pulmonary 
exacerbation episodes (POR: 0.96; 95% CI [0.84, 1.04], 
p = 0.489).

A longitudinal model comparing AEC within and 
outside of exacerbation events showed that log AEC 
was lower outside exacerbations when compared to 
levels related to an exacerbation event (p = 0.0035) 
(Additional file  1: Fig. S1) After adjusting for age, 
ppFEV1, presence of Pseudomonas spp., MRSA, other 
bacterial spp., Aspergillus spp, and other fungi, the effect 
of CF exacerbation was no longer significant (p = 0.4372). 
However, presence of a CF exacerbation correlated with 
ppFEV1 decrease (p = 0.0003). In addition, per each 
additional annual exacerbation, the annual variance 
in AEC increased (p < 0.001), an effect that remained 
significant after adjusting for age, gender, ppFEV1, 
presence of Pseudomonas spp., MRSA, other bacterial 
spp., Aspergillus spp., and other fungi (p = 0.0001). 
Logistic regression showed that as log AEC increases, 
the probability that the measurement was taken during 
a CF exacerbation increases (p = 0.0039) (Fig. 3). Finally, 
although Poisson mixed models failed to identify an 
effect of log AEC on the number of annual exacerbations 

Fig. 1 Relationship between lung function (ppFEV1) and AEC and IgE. Image on the left A linear mixed model showed a statistically significant 
relationship between ppFEV1 decline and log AEC increase (p < 0.001) Image on the right: A linear mixed model showed a statistically significant 
relationship between ppFEV1 decline and log IgE increase (p < 0.001). ppFEV1 = percent predicted Forced Expiratory Volume in 1 s. AEC = absolute 
eosinophil count IgE = Immunoglobulin E
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(p = 0.2248), increasing lung function decreased the 
number of exacerbations (p = 0.0067) and the presence 
of Aspergillus spp. was associated with more annual CF 
exacerbations (p = 0.0204).

A linear mixed model showed that each additional 
annual exacerbation event increased on average the log 

IgE by 0.04. (p = 0.015) Fig.  4. This finding remained 
stable even when adjusting for age, gender, ppFEV1, 
presence of Pseudomonas spp., MRSA, other bacterial 
spp., Aspergillus spp., and other fungi (p = 0.0145).

The presence of a positive serum allergen panel 
further influenced this correlation. A linear mixed 
model showed an increase in log IgE by 0.707 for 

Fig. 2 A. Pulmonary exacerbations, AEC and IgE. AEC = Absolute Eosinophil Count; highest annual AEC value averaged per year/per person over 
the study period was used to calculate median and interquartile range for AEC for each subgroup. *Greater AEC was a significant predictor of 
greater number of pulmonary exacerbation episodes (POR: 1.88; 95% CI [1.14, 3.08], p = 0.013). B. IgE = Immunoglobulin E; highest annual IgE value 
averaged per year per person over the study period was used to calculate median and interquartile range IgE for each subgroup

Fig. 3 Pulmonary exacerbations and AEC logistic regression: as 
log AEC increases, the probability that the measurement was taken 
during a CF exacerbation increases (p = 0.0039) AEC = Absolute 
Eosinophil Count

Fig. 4 IgE and Pulmonary exacerbations: Increased log IgE correlates 
with increased numbers of annual CF exacerbations (p = 0.0015). 
IgE = Immunoglobulin E
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each additional annual exacerbation (p = 0.0044) and 
significantly higher log IgE in allergen positive patients 
(p < 0.001). While a Poisson mixed model explaining 
the number of annual CF exacerbations with just log 
IgE showed no effect of log IgE (p = 0.2263), the model 
including atopy showed that in the presence of atopy 
based on positive serum allergen panels, as log IgE 
increases the exacerbation events increase (p = 0.0222) 
Fig.  5. The other Poisson mixed model identified 
presence of Aspergillus spp. (p = 0.0003) and decreasing 
ppFEV1 (p = 0.0110) as significant predictors of the 
number of CF exacerbations.

