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ARTICLE INFO ABSTRACT
Keywords: Background: Lung infections antibiotic treatment in Cystic Fibrosis patients (pwCF) is often complicated by
VBNC bacterial persisters, including the so-called Viable but Non Culturable (VBNC) forms, live cells undetected by the

Lung infection
CF lung pathogens
Non-cultural methods

routine cultural microbiological methods. This study investigated the occurrence of VBNC cells of five CF bac-
terial pathogens in 94 pwCF over one year and the possible associations with the patients’ clinical features.
Methods: Sputum samples, recovered at routine visits and during exacerbation episodes, were analyzed for the
presence of the five pathogens by both routine culture-based assays and species-specific QPCR. VBNC cells were
estimated as the difference between molecular and cultural counts and their presence was matched with the
clinical data in particular the therapeutic regimens.

Results: All but ten pwCF showed the presence of VBNC cells at least once during the study. Pseudomonas aer-
uginosa and methicillin-susceptible Staphylococcus aureus were the species most frequently found in the VBNC
state. Only the former showed a significant association between chronic infection and VBNC cells presence;
VBNC-MSSA positive patients significantly increased overtime. The presence of non culturable bacteria was
generally concurrent with poor lung functionality and more frequent pulmonary exacerbations. No significant
association with modulator treatment was evidenced.

Conclusions: The obtained data demonstrated the overwhelming occurrence of bacterial VBNC cells in CF lung
infections, warranting a constant monitoring of pwCF and underlining the need of implementing the routine
culture-based assays with culture-independent techniques. This is pivotal to understand the CF bacterial popu-
lation dynamics and to efficiently contrast the lung infection progression and worsening.

1. Background traps most inhaled bacteria and viruses in the airways, making patients
more susceptible to infection. During the first years of life CF sputum

Cystic fibrosis (CF) is a genetic disease that results in the accumu- cultures show the presence of Haemophilus influenzae and Staphylococcus
lation and the lack of clearance of dehydrated mucus, mostly in the aureus, presumed to be the source of the lung morbidity in children [2].
respiratory system, and hence in bronchiectasis [1]. This thick mucus Meticulous daily management of lung infections combining airway

Abbreviations: CF, cystic fibrosis; pwCF, patients with cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; VBNC, viable but non cul-
turable; PA, Pseudomonas aeruginosa; AXE, Achromobacter xylosoxidans; SM, Stenotrophomonas maltophilia; MRSA, methicillin-resistant Staphylococcus aureus;
MSSA, methicillin-susceptible Staphylococcus aureus; qPCR, quantitative polymerase chain reaction; FEV1, forced expiratory volume in the first second; FVC, forced
vital capacity; FEFqs 75, forced expiratory flow over the middle one-half of the FVC; sd, standard deviation.
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clearance techniques together with prompt, aggressive antibiotic treat-
ments are essential to prevent the progression of lung disease. Although
highly effective modulator therapy (HEMT) has led to substantial
reduction of disease progression with improvement of clinical outcomes,
dramatically affecting the quality of life of these patients, the effects of
these drugs on lung infections are still controversial [3]. In this regard,
despite some evidence that modulators can act synergistically with an-
tibiotics [4], there are no long-term data to advocate discontinuation of
antibiotic therapy for individuals on CFTR modulators [5].

Patients with CF (pwCF) although undergoing antibiotic treatment,
can repeatedly show positive cultures for the same bacterial species.
Antibiotic ineffectiveness may lie in survival of resistant bacterial vari-
ants or specialized phenotypes unsusceptible to the drugs [6]. Patients
are usually distinguished in chronic or intermittent lung infected,
following defined criteria [7,8]. Chronic lung infections are character-
ized by periods of stability and often clear sputum cultures, interspersed
by pulmonary exacerbations, characterized by at least 4 new clinical
symptoms e.g., increased cough, change in sputum, new or increased
hemoptysis, radiographic changes indicative of pulmonary infection,
temperature above 38 °C, anorexia), ultimately resulting in a progres-
sive decline of respiratory function [9].

