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Abstract
Purpose  Pseudomonas aeruginosa is the predominant bacterial pathogen colonizing the cystic fibrosis (CF) lung. Mixed 
populations of nonmucoid and mucoid variants of P. aeruginosa have been isolated from the CF airway. While the associa-
tion between mucoid variants and pulmonary function decline is well-established, their impact on inflammation and tissue 
damage in advanced CF lung disease remains unclear.
Methods  This pilot study utilized 1 non-CF and 3 CF lung explants to examine lobar distribution, inflammation, and his-
topathology related to nonmucoid and mucoid P. aeruginosa infection. To study tissue damage, we developed a novel lung 
histopathology scoring system, the first applied to human CF lung biopsies, which is comprised of five indicators: bronchi-
olar epithelial infiltrate, luminal inflammation, peribronchial/bronchiolar infiltrate, peribronchiolar fibrosis, and alveolar 
involvement.
Results  Mucoid P. aeruginosa variants were distributed throughout the CF lung but associated with greater concentrations 
of proinflammatory cytokines, IL-1β, TNF-α, IL-6, IL-8, and IFN-γ, and one anti-inflammatory cytokine, IL-10, compared 
to nonmucoid variants. CF lung explants exhibited higher histopathology scores compared to a non-CF lung control. In 
mixed-variant infection, nonmucoid constituents associated with increased bronchiolar epithelial infiltration, one indicator 
of histopathology.
Conclusion  This pilot study suggests ongoing interplay between host and bacterial elements in late-stage CF pulmonary 
disease. Mucoid P. aeruginosa infection correlates with inflammation regardless of lung lobe, whereas nonmucoid P. aer-
uginosa is associated with increased inflammatory cell infiltration. The development of a novel lung histopathology scoring 
system lays the groundwork for future large-cohort investigations.
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Introduction

Chronic pulmonary infections cause significant morbidity 
and mortality in people with cystic fibrosis (pwCF) [1]. Pseu-
domonas aeruginosa remains the predominant bacterial patho-
gen within the adult CF lung [2]. PwCF are initially colonized 
with nonmucoid variants of P. aeruginosa. However, over 
time, these bacteria acquire mutations leading to the emer-
gence of mucoid variants, which overproduce the bacterial 
exopolysaccharide alginate [3]. When grown on agarose-con-
taining media, colonies of mucoid P. aeruginosa are easily rec-
ognizable due to their unique “mucous-like” appearance [4]. 
Conversion to the mucoid phenotype correlates with enhanced 
antimicrobial resistance of P. aeruginosa and accelerated dete-
rioration in pulmonary function [5, 6].

Intriguingly, mixed populations of nonmucoid and mucoid 
variants are often isolated from the CF airway [7–10]. We 
have previously shown that communities with both nonmu-
coid and mucoid P. aeruginosa constituents exhibit advan-
tages in evading the innate immune response compared to 
isolated populations of each morphotype [11]. These results 
indicate a selective benefit for the co-existence of both variants 
within the CF lung environment, which is neutrophil-rich and 
hyperinflammatory.

Imaging studies suggest that tissue damage is often hetero-
geneously distributed within the CF lung, wherein the upper 
lobes are more severely injured [12–14]. We hypothesized that 
bacterial infection plays a role in lobe-specific inflammation 
and pathology in pwCF. Utilizing lobar bronchoalveolar lav-
age (BAL) fluid from pwCF with stable pulmonary disease, 
we recently demonstrated that mucoid P. aeruginosa infection 
is associated with greater regional inflammation compared to 
nonmucoid infection [10]. However, the impact of P. aerugi-
nosa variants upon inflammation and tissue damage in the late 
stages of CF remains poorly understood.

This small cohort pilot study utilized human CF lung 
explants to determine how nonmucoid and mucoid P. aerugi-
nosa infection influences lobar inflammation and histopathol-
ogy. To systematically assess tissue damage, we developed a 
semi-quantitative, novel lung histopathology grading scheme 
incorporating five different indicators of tissue changes asso-
ciated with CF. Although tested here in our limited cohort of 
clinical specimens, our long-term objective is the application 
of this method in larger-cohort investigations.

Methods

Procurement of Human Lung Explants

We procured four lung explants after lung transplantation: 
three were native CF lungs, and one was from a CF recipient 

undergoing re-transplant for chronic lung allograft dysfunc-
tion/bronchiolitis obliterans syndrome (“non-CF” lung) 
(Supplementary Table 1). Explanted lungs were made avail-
able to the research teams within 2–4 h of surgical explanta-
tion. All explants were stored in a large, sterile container at 
4 °C prior to removal of lobar biopsies by our research team. 
1cm3 superficial (parenchymal) and deep (airway) biop-
sies were obtained from all six lung lobes in each explant 
(n = 12 non-CF lung biopsies; n = 35 CF lung biopsies; a 
deep biopsy of the lingula from one patient was reserved 
for the hospital laboratory and not included in this study).