Average AEC and IgE and microbiological fungi infections
Univariate analysis. Empirical distribution numerical 
summaries are provided in Additional file  1: Table  S3. 
With respect to AEC, there was no shift in the central 
location of the AEC empirical distribution due to 
the presence of Aspergillus, but there was a marginal 
upward shift in center location of the AEC empirical 
distribution due to presence of Exophiala or Rasamsonia 
or Scedosporium (p = 0.076). AEC was not a predictor 
of the presence of Aspergillus (OR = 0.86; 95% CI [0.52, 
1.44], p = 0.570), nor was AEC a predictor of the presence 
of Exophiala or Rasamsonia or Scedosporium (OR = 1.52; 
95% CI [0.91, 2.54], p = 0.105).

With respect to IgE, there was no shift in the central 
location of the IgE empirical distribution due to the 

presence of Aspergillus, and there was no shift in 
center location of the IgE empirical distribution due to 
presence of Exophiala or Rasamsonia or Scedosporium. 
IgE was not a predictor of the presence of Aspergillus 
(OR = 1.07; 95% CI [0.90, 1.28], p = 0.436), nor was IgE a 
predictor of the presence of Exophiala or Rasamsonia or 
Scedosporium (OR = 0.99; 95% CI [0.86, 1.14], p = 0.915).

Average AEC and IgE and microbiological bacterial 
infections
Univariate analysis. Empirical distribution numerical 
summaries are provided in Additional file 1: Table S4A. 
With respect to AEC, there was no shift in the central 
location of the AEC empirical distribution due to the 
presence of Pseudomonas, MRSA, Achromobacter or 
Stenotrophomanas, but there was a marginal upward 
shift in center location of the AEC empirical distribution 
due to presence of Mycobacteria (p = 0.099). AEC was 
not a predictor of the presence of Pseudomonas, MRSA, 
Achromobacter or Stenotrophomanas, or Mycobacteria 
(Table 5B). With respect to IgE, there was no shift in the 
central location of the AEC empirical distribution due 
to the presence of Pseudomonas, MRSA, Achromobacter 
or Stenotrophomanas, or Mycobacteria. IgE was not 
a predictor of the presence of Pseudomonas, MRSA, 
Achromobacter, Stenotrophomanas, or Mycobacteria 
(Additional file 1: Table S4B).

Relationship between IgE and longitudinal AEC
A linear mixed effects model was built to explain 
longitudinal AEC values using annual IgE levels. 
The model showed a statistically significant inverse 
correlation between the two variables, as the log IgE 
increases, the log AEC decreases (p = 0.0269).

Discussion
Prior to the introduction of highly effective CF 
modulator therapy, the CF Foundation patient registry 
report showed that at any given year, approximately 
40% of patients had one or more exacerbations a year 
requiring hospitalization and/or intravenous antibiotics 
and approximately 10% of this group had 3 or more 
exacerbations a year. Each year, there is a slight change 
in the patient groups, some patients do not develop 
exacerbations annually but every other year or every 
3  years and some patients suddenly develop more 
active disease, and more frequent yearly exacerbation. 
Following this cohort longitudinally allowed us to include 
in the analysis more patients with less (1–2 exacerbations, 
a less active disease) and more frequent exacerbations 
(more than 2) or more active disease, over a longer 
period of time. In addition, when a patient develops 

Fig. 5 Pulmonary exacerbations and IgE in presence of atopy 
(positive respiratory allergen or fungus allergen IgE panels) 
An increase in log IgE is noticed with each additional annual 
exacerbation (p = 0.0044) and significantly higher log IgE in allergen 
positive patients (p < 0.001). IgE = Immunoglobulin E
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more than 2 exacerbations a year, our group initiates a 
frequent exacerbation protocol to identify possible new 
contributors to the change in phenotype which includes 
evaluation of ABPA/allergic or atopic phenotype based 
on serum IgE and AEC levels. Of note, our population 
has a high exacerbation rate, with 57.5% of our patients 
having 1–2 exacerbations per year and 24.5% of patients 
having 3 or more exacerbations per year. While this could 
be a result of our center’s geographical location it can also 
be a result of our study period (6 years), which allowed 
more incidences to be counted than otherwise i.e., even 
if a patient had only 1 exacerbation in the study period, 
they would be counted in the 1–2 Exacerbations per year 
cohort. In addition, our center monitors very closely the 
AEC and IgE levels with each exacerbation, which most 
likely led to an increased identification of elevated levels 
for these two measurements.