The routine culture-based microbiological diagnosis is often ineffi-
cient for chronic CF patients, since it could result in an unreliable
identification of the pathogens responsible of the pulmonary exacerba-
tion and of their drug susceptibility. The lack of correspondence be-
tween in vitro and in vivo data about antibiotic efficacy is, indeed, a
commonplace. The recent development of culture-independent tech-
niques has allowed a more reliable community profiling of bacteria
involved in CF lung disease, a complex scenario often composed by
different species, strains and strain subpopulations [10]. Among these,
persister cells, quiescent forms able to endure stress conditions and
resume proliferation after stress removal, deserve a special mention. A
deeper stage of persisters is represented by the Viable but Non Cultur-
able (VBNC) cells, unable to grow on cultural media, but still viable,
potentially virulent and capable to regain culturability in presence of
specific inducers [11]. There is experimental evidence that VBNC forms
can occur in vivo and that they can play a role in recurrent,
biofilm-related infections, such as the pulmonary CF disease [12].
Depletion of oxygen and nutrients, the immune inflammatory response
and antibiotic treatment might induce VBNC cell development, thus
impairing the infection eradication [13].

The rationale of this study arises from the evidence that a quote of
patients with chronic lung infection due to typical CF pathogens such as
Pseudomonas aeruginosa (PA), Achromobacter xylosoxidans (AXE), Sten-
otrophomonas maltophilia (SM), methicillin-resistant (MRSA) and -suscep-
tible (MSSA) Staphylococcus aureus showed infection eradication for a
period of time of their life, followed by symptoms recurrence and new
positive cultures of the strain previously identified. Recent advances in
CF microbiology confirmed the presence of VBNC bacterial forms in
biofilms of CF sputum samples.

Our aims were: to confirm the occurrence of VBNC forms of these 5
typical lung pathogens in pwCF, and to assess their influence on the lung
infection prognosis as well as the efficacy of the currently applied
therapeutic protocols.

2. Methods
2.1. Patient enrolment

A total of 102 patients were enrolled from March 2021 to May 2021
and they were followed-up for 12 months. Inclusion criteria included CF
diagnosis (based on clinical symptoms, genotypic detection of CF-
causing mutations and sweat Cl~ concentrations higher than 60
mmol/L), the ability of producing sputum samples and a 2-years docu-
mented clinical/microbiological background. Exclusion criteria con-
sisted in the inability of producing sputum samples. No gender- or age-
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based selections were applied. EC informed consent/assent was obtained
by all patients and/or parents/guardians. The study was approved by
the Ethic Committee of Marche Region on 14 Jan 2021 (protocol code
2020 386).

2.2. Sputum sample collection and cultural analysis

Sputum samples were collected for each subject during routine visits
(ie., every 3—4 months), during pulmonary exacerbations episodes and
after the related antibiotic treatment. Sample collection was performed
in duplicate according to the Italian Cystic Fibrosis Society guidelines
[14]. One sample was used for microbiological culture-based analyses,
performed according to the recommendations of the Italian Cystic
Fibrosis Society [14] and previously published guidelines [15,16].
Samples were diluted in ratio 1:1 with Sputasol (Oxoid) and stored at
2-8 °C till analysis, within 24 h.

Bacterial cultures were grown and quantified on a combination of
McConkey, Mannitol Salt, Chocolate and Columbia blood agar plates.
The species identification was carried out by MALDI TOF (VITEK-MS,
BioMerieux, Marcy—l’ﬁtoile, France). The occurrence and abundance of
PA, MSSA, MRSA, SM and AXE were recorded.

2.3. qPCR assays

The other sample was used in qPCR assays, performed adopting a
combined DNA extraction-qPCR protocol demonstrated to avoid the
interference of extracellular DNA, derived from dead cells [17]. Total
DNA was extracted from the sample using the Qlamp DNA minikit
(Qiagen GmbH, Hilden, Germania). To reliably quantify staphylococcal
cells, the sample lysis was performed in TE buffer additioned with
lysozyme 2,5 mg/ml e lysostaphin 150 pg/ml. gPCR assays were per-
formed using 10 pl of 2 x Rotor-Gene SYBR Green PCR master mix
(Qiagen), 2 pl DNA and 0.2 pM of species-specific primers, listed in
Table 1.