Each biopsy was split into two fractions and weighed. 
One biopsy fraction was homogenized (via the hand-held, 
PRO Scientific Bio-Gen PRO200 Tissue Homogenizer) 
for microbiology and cytokine quantitation; the other was 
formalin-fixed and processed for hematoxylin and eosin 
(H&E) staining, as described in-detail further below. All 
biopsy specimens were stored separately in labeled coni-
cal tubes on ice prior to and during specimen processing 
for microbiology, cytokines, and histopathology. Specimen 
collection was approved by the local Institutional Review 
Board (IRB07-00396) with informed consent obtained from 
all subjects.

Isolation and Quantitation of P. aeruginosa Variants

One-half of each explant biopsy was homogenized in Phos-
phate Buffered Saline [(PBS), Gibco™, pH 7.4], then seri-
ally diluted in PBS, before plating for colony forming units 
(CFUs) on Pseudomonas Isolation Agar (PIA) medium 
(BD™). After 48 h of incubation at 37 °C, colonies were 
counted for total P. aeruginosa growth. Additionally, colo-
nies were visually identified as either mucoid or nonmu-
coid based on classically described colony morphology 
[3], counted separately, and expressed as “nonmucoid P.a. 
CFUs” or “mucoid P.a. CFUs.” PIA facilitates identification 
and counting of these P. aeruginosa variants as it contains 
Triclosan, which maintains the mucoid phenotype (other-
wise prone to reversion back to a nonmucoid phenotype 
under laboratory conditions) [3, 15–17]. In specimens with 
mixed nonmucoid and mucoid colonies, “%mucoid P.a.” 
was calculated by taking mucoid P. aeruginosa CFUs as 
a percentage of total P. aeruginosa CFUs. For this study, a 
minimum of 10 colonies of growth on PIA was used as the 
limit of detection.

Multiplex Proinflammatory Cytokine Arrays

After plating for microbial populations, the homogenized tis-
sue in PBS was centrifuged and supernatants were collected, 
filter sterilized, and stored at − 80 °C. Thereafter, these 
specimens were thawed on ice and applied to a multiplex 
cytokine array [V-PLEX Proinflammatory Panel 1 Human 
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Cytokine Arrays (Meso Scale Diagnostics, LLC)] to deter-
mine concentrations of five pro-inflammatory cytokines, 
IL-1β, TNF-α, IL-6, IL-8, and IFN-γ, and one anti-inflam-
matory cytokine, IL-10. Cytokine arrays were performed 
according to manufacturer specifications by the Ohio State 
University Clinical Research Center (CRC) Laboratory.

Formalin‑Fixation, H&E Staining, 
and Histopathology Scoring

One-half of each explant biopsy was formalin-fixed with 
10% neutral buffered formalin (NBF) and stored in fixa-
tive for at least 72 h prior to further processing for histo-
pathology. Specimens were paraffin embedded, sectioned, 
and stained with H&E. Each H&E-stained biopsy slide was 
scanned, digitized, and blindly scored by a board-certified 
pathologist for 5 indicators of tissue damage: bronchiolar 
epithelial infiltrate, luminal inflammation, peribronchial/
peribronchiolar infiltrate, peribronchiolar fibrosis, and alveo-
lar involvement. This scoring system was partially adapted 
from a mouse model of CF [18], though two of the histo-
pathologic features used here, bronchiolar epithelial infiltrate 
and peribronchiolar fibrosis, are novel (Table 1).

The pathological scores for each of the five histopathol-
ogy features were assessed as follows: bronchial/bronchi-
olar epithelial infiltrate and peribronchial/peribronchiolar 
infiltrate scores were obtained by counting the numbers of 
inflammatory cells and assessing their distribution (e.g., 

focal versus multifocal and partial versus complete cell col-
lar) within the corresponding portion of the bronchial tree. 
Measurement of the thickness of peribronchiolar fibrosis 
and percentage of areas affected by intraluminal infiltrate 
and alveolar involvement was performed using Aperio Ima-
geScope software (Leica, Germany). The calculation for the 
percentage of intraluminal infiltrate and alveolar involve-
ment was performed by dividing the affected areas by the 
total area of the bronchial/bronchiolar lumen or alveoli, 
respectively. A histopathology composite score was calcu-
lated by taking the sum of the scores for all five metrics for 
any given specimen.

Of note, there were 5 superficial (parenchymal) biopsies 
within our cohort that did not include representative bronchi 
or bronchioles but did have alveoli; so for all histopathology 
indicators other than alveolar involvement, these specimens 
were scored as “not applicable (NA)” and not included in the 
corresponding statistical analyses. Conversely, all deep (air-
way) biopsies did include representative alveoli that could 
be scored for alveolar involvement.