As per our hypothesis, higher levels of AEC were 
associated with more frequent exacerbations, defined 
as > 2 pulmonary events that required hospitalization 
and/or IV antibiotics. Our study shows that CF 
exacerbations increase the AEC levels and corelate with 
higher AEC variability. The correlation between CF 
exacerbation and AEC may be explained by exposure 
to intravenous antibiotics, however the correlation 
between CF exacerbations and AEC variability is a new 
finding that is worth further exploration. Based on our 
study however we cannot draw a conclusion on a cause 
and effect. It is unclear if exacerbations cause increased 
T2 inflammation or T2 inflammation predisposes to 
increased exacerbations.

When accounting for positive allergen panel positivity, 
as IgE increases, exacerbation events increase. In 
addition, each annual exacerbation is associated with 
an increase in IgE and this effect was significantly more 
pronounced in patients with atopy. This is a new finding 
and suggests that T2 inflammation may be partially 
responsible for increased exacerbations. If proven in 
multicenter, larger study, could lead to a change in CF 
management with increased use of ICS, and asthma 
immunological therapies. T2 inflammation leads to 
reduced expression of antimicrobial proteins, goblet 
cell hyperplasia and increased mucus production which 
subsequently can lead to increased bacterial burden, 
increased respiratory symptoms and subsequentially, 
increased pulmonary exacerbations [13].

Another novel finding of our study is that longitudinal 
analysis showed that ppFEV1 decline correlated with 
increased AEC and IgE even when adjusting for age, 
gender, presence of Pseudomonas spp., MRSA, other 
bacterial spp., Aspergillus spp, and other fungi. Our 
population is older, with a mean of 35  years, and 
also has a higher prevalence of Pseudomonas (70%), 

MRSA (32%), and Mycobacteria (21%) than previously 
reported in other population cohorts. Despite the high 
infection rates, only 23% of the patients had frequent 
(> 2) exacerbations/year at any time during the study 
period. Moreover, neither AEC nor IgE were statistically 
associated with any bacterial strain. We believe this 
indicates that the relationship between AEC and 
pulmonary exacerbations is independent of bacterial 
presence. While the exact nature of this relationship is 
unclear, research has shown that eosinophils participate 
in pulmonary pathology [14]. This could indicate a direct 
impact of the T2 phenotype on pulmonary structure and 
performance. Moreover, some of these CF pulmonary 
exacerbations could have been triggered by eosinophil-
mediated changes in mucus production and airway 
expression of inflammatory mediators.

While bacteria were not correlated with either AEC or 
IgE, the E/R/S fungi were almost statistically-significantly 
correlated (p = 0.076) with elevated AEC. We decided 
to evaluate these fungi despite their low sample size 
as Exophiala spp, Rasamsonia spp, and Scedosporium 
spp. have been shown to cause pulmonary disease in CF 
patients [15, 16]. The lack of statistical significance could 
be due to grouping the fungi during analyses or can be 
due to fungi-induced diseases, as well as underpowering 
due to the small cohort included in our analysis. On 
univariate analysis, there was no correlation between 
AEC and IgE and Aspergillus spp despite the high 
prevalence of Aspergillus in our population (69%). In 
the models with covariates, exacerbation rates did not 
correlate with bacterial colonization but did correlate 
with Aspergillus colonization suggesting that perhaps 
frequent antibiotic and steroids exposure increases the 
risk of Aspergillus colonization. This is an interesting 
finding as Aspergillus can generate a T2 response and 
has been associated with ABPA in the CF population [7, 
17] observations that warrant further studies.