A calibration curve was built for each target species, using 10-fold
dilutions of purified PCR amplicons of each target gene, and bacterial
cells were quantified as previously described [17]. The obtained qPCR
counts were compared to the cultural ones. Discrepancies > 0.5log or a
positive qPCR for culture-negative samples were considered as indica-
tive of the presence of VBNC cells.

2.4. Clinical data

Patients were monitored even from the clinical point of view,
recording the following parameters at each visit:

Table 1
Species-specific primer pairs used in qPCR assays to detect CF bacterial
pathogens.

Target gene Primer sequence (5'—3") Amplicon Source

(target species) (bp)

ecfX (PA) ecfX-F AGCGTTCGTCCTGCACAAGT 145 [17]
ecfX-R TCATCCTTCGCCTCCCTG

Sa442 (MSSA) Sa442-F 179 [18]
TCGGTACACGATATTCTTCAC
Sa442-R
ACTCTCGTATGACCAGCTTC

mecA (MRSA) mecA-F 162 [19]
TCCAGATTACAACTTCACCAGG
mecA-R CCACTTCATATCTTGTAACG

smeT (SM) Smel-F GCATGATCTCCATSGTYTTG 192 [20]
Smel-R
GGCACTTCAAGAACAAGAGC

16 stDNA (AXE)  AXFln 103 [21]

AACTGACGGTACCTGCAGAATAA
AXB1n CACGCTTTACGCCCAGTAAT
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e Exacerbation episodes and recrudescence time;

e Antibiotic therapy (drug class, duration, route and number of ther-
apeutic cycles);

o Total bacterial population evidenced in sputum samples (i.e., all the
identified bacterial species);

e Respiratory function by determining FEV1 (Forced Expiratory Vol-
ume in the first second), FVC (forced vital capacity) and FEFy5 75
(forced expiratory flow over the middle one-half of the FVC);

e Nutritional status;

e Comorbidities.

The obtained data were correlated with the presence and/or the
abundance variation of bacterial VBNC cells over time.

2.5. Statistical analysis

The number of patients recruited in the study ensured to estimate the
prevalence of VBNC equal to 80% with a level of precision of 16.5, 95
Confidence Interval (95%CI) 70.8-87.3). Sample size was estimated
using the method of confidence interval for a proportion, based on
binomial distribution.

Quantitative variables were summarize using mean and standard
deviation (sd) and comparisons among groups were performed by Stu-
dent t-test for independent sample.

Qualitative variables were summarized using absolute and percent-
age frequencies and comparisons among groups were evaluated with
Fisher Exact test. Cochran-Armitage test was used to evaluate a trend in
the prevalence of VBNC across visits.

A significance level of 0.05 was used to assess the statistical signifi-
cance. All the analyses were performed using the statistical software R.

3. Results
3.1. PwCF enrollment and features

Out of 102 enrolled patients, 94 completed the study (407 sputum
samples in total). Eight patients were excluded because passed (1), lost
to follow-up (5), transferred (1), unable to produce sputum samples after
the start of CFTR modulator therapy (1).

Patients were equally distributed about gender (50% female/ male
subjects), with a mean age of 26 years (sd 14.4 years) median age of 23.4
years (range: 5.4-70.9 years); 37.2% exhibited an FEV1 (% pred) higher
than 90 at the beginning of the study, 57.4% an FEV1 between 40 and 89
and 5.3% an FEV1 lower than 39. Overall, 57 patients were treated with
modulators (Ivacaftor, n = 1; Lumacaftor/Ivacaftor, n = 2; Tezacaftor/
Ivacaftor, n = 5; Elexacaftor/Tezacaftor/Ivacaftor, n = 49; duration of
treatment, days: 14-2939), whereas 37 patients had never started
therapy.

Forty-eight (51.0%) pwCF were chronically infected by PA, 79
(94.6%) by MSSA, 10 (10.6%) by MRSA and SM and 8 (8.5%) by AXE. 10
out of 94 patients (10.6%) were chronically co-infected with other CF
lung pathogens (non-tuberculous Mycobacteria, n = 3; Burkholderia spp,
n = 2; Scedoporium spp, n = 3; Exophiala spp, n = 2).