Statistical Analyses

All statistical tests and linear regression analyses were per-
formed via GraphPad Prism version 7.0 (GraphPad Soft-
ware). Statistical significance was determined by p < 0.05 
for all experiments. All testing using human explant 
biopsies were performed in duplicate. Non-parametric 

Table 1   CF lung histopathology scoring scheme incorporating five metrics: bronchial/bronchiolar epithelium infiltrate, intraluminal infiltrate, 
peribronchial/peribronchiolar infiltrate, peribronchiolar fibrosis, and alveolar involvement

Histopathological scores were given via evaluation of each category at multiple high-power (40 × objective) microscopic fields. Bronchus and 
bronchioles (diameter > 100 mm) were examined for bronchial/bronchiolar epithelium, intraluminal, and peribronchial/peribronchiolar infiltra-
tion of inflammatory cells, and scores were assigned to the severest lesion present on the same slide for bronchus and bronchioles separately. If 
the bronchioles with diameter > 100 mm were not present, smaller bronchioles were examined. Peribronchial fibrosis indicated the thickness of 
the fibrous tissues from the outer rim of the peribronchial/peribronchiolar inflammatory cells to the edge of the fibrosis. Alveolar involvement 
includes alveolar fibrosis, alveolar septal fibrosis, and interstitial pneumonia

Score Bronchial/ bronchiolar epithe-
lium infiltrate

Intraluminal infiltrate (%) Peribronchial/ peribronchi-
olar infiltrate

Peribronchi-
olar fibrosis 
(μm)

Alveolar involvement (%)

0 None None None None 0–4% of the alveoli
1 No or less than 5 individual 

to focal scattered leukocytes
 ≤ 24% area of lumen filled 

with inflammatory cells
Infiltrate of 0–10 cells thick 

with partial collar
0–99 5–24% of the alveoli

2 Multifocal scattered leuko-
cytes or focal aggregates 
(> 5 cells) detected in one 
airway

25–49% area of lumen filled 
with inflammatory cells

Infiltrate of 5–10 cells thick 
with complete collar or 
10–20 cells thick with 
partial collar

100–199 25–49% of the alveoli

3 Focal leukocyte aggregates 
(> 5 cells) in multiple 
airways or multifocal leuko-
cyte aggregates detected in 
one airway

50–74% area of lumen filled 
with inflammatory cells

Infiltrate of 10–20 cells 
thick with complete collar 
or > 20 cells thick with 
partial collar

200–299 50–74% of the alveoli

4 Multifocal leukocyte aggre-
gates (> 5 cells) detected in 
multiple airway

 ≥ 75% area of lumen filled 
with inflammatory cells

Infiltrate of > 20 cells thick 
with complete collar

 ≥ 300  > 75% of the alveoli
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Kruskal–Wallis one-way analysis of variance (ANOVA) was 
used to determine statistical significance of the following: 1) 
differences in P. aeruginosa variant infection by patient and 
by CF lung lobe; 2) differences in cytokine concentrations 
and histopathology among three main groups of P. aerugi-
nosa variants-No P. aeruginosa, Nonmucoid P. aeruginosa, 
and Mucoid or Mixed P. aeruginosa infection. When com-
paring histopathology scores across the five different indica-
tors between the non-CF control and CF explants, statisti-
cal significance was determined via two-way ANOVA with 
Sidak’s multiple comparisons post hoc test. For the histopa-
thology composite, the non-CF control and CF explants were 
compared via the unpaired t test with Welch’s correction.

Simple linear regression analysis was performed to assess 
the relationship between P. aeruginosa variants and cytokine 
concentrations or histopathology. Independent of microbial 
infection, the association between cytokines and histopathol-
ogy was also examined. These data were plotted on a scatter 
plot, and the regression line was fitted to evaluate the mag-
nitude and direction of the correlation. The goodness-of-fit 

was determined by the coefficient of determination (R2), and 
the significance of the regression model was assessed using 
the p-value.

Results

The distribution of P. aeruginosa variant populations 
across all lung explants was as follows: No P. aeruginosa 
was isolated from the non-CF lung (Fig. 1A) (n = 12 biop-
sies). Based on bacterial growth on Pseudomonas-selective 
medium, each CF biopsy was categorized as infected with 
no P. aeruginosa (n = 8), nonmucoid P. aeruginosa only 
(n = 15), mucoid P. aeruginosa only (n = 3), or mixed P. 
aeruginosa [i.e., infected with both mucoid and nonmu-
coid variants, (n = 9)]. There were no statistically meaning-
ful differences in the distribution of P. aeruginosa variant 
populations across the three CF lung explants, likely due 
to the small sample size; although there were some notable 
findings, including the isolation of only nonmucoid variants 

Fig. 1   P. aeruginosa nonmucoid and mucoid variants were distrib-
uted throughout the CF lung explants. Lobar biopsies from 3 CF lung 
explants and 1 non-CF lung explant control were homogenized and 
plated on selective media for P. aeruginosa growth. A Distribution 
of P. aeruginosa variants in each CF and the non-CF lung explant. 
B Distribution of P. aeruginosa variants by lung lobe in CF explants 
(n = 35 lobar biopsies). C Total P. aeruginosa burden (CFUs/mL/g 
tissue) by lung lobe in CF explants. D %Mucoid P. aeruginosa vari-

ants per lung lobe in CF explants. The mean and standard deviation 
are shown (C and D). Statistical significance was determined via non-
parametric Kruskal–Wallis one-way analysis of variance (ANOVA). 
No statistically significant differences were observed (ns). P.a.-P. aer-
uginosa; No P.a.-No growth of P. aeruginosa; RUL-right upper lobe, 
RML-right middle lobe, RLL-right lower lobe, LUL-left upper lobe, 
LIN-lingula, LLL-left lower lobe. CFUs-colony forming units
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from CF patient #3 (Fig. 1A). Additionally, all P. aerugi-
nosa variant populations were distributed throughout the CF 
lungs, without preference for specific lung lobes (Fig. 1B). 
There were no differences in total P. aeruginosa burden 
(CFUs) or percentage of mucoid isolates across CF lung 
lobes (Fig. 1C and D).