UVA is situated in Charlottesville, Virginia which is on 
the asthma belt. Most of our subjects come from rural 
Virginia areas and work on farms or own farmlands and 
frequently work with animals and are exposed to multiple 
allergens. Virginia is a hot-humid, forest-heavy state. 
Our center’s geographical location and humid weather 
exposes our patients to a large variety and concentration 
of pollen and mold allergens. We recognize that a 
weakness of this study is the utilization of self-reported 
or physician-diagnosed asthma, and it is possible that the 
true prevalence of asthma is smaller. To avoid possible 
bias when using asthma as a variable in the analysis, 
we chose not to explore this diagnosis. According to 
the Virginia Department of Health, the 2016 asthma 
prevalence in Virginia was 8.6%, compared to the national 
average asthma prevalence of 7.7%. Environmental 
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exposures and/or asthma exacerbations could underlie 
both correlations between AEC and pulmonary 
exacerbations and E/R/S respectively. The geographical 
environment may skew our patient population towards 
a T2 phenotype. Our patient population is also older 
with a mean age at study time of 35 which could also be a 
confounder as there is an increase the risk of sensitization 
in our patient cohort with increasing age. We found age 
to be a statistically significant covariate in some models 
with covariates and, as expected, age correlated with 
ppFEV1 decline.

There are several limitations to this study and 
further research is required to better understand the 
implications of elevated peripheral absolute eosinophils 
counts in CF disease. We are limited by our study’s 
retrospective design, unique geographical distribution, 
and being a single center study with a limited number 
of patients. Given the retrospective limitations of the 
study, we could not account for oral steroid use during 
the study period. These are frequently prescribed in 
our patient population by outside providers. Highest 
average AECs were used for univariate analysis to 
account for this limitation. The AECs obtained during 
exacerbations were included in the analyses as we 
think they are a marker of T2 inflammation regardless 
of trigger (environmental allergens, antibiotics, or 
idiopathic T2 inflammation itself ). Another limitation 
of our study is the paucity of IgE data. In addition, 
as mentioned earlier, our study grouped together 
Exophiala spp, Rasamsonia spp, and Scedosporium 
spp due to the low number of cases, which may impact 
findings.

In conclusion, this study has shown that in CF patients, 
AEC correlated with frequent pulmonary exacerbations 
requiring hospitalizations and/or intravenous antibiotics, 
independent of bacterial airway colonization. Treatments 
that target eosinophilia, such as Mepolizumab (anti-
human IL-5 monoclonal antibody), have positive 
effects in CF patients with T2 inflammation [3]. With 
this treatment and other biologics that target T2 
inflammation in mind, this study’s findings provide an 
opportunity to address the eosinophilic phenotype in 
CF patients with current and new immunomodulators 
approved for asthma treatment as having the potential 
to lower the health care costs of hospitalization and 
decrease exposure to intravenous antibiotics.

Abbreviations
ABPA  Allergic bronchopulmonary aspergillosis
AEC  Absolute eosinophil count
CFFPR  Cystic Fibrosis Foundation Patient Registry

E/R/S  Combination of Exophiala spp.: Rasamsonia spp.: and 
Scedosporium spp.

EMR  Electronic medical record
FEV1  Forced expiratory volume in 1 s: a measurement of lung function
IgE  Immunoglobulin E
MRSA  Methicillin Resistant Staphylococcus Aureus
PwCF  Patient with Cystic Fibrosis
T2  Type 2 inflammation
TCR   T cell receptor

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13223- 023- 00760-z.

Additional file 1: Figure S1. AEC in exacerbations and during stable 
outpatient visits. AEC=Absolute Eosinophil Counts. Figure S2. Number 
of exacerbations and IgE levels in the presence and absence of positive 
allergen panels. Table S1. Patient characteristics based on AEC levels. 
Table S2. Patient characteristics based on IgE levels. Table S3. T2 
Inflammation and Fungal presence. Table S4.  T2 Inflammation and 
Bacterial presence.