3.2. VBNC cell detection in pwCF

The occurrence of VBNC forms of the 5 investigated lung pathogens
(ie., PA, MSSA, MRSA, SM and AXE), was sought in sputum samples
collected at routine visits and/or during exacerbation episodes, by
comparing the bacterial counts obtained by the conventional culture-
based approach and species-specific qPCR assays. The specific Limit of
Detection (LOD) was determined for each target gene (Supplementary
Table 1). All but 10 pwCF exhibited the presence of VBNC cells at least
once during the study (Table 2); specifically, unculturable PA forms
were found in 119 (29.2%) sputum samples, MSSA in 149 (36.6%),
MRSA in 50 (12.2%) SM in 19 (4. 6%) and AXE in 21 (5.1%). Cultural
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Table 2
Prevalence of VBNC cells of the five pathogens at each visit.

PA AXE

Visit

=

% (95%CI) % (95%CI)

Visit 1 94 30.9 (21.5-41.3) 7.4 (3.3-15.3)
Visit 2 94 33 (23.83-43.5) 5.3 (1.97-12.3)
Visit 3 94 27.7 (19.2-38.0) 5.3 (1.97-12.3)
Visit 4% 93 22.6 (14.8-32.7) 3.2 (0.8-9.8)
p 0.206 0.285

SM MSSA
Visit 1 94 3.2 (0.8-9.7) 27.7 (19.2-38)
Visit 2 94 4.3 (1.4-11.2) 29.8 (21-40.2)
Visit 3 94 6.4 (2.6-13.9) 47.9 (37.6-58.4)
Visit 4% 93 7.5 (3.3-15.4) 47.3 (37-57.9)
p 0.201 0.003

MRSA At least 1 VBNC
Visit 1 94 8.5 (4.0-16.6) 58.5 (47.9-68.4)
Visit 2 94 12.8 (7.1-21.6) 60.6 (50.0-70.4)
Visit 3 94 14.9 (8.7-24.1) 68.1 (57.6-77.1)
Visit 4% 93 11.8 (6.3-20.6) 65.6 (54.9-74.9)
p 0.478 0.258

PA: Pseudomonas aeruginosa, AXE: Achromobacter xylosoxidans, SM: Steno-
trophomonas maltophilia, MSSA: methicillin-susceptible Staphylococcus aureus,
MRSA: methicillin-resistant Staphylococcus aureus, CI: confidence interval; *: at
visit 4 SS not available for one patient.

tests failed to detect the presence of the specific pathogen in 22, 26, 32,
10 and 5 samples, respectively.

The species more prone to develop VBNC variants resulted PA and
MSSA; only for the latter a significant increase (p = 0.003) over the year
of the number of patients presenting VBNC cells was observed

Considering the infectious status of the patients (i.e., absence/pres-
ence of chronic infection), only PA showed a significant association (p =
0.0003) between chronic infection and VBNC cells presence.

3.3. VBNC cell impact on CF infection progression

The influence of VBNC cells on the infection progression was first
evaluated by comparing the FEV1 values obtained at each routine visit
by the patients showing/not showing the occurrence of VBNC cells.
Moreover, the analysis was performed with the focus on the CFTR-
modulator therapy, comparing the values obtained at the first visit of
treated and not treated subjects (Table 3).

PwCF in which VBNC cells were detected showed FEV1 values
significantly lower than those not presenting unculturable cells at each
visit (Table 3).

As regards the CFTR-modulator therapy, untreated patients showed a

Table 3
FEV1 (%pred) of pwCF carrying and not-carrying VBNC cells at each visit, and
according to CFTR-modulator therapy.

No VBNC VBNC
Visit n. FEV1 (%pred) n. FEV1 (%pred) P
mean (sd) mean (sd)
1 38 86.8 (21.3) 54 74.5 (23.4) 0.011
2 28 90.9 (18.4) 44 73.7 (25.2) 0.001
3 26 92.3 (18.7) 44 80.3 (26) 0.029
4 25 92.5 (23.9) 45 77.2 (25.4) 0.016
No VBNC VBNC
CFTR modulator at visit 1 n. FEV1 (%pred) n. FEV1 (%pred) p
mean (sd) mean (sd)
Not treated 18 92(18.1) 37 79(22.4) 0.037
Treated 20 79(22.4) 17 65(23.1) 0.070

n: number of patients; sd: standard deviation.
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significant lower FEV1 value when presenting VBNC cells, while treated
patients did not show significant differences due to the presence/
absence of non culturable cells. However, the association between the
modulator-based therapy and the FEV1 values seemed inconsistent.