To examine any association between P. aeruginosa infec-
tion and cytokine burden (or subsequently, histopathology), 
the non-CF lung was excluded since there was no growth 
of P. aeruginosa in all biopsies from that lung. Addition-
ally, since there were only 3 lobar CF biopsies infected with 
mucoid variants only, this group was combined with speci-
mens infected with mixed variants (i.e., both mucoid and 
nonmucoid P. aeruginosa, n = 9); for all subsequent anal-
yses in this study, this new group was called “Mucoid or 
Mixed” (n = 12). Independent of regional location within CF 
lungs, mucoid or mixed P. aeruginosa infection was associ-
ated with greater concentrations of three proinflammatory 

cytokines, IL-1β, TNF-α, and IFN-γ, and one anti-inflamma-
tory cytokine, IL-10 compared to nonmucoid P. aeruginosa 
infection (Fig. 2A–F). Mucoid or mixed P. aeruginosa infec-
tion also demonstrated non-statistically significant trends 
toward higher concentrations of IL-6 and IL-8. However, 
across all cytokines measured, there were no differences 
between mucoid or mixed P. aeruginosa and no P. aerugi-
nosa infection (Fig. 2A–F).

Given the presence of mixed-variant P. aeruginosa 
populations, we wanted to differentially assess whether the 
mucoid or nonmucoid constituents within these communi-
ties were driving the inflammatory response. We performed 
simple linear regression analyses examining correlations 
between mucoid or nonmucoid P. aeruginosa CFUs and 
relative percentage of these variants with our cytokines 
of-interest. The proportion of mucoid variants and non-
mucoid variants differed across the cohort and within the 
mixed-variant populations (Supplementary Table 2). Total P. 

Fig. 2   Mucoid only or mixed-variant P. aeruginosa infection 
was associated with increased concentrations of proinflammatory 
cytokines compared to nonmucoid variant infection. Cytokines were 
measured in homogenized CF explant biopsy specimens (n = 35) via 
multiplex cytokine array. Data from each specimen was stratified by 
type of microbial population present [No P.a., nonmucoid P.a. only, 
and mucoid only or mixed P.a. variants (i.e., both mucoid and non-
mucoid variants within the same specimen]. Cytokine concentrations 
(pg/mL) were adjusted for the weight of each biopsy [grams (g)]: A 

IL-1β. B TNF-α. C IL-6. D IL-8. E IL-10. F IFN-γ. Box and whisker 
plot showing all data points from minimum to maximum. The box 
represents the interquartile range (IQR), with the line inside the box 
indicating the median. Whiskers extend to the minimum and maxi-
mum values. Individual data points are displayed as dots. Statistical 
significance was determined via via non-parametric Kruskal–Wallis 
one-way analysis of variance (ANOVA). **p < 0.01, ***p < 0.001. 
P.a.- P. aeruginosa 
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aeruginosa CFUs positively correlated with concentrations 
of IL-1β, TNF-α, and IL-8 (Table 2). Mucoid variant CFUs 
and relative percentage positively correlated with all 5 proin-
flammatory cytokines and IL-10, whereas nonmucoid CFUs 
demonstrated no statistically significant correlations with 
any of the cytokines (Table 2). Furthermore, the relative 
percentage of nonmucoid variants were inversely correlated 
with IL-1β, IL-6, IFN-γ, and IL-10 (Table 2).

To investigate regional P. aeruginosa infection and tis-
sue damage, we developed and used a novel histopathology 
scoring system (Table 1). As delineated above, H&E slides 
derived from each biopsy specimen were blindly scored 
by a board-certified pathologist, and then correlated with 
microbiologic data. Across each of five metrics, which were 
scored 0–4 in severity, we observed within-organ heteroge-
neity in tissue damage when comparing biopsies from each 
CF lung (Supplementary Fig. 1); there was greater luminal 
inflammation in the explant from CF patient #1 compared 
to CF patient #3, but no other statistically meaningful dif-
ferences were observed for the other four histopathology 
metrics or composite among the 3 CF explants. Representa-
tive examples of maximum severity (score 4) for each of the 
five measures of histopathology are depicted here (Fig. 3).

To validate this methodology, we compared the severity 
of tissue damage between the non-CF lung and the three 
native CF lungs. The CF explants demonstrated statistically 
greater histopathology compared to the non-CF control 
in three of five assessed features, including peribronchial/
bronchiolar infiltrate, peribronchiolar fibrosis, and alveolar 
involvement (Fig. 4A, B). The overall summative histopa-
thology composite score was also significantly higher in the 
CF explants compared to the non-CF lung (Fig. 4C).