Author contributions
DA Substantial contributions to the conception, design of the work, the 
acquisition, analysis, and interpretation of data for the work; drafting and 
revising the manuscript critically for important intellectual content; final 
approval of the version to be published; agreement to be accountable for 
all aspects of the work in ensuring that questions related to the accuracy or 
integrity of any part of the work are appropriately investigated and resolved. 
LZ Substantial contributions to the conception, design of the work, the 
acquisition, analysis, and interpretation of data for the work; drafting and 
revising the manuscript critically for important intellectual content; final 
approval of the version to be published; agreement to be accountable for 
all aspects of the work in ensuring that questions related to the accuracy or 
integrity of any part of the work are appropriately investigated and resolved. 
JP Substantial contributions to analysis, and interpretation of data for the 
work; drafting and revising the manuscript critically for important intellectual 
content; final approval of the version to be published; agreement to be 
accountable for all aspects of the work in ensuring that questions related to 
the accuracy or integrity of any part of the work are appropriately investigated 
and resolved. MJ Substantial contributions to analysis, and interpretation of 
data for the work; drafting and revising the manuscript critically for important 
intellectual content; final approval of the version to be published; agreement 
to be accountable for all aspects of the work in ensuring that questions 
related to the accuracy or integrity of any part of the work are appropriately 
investigated and resolved. ZGL Substantial contributions to data analysis, final 
approval of the version to be published; agreement to be accountable for 
all aspects of the work in ensuring that questions related to the accuracy or 
integrity of any part of the work are appropriately investigated and resolved. 
EN Substantial contributions to data collection; final approval of the version 
to be published; agreement to be accountable for all aspects of the work 
in ensuring that questions related to the accuracy or integrity of any part 
of the work are appropriately investigated and resolved. LB Substantial 
contributions to the conception, design of the work, the acquisition, analysis, 
and interpretation of data for the work; drafting and revising the manuscript 
critically for important intellectual content; final approval of the version to 
be published; agreement to be accountable for all aspects of the work in 
ensuring that questions related to the accuracy or integrity of any part of 
the work are appropriately investigated and resolved. All authors read and 
approved the final manuscript.

Funding
Larry Borish receives salary support from NIH: UO1 AI123337, R21 AI151496, 
and R56 AI158519.

Availability of data and materials
Due to risk of HIPAA violation data will not be available outside of UVA.

https://doi.org/10.1186/s13223-023-00760-z
https://doi.org/10.1186/s13223-023-00760-z


Page 10 of 10Albon et al. Allergy, Asthma & Clinical Immunology           (2023) 19:15 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Declarations

Ethics approval and consent to participate
This study has been approved by our institution’s IRB. Since this was a 
retrospective study, patient consent was waved. IRB number – 20735.

Competing interests
No relevant conflicts exist for Dr. Dana Albon, Dr. Lijia Zhang, James Patrie, Dr. 
Marieke Jones, Galvin Li, Emily Noonan, and Dr. Larry Borish.

Prior oral and poster presentation
Zhang, L., Borish, L., Patrie, S. & Albon, D. (2021, May 17). Eosinophilic Cystic 
Fibrosis Is Associated with More Frequent Cystic Fibrosis Exacerbations and 
Increased Health Care Utilization. [Oral Presentation]. American Thoracic 
Society, 2021 International Conference, "TP32: Epidemiology, Biomarkers, and 
Therapy in CF and Non-CF Bronchiectasis"/Charlottesville, VA, USA.

Author details
1 Departments of Medicine, University of Virginia School of Medicine, 
800546, Charlottesville, VA 22908, USA. 2 Department of Psychiatry, Virginia 
Commonwealth University, Richmond, VA, USA. 3 Public Health Sciences, 
University of Virginia, Charlottesville, VA, USA. 4 Department of Statistics, 
University of Virginia, Charlottesville, VA, USA. 5 Department of Microbiology, 
University of Virginia, 800546, Charlottesville, VA 22908, USA. 