PwCF were then characterized according to the occurrence of pul-
monary exacerbations and the presence/absence of VBNC cells detected
at the first routine visit (Fig. 1).

Patients who presented VBNC cells at the beginning of the study were
significantly more affected by pulmonary exacerbations that those not
showing unculturable cells, most likely due to their reactivation under
favorable conditions.

The heterogeneity of the cohort prevented us from further associa-
tions, with the presence of comorbidities, antibiotic therapy or compo-
sition of the total bacterial community.

4. Discussion and conclusions

Bacterial persisters hamper the lung infection eradication and favor
the exacerbation recurrence in pwCF. Among persisters phenotypes, the
VBNC forms are particularly troublesome since undetected by routine
cultural methods, leading to an underestimation of their clinical rele-
vance. Most data on VBNC cells in the CF clinical setting are referred to
the two main pathogens PA and MSSA/MRSA. Deschaght et al. were
among the first to describe the insurgence and persistence of PA VBNC
cells in hospitalized pwCF undergoing antibiotic treatment and showing
an improvement of their clinical conditions [22]. Such results were
mirrored in our previous study, with PA VBNC cells detected in both
culture-positive and culture-negative samples of 88 pwCF [17].

Here we aimed to investigate the presence of VBNC cells of five main
CF lung pathogens in CF sputum samples and to correlate their detection
with the clinical status. All but 10/94 monitored patients harbored
VBNC forms of at least one of the investigated bacterial pathogens at one
or more sampling times over a year (Table 2). VBNC PA and MSSA were
those mostly detected, in line with the frequent involvement of these
two species in CF lung infections. Albeit less frequent, the finding of
VBNC cells of SM and AXE is noteworthy, evidencing the ability of these
two emerging pathogens to survive antibiotic treatments by dormancy
and to develop chronic infections. The different limits of detection don’t
seem to represent an important bias in the detection rate of the inves-
tigated pathogens, at least as regards MSSA, which was the most
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frequently detected. As regards AXE, we can’t exclude an underesti-
mation of further positive samples, presenting a low pathogen
abundance.

In most cases, the VBNC forms coexisted with culturable cells of the
same species, however 95 samples (22, 26, 32, 10 and 5 per PA, MSSA,
MRSA, SM and AXE, respectively) resulted negative by cultural tests
were actually showed to carry VBNC cells of the investigated species.
This dramatically questions the effectiveness of the currently adopted
diagnostic approaches, since the infection could be erroneously
considered as eradicated, despite the presence of alive bacterial cells,
possibly able to resume full pathogenicity. This issue has been previ-
ously pointed out, evidencing the inability of the classical cultural assays
to describe the real CF lung infection dynamics and the need to integrate
them with reliable culture-independent techniques [23]. Accordingly,
even the definitions of the infection stages (i.e., intermittent vs chronic)
and the related criteria might be revised on the bases of the results
provided by culture-independent assays; this is a crucial issue for the
correct interpretation of CF microbiological data, especially in the
modulators era. In this perspective qPCR, already demonstrated to
detect pathogens (e.g., PA) before culture [24,25], can reliably
discriminate between intermittent and chronic patients. Moreover, it is
already adopted in clinical labs for virological diagnosis and genotyping
and some companies already provide qPCR assays for defined respira-
tory bacterial pathogens.

The frequency of patients carrying VBNC cells did not show a regular
pattern (increase or decrease) overtime, with the only exception of the
increase of VBNC-MSSA carrying subjects. This can be explained by the
cohort heterogeneity and the heavy involvement of MSSA in CF lung
colonization. These results thus encourage further longitudinal studies
focused on specific bacterial species to monitor their transforming
ability into phenotypes difficult to detect/treat.