When stratified by P. aeruginosa variants, mucoid or 
mixed-variant infection in CF lungs was associated with 
increased bronchiolar epithelial infiltrate compared to 
specimens without P. aeruginosa infection (Fig. 5A and 
Supplementary Fig. 2); but there was no difference in 
bronchiolar epithelial infiltrate between mucoid/mixed 
and nonmucoid infection (Fig. 5A). There were also no 
differences observed in the four other histopathologic 
markers (or the histopathology composite) among the P. 
aeruginosa infection groups (Fig. 5B–F). Given the pres-
ence of mixed-variant infection, we again wanted to assess 
which of the two constituents (mucoid or nonmucoid P. 
aeruginosa) was likely responsible for increased bron-
chiolar epithelial infiltrate. Via linear regression analy-
sis, we found that total P. aeruginosa CFUs correlated 
with both increased bronchiolar epithelial infiltrate and 
luminal inflammation (Supplementary Table 3). Nonmu-
coid CFUs directly correlated with increased bronchiolar 
epithelial infiltrate, whereas mucoid CFUs did not. There 
were no correlations observed between relative percentage 
of mucoid or nonmucoid P. aeruginosa and histopathology 

(Supplementary Table 3). There was also no association 
between microbial populations and the histopathology 
composite.

Of note, independent of microbial infection, we also 
examined correlations between all cytokines measured and 
histopathology. Only IL-1β was positively correlated with 
luminal inflammation (Supplementary Table 4). There were 
no other correlations observed between the other four indica-
tors of tissue damage or the composite histopathology metric 
and proinflammatory cytokine concentrations in this study.

Table 2   Mucoid P. aeruginosa infection was directly associated with 
higher concentrations of all proinflammatory cytokines

Simple linear regression analysis without a runs test was performed 
to examine correlations between cytokine concentrations (i.e., IL-1β, 
TNF-α, IL-6, IL-8, IL-10, and IFN-γ) and P. aeruginosa populations 
of interest within CF explant biopsies (n = 35). Slope of the line of 
best fit ± standard error (SE), R2 value, and p-value for each regres-
sion analysis is delineated. All p values < 0.05 are stated in bold font 
to highlight statistical significance
P.a. P. aeruginosa

Microbial popula-
tion

Cytokines Slope (Best-
fit ± SE)

R2 p-value

Total P.a. CFUs IL-1β 0.123 ± 0.056 0.126 0.037
TNF-α 0.125 ± 0.054 0.139 0.027
IL-6 − 0.004 ± 0.069 0.000 0.954
IL-8 0.128 ± 0.048 0.180 0.011
IL-10 0.063 ± 0.069 0.025 0.369
IFN-γ 0.131 ± 0.087 0.068 0.142

Mucoid P.a. CFUs IL-1β 0.181 ± 0.040 0.377  < 0.001
TNF-α 0.173 ± 0.039 0.372  < 0.001
IL-6 0.130 ± 0.054 0.150 0.021
IL-8 0.151 ± 0.036 0.348  < 0.001
IL-10 0.187 ± 0.050 0.298 0.001
IFN-γ 0.282 ± 0.058 0.430  < 0.001

Nonmucoid P.a. 
CFUs

IL-1β 0.037 ± 0.060 0.011 0.541
TNF-α 0.0324 ± 0.058 0.009 0.579
IL-6 − 0.117 ± 0.066 0.088 0.084
IL-8 0.040 ± 0.052 0.017 0.452
IL-10 − 0.046 ± 0.070 0.013 0.514
IFN-γ − 0.001 ± 0.090 0.000 0.991

%Mucoid P.a IL-1β 0.009 ± 0.003 0.290 0.001
TNF-α 0.009 ± 0.002 0.267 0.002
IL-6 0.007 ± 0.003 0.117 0.044
IL-8 0.008 ± 0.002 0.257 0.002
IL-10 0.010 ± 0.003 0.230 0.004
IFN-γ 0.015 ± 0.004 0.339  < 0.001

%Nonmucoid P.a IL-1β − 0.007 ± 0.002 0.186 0.010
TNF-α − 0.005 ± 0.002 0.105 0.057
IL-6 − 0.008 ± 0.003 0.218 0.005
IL-8 − 0.003 ± 0.002 0.041 0.244
IL-10 − 0.008 ± 0.003 0.217 0.005
IFN-γ − 0.012 ± 0.003 0.263 0.002
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Fig. 3   Representative pho-
tomicrographs depicting the 
maximum severity of histopa-
thology observed within CF 
lung explant biopsies. H&E-
stained CF explant biopsies 
(n = 35) were blindly scored by 
a board-certified pathologist 
for 5 indicators of histopa-
thology. A Representative 
photomicrograph of bronchial/ 
bronchiolar epithelium infiltrate 
(arrow; score 4) and peribron-
chial/ peribronchiolar infiltrate 
(arrowhead; score 4), scale 
bar = 50 µm. B Representative 
photomicrograph of intralumi-
nal infiltrate (arrow; score 4), 
scale bar = 50 µm. C Repre-
sentative photomicrograph of 
peribronchiolar fibrosis (arrow; 
score 4), scale bar = 100 µm. 
D Representative photomicro-
graph of alveolar involvement 
with septal fibrosis (arrowhead; 
score 3), scale bar = 100 µm