Received: 26 April 2022   Accepted: 4 January 2023

References
 1. Cystic Fibrosis Foundation. Cystic Fibrosis Foundation. United States, 

2019.
 2. Fahy JV. Type 2 inflammation in asthma–present in most, absent in many. 

Nat Rev Immunol. 2015;15(1):57–65. https:// doi. org/ 10. 1038/ nri37 86. 
PMID: 25534 623; PMCID: PMC43 90063.

 3. Zhang L, Borish L, Smith A, Somerville L, Albon D. Use of mepolizumab 
in adult patients with cystic fibrosis and an eosinophilic phenotype: case 
series. Allergy Asthma Clin Immunol. 2020;6(16):3. https:// doi. org/ 10. 
1186/ s13223- 019- 0397-3. PMID: 31921 321; PMCID: PMC69 45791.

 4. Voehringer D, Reese TA, Huang X, Shinkai K, Locksley RM. Type 2 
immunity is controlled by IL-4/IL-13 expression in hematopoietic 
non-eosinophil cells of the innate immune system. J Exp Med. 
2006;203(6):1435–46. https:// doi. org/ 10. 1084/ jem. 20052 448. (Epub 2006 
May 15. Erratum in: J Exp Med. 2006 Jun 12;203(6):1617. PMID: 16702603; 
PMCID: PMC2118302).

 5. Munitz A, Brandt EB, Mingler M, Finkelman FD, Rothenberg ME. 
Distinct roles for IL-13 and IL-4 via IL-13 receptor alpha1 and the 
type II IL-4 receptor in asthma pathogenesis. Proc Natl Acad Sci USA. 
2008;105(20):7240–5. https:// doi. org/ 10. 1073/ pnas. 08024 65105. (Epub 
2008 May 14. PMID: 18480254; PMCID: PMC2386078).

 6. Klein Wolterink RG, et al. Pulmonary innate lymphoid cells are major 
producers of IL-5 and IL-13 in murine models of allergic asthma. Eur J 
Immunol. 2012;42(5):1106–16. https:// doi. org/ 10. 1002/ eji. 20114 2018. 
(PMID: 22539286).

 7. Mueller C, Braag SA, Keeler A, Hodges C, Drumm M, Flotte TR. 
Lack of cystic fibrosis transmembrane conductance regulator 
in CD3+ lymphocytes leads to aberrant cytokine secretion and 
hyperinflammatory adaptive immune responses. Am J Respir Cell Mol 
Biol. 2011;44(6):922–9. https:// doi. org/ 10. 1165/ rcmb. 2010- 0224OC. (Epub 
2010 Aug 19. PMID: 20724552; PMCID: PMC3135852).

 8. Allard JB, Poynter ME, Marr KA, Cohn L, Rincon M, Whittaker LA. 
Aspergillus fumigatus generates an enhanced Th2-biased immune 
response in mice with defective cystic fibrosis transmembrane 
conductance regulator. J Immunol. 2006;177(8):5186–94. https:// doi. org/ 
10. 4049/ jimmu nol. 177.8. 5186. (PMID: 17015704).

 9. Tiringer K, et al. A Th17-and Th2-skewed cytokine profile in cystic fibrosis 
lungs represents a potential risk factor for Pseudomonas aeruginosa 
infection. Am J Respir Crit Care Med. 2013;187(6):621–9. https:// doi. org/ 
10. 1164/ rccm. 201206- 1150OC. (Epub 2013 Jan 10 PMID: 23306544).

 10. Fiel SB, FitzSimmons S, Schidlow D. Evolving demographics of cystic 
fibrosis. Semin Respir Crit Care Med. 1994;15:349–55.

 11. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models 
using lme4. J Stat Softw. 2015;67(1):1–48. https:// doi. org/ 10. 18637/ jss. 
v067. i01.

 12. Kuznetsova A, Brockhoff PB, Christensen RHB. lmer test package: tests in 
linear mixed effects models. J Stat Softw. 2017;82(13):1–26. https:// doi. 
org/ 10. 18637/ jss. v082. i13.