The clinical role of VBNC forms has been long debated, dividing the
microbiologists between persistent vs pre-mortem cell variants [26].
Recent studies have demonstrated that S. aureus VBNC forms can still
retain pathogenicity, overexpress virulence determinants (e.g, toxins)
and infect eukaryotic cell lines [27-29]. Therefore, a potential role of CF
pathogens, even in the VBNC state, in the lung infection progression
cannot be ruled out.

In our study, patients carrying VBNC cells were characterized by
significantly lower FEV1 values than non VBNC-carrying patients at any

*
32
14
H No VBNC
OVBNC
Exacerbation

Fig. 1. Comparison of VBNC cell detection and pulmonary exacerbations in the 94 enrolled CF patients. The number (%) of patients without and with exacerbation
not presenting (black column) or presenting (white columns) VBNC cells was compared. Data are presented as percentages of the total number of patients, while

absolute numbers are indicated on the top of each column. *=p < 0.05.
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routine visit, irrespective of the involved bacterial species (Table 3).
Although requiring additional investigations, mainly to exclude the role
of not sought pathogens, these data reveal the constant presence over-
time of VBNC pathogenic forms in CF lung and suggest their possible
contribution to the infection prognosis. Moreover, in the year of moni-
toring, pwCF carrying VBNC cells of the investigated pathogens resulted
significantly (p < 0.05) more affected by pulmonary exacerbations than
VBNC free subjects (Fig. 1), in line with the reported ability of VBNC
forms to resume full metabolic and virulence activity [28].

The comparison of the number of pulmonary exacerbations between
patients starting/not starting the modulator therapy evidenced a greater
abundance of VBNC cells in the formers (data not shown). Although not
statistically significant (p = 0.610), our results suggest that while the
modulator therapy drastically reduces pulmonary exacerbations, lung
infection is not cleared, likely persisting in a sub-clinical state, involving
dormant cells. This agrees with real-world data, indicating contrasting
results about the impact of the modulator therapy on the CF lung
colonization and their inability to completely clear the infection [30].
The effect of the VBNC cells on clinical records resulted nevertheless
milder in patients undergoingthe CFTR-modulator based therapy than in
the untreated subjects (Table 3), who consistently exhibited lower FEV1
values. However, since such therapy is used for severe patients with low
baseline lung function, the similarly low FEV1 values recorded in both
VBNC-carrying and -free patients could be explained by concurrent
factors like comorbidities or co-infections with other culturable patho-
gens. Such features, together with the high heterogeneity of the type of
modulator and antibiotic treatment, often impaired the stratification of
patients and hence the identification of significant correlations between
the presence of VBNC cells and clinical data. However, for pwCF with a
documented chronic lung infection by PA, a significant correlation be-
tween the presence of PA VBNC forms and the chronic infection con-
dition (p = 0.0003) has been pointed out.

Our translational results provide evidence of the overwhelming
occurrence of VBNC forms of different pathogens in the CF clinical
settings and of their (in particular PA) impact on the lung infection
progression. They also suggest that chronic/intermittent infections
cannot be eradicated by the modulators therapy, underlining both the
weaknesses of the routine cultural methods and the doubtful efficacy of
the adopted therapeutic treatments to clear the infection.

While indicating an improvement of the CF lung conditions, the
prevalence of VBNC forms in patients on modulators cannot a priori
exclude a role of VBNC forms to induce pulmonary exacerbation under
favorable conditions, an important issue which deserves more attention.
qPCR provides reliable, quantitative and more valuable results for the
routine diagnostics than the qualitative or semi-quantitative results
provided by metagenomic analyses, which also require extensive time
and costs. The possibility of easily adapting the reported molecular
protocol to further species of interest and, thus, to routinely test the
presence of VBNC cells in the lungs of pwCF, can help clinicians to
improve the monitoring of the antibiotic treatments effectiveness for
pulmonary exacerbations.

Overall, the evidences resulting from this pilot and monocentric
study must be considered as a matter of further investigations for both
clinicians and microbiologists, with the aim to reconsider the current
definitions and guidelines for the diagnosis and management of the CF
lung infection.
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