Fig. 4   CF lung explants exhibited significantly higher histopathology 
scores compared to the non-CF control. A Left panel- representa-
tive photomicrograph demonstrating alveolar histology of the non-
CF lung. Right panel- representative photomicrograph with alveolar 
histology of the CF lung. Arrowhead indicates alveolar infiltrate and 
alveolar septal fibrosis. Scale bars = 300 µm (B). Blinded histopathol-
ogy scoring of five metrics, bronchial/bronchiolar epithelium infil-
trate, intraluminal infiltrate, peribronchial/peribronchiolar infiltrate, 

peribronchiolar fibrosis, and alveolar involvement in non-CF (n = 12) 
and CF (n = 35) explant specimens. Statistical significance was deter-
mined via two-way analysis of variance (ANOVA) with Sidak’s mul-
tiple comparisons post hoc test (C). Composite histopathology score 
(i.e., summation of scores across all five metrics) in non-CF and CF 
explant specimens. The mean and standard deviation are shown. Sta-
tistical significance was determined via unpaired t test with Welch’s 
correction. **p < 0.01, ***p < 0.001, ****p < 0.0001
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Discussion

Although the advent and utilization of novel modulator ther-
apies has increased the life expectancy of pwCF, these drugs 
have not impacted the long-term microbial burden of P. aer-
uginosa within the CF lung [19]. As such, chronic bacterial 
infection and an associated hyperinflammatory response will 
likely continue to influence lung pathophysiology through-
out the lifetime of pwCF. Both nonmucoid and mucoid P. 
aeruginosa variants, often in consortia, are commonly iso-
lated from the CF airway [7–10]. The difficulty in eradicat-
ing mucoid P. aeruginosa variants with antimicrobials as 
well as their correlation with adverse clinical outcomes is 
well-established [5, 6]. However, the interface between these 
phenotypic variants, the innate immune response, and tis-
sue damage in late-stage disease is still under-studied within 
human lung tissue.

This limited-cohort pilot study suggests that mucoid 
P. aeruginosa infection is associated with increased lobar 
inflammation compared to nonmucoid infection in advanced 
CF lung disease. In mixed-variant populations of P. aerugi-
nosa, mucoid isolates predominantly contribute to inflam-
matory cytokine burden, whereas nonmucoid isolates are 
associated with immune cell infiltration, one marker of 

tissue damage. Furthermore, our observed findings provide 
a detailed description of a novel, semi-quantitative histopa-
thology scoring system that can be applied to future larger-
cohort and mechanistic studies examining host-bacterial 
interactions within the CF airway. A tool examining local 
host responses in the CF lung to microbiota and their inter-
actions is crucial as significant research efforts by others and 
our group continue.

Our findings suggest that mucoid P. aeruginosa infection 
is associated with ongoing inflammation, even in the later 
stages of CF lung disease. Both mucoid P. aeruginosa CFUs 
and relative percentage of mucoid variants were associated 
with increased concentrations of all five proinflammatory 
cytokines measured (IL-1β, TNF-α, IL-6, IL-8, and IFN-γ) 
as well as the anti-inflammatory cytokine, IL-10 (Table 2). 
In contrast, there was a negative correlation between the 
relative proportion of nonmucoid variants and levels of 
IL-1β, IL-6, IL-10, and IFN-γ. These data build upon our 
previous findings with BAL fluid from pwCF, wherein we 
found a specific association between mucoid P. aeruginosa 
infection and elevated proinflammatory cytokines, whereas 
nonmucoid P. aeruginosa infection correlated with reduced 
IL-6 levels [10]. While we had formerly seen that mucoid P. 
aeruginosa modulates the inflammatory microenvironment 

Fig. 5   Mucoid or mixed-variant P. aeruginosa infection is associated 
with greater bronchiolar epithelial infiltrate compared to no P. aer-
uginosa infection. Blinded histopathology scoring of five metrics, A 
bronchial/bronchiolar epithelium infiltrate, B luminal inflammation, 
C peribronchial/peribronchiolar infiltrate, D peribronchiolar fibrosis, 

E alveolar involvement, and F composite histopathology score (sum-
mative score of all 5 indicators) in CF explant specimens (n = 35). 
The mean and standard deviation are shown. Statistical significance 
was determined via non-parametric Kruskal–Wallis one-way analysis 
of variance (ANOVA). *p < 0.05. P.a.-P. aeruginosa 
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in patients with stable CF pulmonary disease, here we dem-
onstrate that this host-bacterial axis likely persists despite 
organ failure.

The observed correlations between P. aeruginosa infec-
tion and inflammation within the explants suggest that 
cytokines merit further study as long-term biomarkers of 
disease in the CF lung microenvironment. Given the severity 
of parenchymal damage in the native CF lung undergoing 
explantation, it could be theorized that the immune response 
may be burned out in the advanced stages of illness. This 
“exhausted inflammation” model does apply to some chronic 
pulmonary diseases (e.g., hypersensitivity pneumonitis), 
wherein acute inflammation ultimately gives way to a profi-
brotic phenotype [20]. However, our study supports prior 
observations that the CF lung contains abundant inflam-
matory cytokines, effectors, and cells, even late in disease 
progression [20, 21].