 13. Bousquet J, Jeffery PK, Busse WW, Johnson M, Vignola AM. Asthma. From 
bronchoconstriction to airways inflammation and remodeling. Am J 
Respir Crit Care Med. 2000 May;161(5):1720-45. PMID: 10806180. https:// 
doi. org/ 10. 1164/ ajrccm. 161.5. 99031 02

 14. Castillo JR, Peters SP, Busse WW. Asthma Exacerbations: Pathogenesis, 
Prevention, and Treatment. J Allergy Clin Immunol Pract. 2017 Jul-
Aug;5(4):918-927. PMID: 28689842; PMCID: PMC5950727.https:// doi. org/ 
10. 1016/j. jaip. 2017. 05. 001

 15. Koller DY, Götz M, Eichler I, Urbanek R. Eosinophilic activation in cystic 
fibrosis. Thorax. 1994;49(5):496–9. https:// doi. org/ 10. 1136/ thx. 49.5. 496. 
PMID: 80167 73; PMCID: PMC47 4873.

 16. Renner S, Nachbaur E, Jaksch P, Dehlink E. Update on respiratory fungal 
infections in cystic fibrosis lung disease and after lung transplantation. J 
Fungi. 2020;6(4):381. https:// doi. org/ 10. 3390/ jof60 40381. (PMID:33371198
;PMCID:PMC7766476).

 17. Hong G, et al. Fatal disseminated Rasamsonia infection in cystic fibrosis 
post-lung transplantation. J Cyst Fibros. 2017;16(2):e3–7. https:// doi. org/ 
10. 1016/j. jcf. 2017. 01. 005. (Epub 2017 Feb 6 PMID: 28185887).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/nri3786.PMID:25534623;PMCID:PMC4390063
https://doi.org/10.1038/nri3786.PMID:25534623;PMCID:PMC4390063
https://doi.org/10.1186/s13223-019-0397-3.PMID:31921321;PMCID:PMC6945791
https://doi.org/10.1186/s13223-019-0397-3.PMID:31921321;PMCID:PMC6945791
https://doi.org/10.1084/jem.20052448
https://doi.org/10.1073/pnas.0802465105
https://doi.org/10.1002/eji.201142018
https://doi.org/10.1165/rcmb.2010-0224OC
https://doi.org/10.4049/jimmunol.177.8.5186
https://doi.org/10.4049/jimmunol.177.8.5186
https://doi.org/10.1164/rccm.201206-1150OC
https://doi.org/10.1164/rccm.201206-1150OC
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1164/ajrccm.161.5.9903102
https://doi.org/10.1164/ajrccm.161.5.9903102
https://doi.org/10.1016/j.jaip.2017.05.001
https://doi.org/10.1016/j.jaip.2017.05.001
https://doi.org/10.1136/thx.49.5.496.PMID:8016773;PMCID:PMC474873
https://doi.org/10.1136/thx.49.5.496.PMID:8016773;PMCID:PMC474873
https://doi.org/10.3390/jof6040381
https://doi.org/10.1016/j.jcf.2017.01.005
https://doi.org/10.1016/j.jcf.2017.01.005

	Association between Cystic Fibrosis exacerbations, lung function, T2 inflammation and microbiological colonization
	Abstract 
	Background 
	Research question 
	Study design and methods 
	Results 
	Interpretation 

	Introduction
	Methods
	Patient population
	Data collected

	Statistical analyses
	Univariate analysis
	AEC and IgE quantification description
	Average AEC and IgE and lung function
	Average AEC and IgE and pulmonary exacerbations
	Average AEC and IgE and microbiological infections
	Longitudinal data analysis
	Significance level


	Results
	Baseline demographic and characteristics
	AEC and IgE and lung function
	AEC and IgE and pulmonary exacerbations
	Average AEC and IgE and microbiological fungi infections
	Average AEC and IgE and microbiological bacterial infections
	Relationship between IgE and longitudinal AEC

	Discussion
	References