More work is needed to define correlates of cytokine 
burden to patient-centered metrics, including pulmonary 
function and imaging findings of parenchymal/airway dis-
ease. In this study, we observed only a limited correlation 
between cytokine concentration and tissue damage (IL-1β 
was directly associated with luminal inflammation, Supple-
mentary Table 4), but we look forward to repeating these 
analyses in a larger cohort. Additionally, we were unable to 
distinguish between intracellular and extracellular cytokine 
burden because homogenization of explanted lung tissue 
may have caused cell lysis, although filtration would have 
removed any in-tact cells and cell debris. Future studies 
could utilize immunohistochemistry with cytokine-specific 
staining of formalin-fixed lung tissue, which may localize 
cytokines within and outside of different cell types (e.g., 
epithelial and inflammatory cells).

When stratified by type of P. aeruginosa variant infec-
tion (i.e., No P. aeruginosa, nonmucoid only, and mucoid 
or mixed P. aeruginosa infection) there were no statistically 
significant differences in cytokine concentrations between 
the mucoid or mixed P. aeruginosa group and the no P. aer-
uginosa infection group; similarly, there were no differences 
between the nonmucoid and the no P. aeruginosa groups 
(Fig. 2). This may be due to our limited sample size, which 
might not have been large enough to detect statistical sig-
nificance. An alternative explanation is that there are non-
Pseudomonal factors, including other bacterial, fungal, and 
viral pathogens within the CF lung that were not isolated or 
studied here, but do modulate the inflammatory microen-
vironment. For instance, both Staphylococcus aureus and 
Burkholderia cenocepacia are known to persist in advanced 
CF pulmonary disease and have direct impacts on inflam-
mation and clinical outcomes [22–25]. While out-of-scope 
for this study, investigating multi-species interactions within 
CF lung explants could shed light upon progression of pul-
monary disease in pwCF. Future studies could capitalize 

on differential staining techniques including Fluorescence 
in Situ Hybridization (FISH) and/or immunohistochemistry 
to study the colocalization of microbial species with one 
another and immune cells in lobar explant biopsies.

Intriguingly, our work suggests the possibility of dif-
ferential effects of mucoid and nonmucoid P. aeruginosa 
variants upon inflammation and tissue damage. As above, 
our correlative analysis indicated that within mixed-variant 
infection, mucoid constituents are associated with increased 
proinflammatory cytokines. In terms of histopathology, the 
mucoid or mixed-variant P. aeruginosa group also had sta-
tistically greater bronchiolar epithelial infiltrate compared 
to the no P. aeruginosa infection group (Fig. 5A); in this 
grouped analysis, there was no difference in histopathol-
ogy between the mucoid or mixed group and the nonmu-
coid infection only group. However, surprisingly, via linear 
regression, nonmucoid variants were directly correlated with 
bronchiolar epithelial infiltrate, whereas mucoid variants did 
not correlate with any markers of tissue damage (Supple-
mentary Table 3). These data imply that in mixed-variant 
populations, nonmucoid variants may influence immune cell 
infiltration.

Of note, total P. aeruginosa CFUs correlated with 
increased bronchiolar epithelial infiltrate as well as luminal 
inflammation, suggesting that bacterial burden may be an 
independent determinant of histopathology and could con-
found our assessment of variant-specific effects. However, 
for the majority of 5 tissue damage indicators as well as 
the histopathology composite, there was no correlation with 
either mucoid or nonmucoid variant infection, in terms of 
CFUs (i.e., variant burden) or relative percentage (Fig. 5 
and Supplementary Table 3). This may be because patients 
needing transplantation are likely to have diffuse parenchy-
mal/airway damage, making it difficult to resolve lobar dif-
ferences in histopathology within our small cohort size. As 
such, it is possible that the correlation between nonmucoid 
infection and bronchiolar epithelial infiltrate is stochastic. 
However, if this does represent a true biological finding 
and can be reproduced in future, large-cohort analyses, it 
may point toward different ways that mucoid and nonmu-
coid variants impact CF lung disease, particularly in mixed 
populations.

It is telling that despite our limited cohort, there were 
only three specimens (~10% of all explant biopsies) wherein 
mucoid variants existed in isolation without nonmucoid 
counterparts (Supplementary Table 2). We have previously 
demonstrated that mixed populations of both mucoid and 
nonmucoid variants produce and share communal resources, 
facilitating more effective evasion of the host immune 
response [11]. As such, the persistence of mucoid P. aerugi-
nosa may partially depend upon the presence of nonmucoid 
partners and vice versa. Mucoid variants are still thought 
to represent the more chronically adapted P. aeruginosa 
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variants, and their staying power within the lung hinges upon 
evasion of immune detection. This is partially accomplished 
through downregulation of pathogen-associated molecular 
patterns (PAMPs) such as flagella after mucoid conversion 
[26]. Our findings here might suggest that mucoid variants 
still affect cytokine signaling late in disease, but regional 
immune cell influx into the tissues (i.e., bronchiolar epithe-
lial infiltrate) is associated with the less patho-adapted and 
therefore, more immunogenic nonmucoid variants. In con-
sortia, then, it is possible that while mucoid variants stimu-
late cytokine production and facilitate persistence of diverse 
P. aeruginosa communities, nonmucoid variants attract the 
attention of immune cells and drive local tissue damage.

The posited mechanism here is speculative, though 
deserving of attention in controlled animal studies and future 
human lung explant research. To our knowledge, there is no 
study that has coinfected a CF animal model with mixed 
inoculum of both mucoid and nonmucoid variants to under-
stand differential immune modulation and histopathology. 
Additionally, since mucoid P. aeruginosa variants exhibit 
heightened antibiotic resistance, predict the loss of pulmo-
nary function, and alter the inflammatory cytokine response, 
novel therapies are needed to selectively target these bacte-
rial isolates [5, 6]. However, targeting nonmucoid variants 
may be just as important, not only because these variants 
contribute to the survival of their mucoid partners, but also 
because they associate with inflammatory cell influx, which 
could contribute to loss of tissue/organ function.

There are several important limitations of our study, many 
of which are alluded to above. First, our study is limited 
by a small cohort, so associations between P. aeruginosa 
variants, cytokine concentration, and histopathology must be 
recapitulated via a larger sample size. Mechanistic questions, 
including the differential effects of P. aeruginosa variants 
upon immune modulation and histopathology needs further 
exploration via appropriately controlled animal models of 
CF lung disease. Furthermore, we observed direct corre-
lations between total P. aeruginosa burden and cytokines 
as well as histopathology, suggesting the presence of a 
confounding variable when studying the effects of colony 
morphotypes. However, in our linear regression analysis, 
we control for this by examining correlations between non-
mucoid and mucoid CFUs and our variables of interest. If 
bacterial burden were the major deterministic factor, we 
would expect direct correlations between both nonmucoid 
and mucoid CFUs and cytokines/histopathology; on the con-
trary, we observed differential trends based on the variants 
present (including inverse correlations between nonmucoid 
variants and proinflammatory cytokines) (Table 2).

In this study, we took two types of biopsies from each 
lung explants: superficial (parenchymal) and deep (airway) 
biopsies. As acknowledged above, there were 5 parenchy-
mal biopsies that did not include a representation of larger 

airways (bronchi or bronchioles), so they could only be 
scored for alveolar involvement. As such, both types of 
biopsies may represent distinct anatomical niches within the 
bronchial tree that could affect the isolated microbial popu-
lations, cytokine burden, and histopathology. For instance, 
in CF explant 1, none of the parenchymal samples had P. 
aeruginosa isolates, while 3/5 airway biopsies had only non-
mucoid variants, 1/5 had only mucoid variants, and 1/5 had 
mixed variants (Supplementary Table 2). Given our limited 
sample size, we did not compare parenchymal and airway 
specimens across our readouts of infection, cytokines, and 
tissue damage, but this will be addressed in future studies.

To our knowledge, this work still represents the first 
application of a detailed histopathology scoring system to 
assess human CF lung tissue. The quantitative elements of 
this method (e.g., use of imaging software to measure per-
centage area affected by intraluminal infiltrate and alveolar 
involvement) as well as blinding of the scorer are strengths 
that may enable reproducibility. However, this scoring sys-
tem will require further validation in a larger cohort of CF 
explants. It will also be helpful to include more than one 
“non-CF lung” for comparison, ideally taken from multiple 
non-CF disease states (e.g., chronic obstructive pulmonary 
disease, idiopathic pulmonary fibrosis) to assess if our scor-
ing system can identify histopathology that is CF-specific. 
Furthermore, we would propose that our scoring system 
could feasibly be tested and applied in animal models of CF 
lung disease, as the five indicators of tissue damage posited 
here are not specific to human disease [18]. Future studies 
should combine H&E staining with immunohistochemistry 
to define specific immune cell populations that correlate 
with infection. It would also be helpful to further support 
the effectiveness of this scoring scheme by examining cor-
relations between histopathology and computed tomography 
(CT) findings of CF lung disease (e.g., bronchiectasis).

Additionally, although we focused upon P. aeruginosa 
infection only, examining the colocalization of various 
microbial species and immune cells within lung explants 
would further expand our understanding of host–pathogen 
dynamics in CF. While we phenotypically identified mucoid 
and nonmucoid variants here by colony morphology, we did 
not pursue further genotypic/phenotypic analysis of these 
isolates by in vitro studies. We did not observe reversion 
of the isolated mucoid colonies to a nonmucoid phenotype 
on PIA; this is partially because we completed our colony 
counts within 48 h of growth, after which we have noticed 
that the mucoid phenotype does become unstable in vitro. 
Future work should also seek to minimize the time between 
explantation, processing, and plating of tissue on growth 
medium (2–4 h in this study) to ensure the most optimal 
recovery of bacterial populations and phenotypic variants.

Nevertheless, reversion of mucoid variants can occur 
within the CF lung as well and we did not pursue genotypic 
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testing to specifically identify nonmucoid revertants. To 
clarify, nonmucoid P. aeruginosa variants in the CF lung can 
be either “nonmucoid progenitors,” that initially colonize 
the airway and later acquire mutations to become mucoid 
variants; or they can be “nonmucoid revertants,” which are 
mucoid variants that have acquired secondary mutations, 
losing the ability to synthesize alginate, and therefore tran-
sition back to a nonmucoid phenotype [27]. We intend to 
pursue further in vitro and in vivo investigations focused 
upon the impacts of progenitor and revertant nonmucoid P. 
aeruginosa on inflammation and tissue damage. Other spe-
cific nonmucoid variants not analyzed here, including the 
rugose small colony variants (RSCVs), should also be part 
of these future studies.
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