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ARTICLE INFO ABSTRACT

Keywords: Background: Excessive inflammation and recurrent airway infections characterize people with cystic fibrosis
Cystic ﬁbTOSis' (pwCF), a disease with highly heterogeneous clinical outcomes. How the overall immune response is affected in
Innate immunity pwCF, its relationships with the lung microbiome, and the source of clinical heterogeneity have not been fully
Adaptive immunity elucidated

Immune dysregulation
Infections
Lung microbiome

Methods: Peripheral blood and sputum samples were collected from 28 pwCF and an age-matched control group.
Systemic immune cell subsets and surface markers were quantified using multiparameter flow cytometry. Lung
microbiome composition was reconstructed using metatranscriptomics on sputum samples, and microbial taxa
were correlated to circulating immune cells and surface markers expression.

Results: In pwCF, we found a specific systemic immune profile characterized by widespread hyperactivation and
altered frequencies of several subsets. These included substantial changes in B-cell subsets, enrichment of
CD35"/CD49d" neutrophils, and reduction in dendritic cells. Activation markers and checkpoint molecule
expression levels differed from healthy subjects. CTLA-4 expression was increased in Tregs and, together with
impaired B-cell subsets, correlated with patients’ lung function. Concentrations and frequencies of key immune
cells and marker expression correlated with the relative abundance of commensal and pathogenic bacteria in the
lungs.

Conclusion: The CF-specific immune signature, involving hyperactivation, immune dysregulation with alteration
in Treg homeostasis, and impaired B-cell function, is a potential source of lung function heterogeneity. The
activity of specific microbes contributes to disrupting the balance of the immune response. Our data provide a
unique foundation for identifying novel markers and immunomodulatory targets to develop the future of cystic
fibrosis treatment and management.

1. Introduction disorders. CFTR encodes a chloride channel highly expressed in
epithelial cells in various tissues, making CF a multi-organ disease.

Cystic fibrosis (CF) is a monogenic disease caused by mutations in the CF lung disease is complex and has diverse clinical outcomes [1]. It is

CFTR gene and is one of the most common autosomal recessive genetic characterized by an early onset of chronic inflammation and recurrent
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bacterial airway infections, the primary cause of morbidity and mor-
tality. Ongoing pulmonary inflammation and infections lead to struc-
tural lung damage and a progressive loss of lung function. It remains
unclear whether persistent infections primarily trigger an aberrant in-
flammatory response or whether it is a precondition that favors micro-
bial colonization. In CF, the immune system fails to resolve the
inflammatory response and provide protective immunity against pul-
monary infections, showing that the CF immune system is highly
dysfunctional [2]. Thus, flaws in the immune response are directly
linked to disease severity in CF.

It is critical to understand whether the CF immune system is dysre-
gulated and what mechanisms drive these defects. Innate and adaptive
immune cell populations are functionally affected in CF [3], and these
deficiencies have been directly linked to CFTR mutations rather than
active infections [4]. However, the CFTR genotype alone cannot explain
the heterogeneous disease phenotypes observed in people with CF
(pwCF). Therefore, several other factors, such as mutations in modifier
genes, sex, metabolic differences, and the lung microbiota, have been
suggested to contribute to the disease phenotype [5]. For example,
increased lung microbiome diversity in pwCF correlates positively with
lung function [6]. In vitro, commensal bacteria isolated from CF airways
can reduce the inflammation induced by the common CF pathogen
Pseudomonas aeruginosa [7]. Thus, the CF lung microbiome is likely a
significant contributing factor modulating the CF immune system, but
this remains to be demonstrated.

In this work, using high-resolution flow cytometry and metatran-
scriptomics analysis on blood and sputum samples, respectively, we
investigate the composition and activation status of all immune cell
compartments and the transcriptionally active lung microbial commu-
nities. Overall, we reconstruct a detailed picture of the immune profile
that differentiates CF patients from healthy individuals, identifying al-
terations in Tregs homeostasis and B-cell responses as a possible source
of the clinical heterogeneity observed in the patient’s lung function.
Finally, we provide evidence of specific associations between beneficial
and pathogenic microbes with a subset of circulating immune cells.

2. Results
2.1. Demographics of the study cohort

Twenty-eight pwCF attending the Copenhagen CF center at Rig-
shospitalet were consecutively recruited (Table 1). The cohort was
predominantly males (61%) with a median age of 34 years (range 12 -
61). Most pwCF were characterized by homozygous CFTR AF508 mu-
tation (67.9%), while only 28.6% had a secondary mutation in addition
to AF508. All mutations were classified as severe. Almost all patients
were clinically defined as chronically infected by Pseudomonas aerugi-
nosa (89.3%, Copenhagen criteria [8]) and had a median percent pre-
dicted forced expiratory volume in 1 s (ppFEV) of 62% ranging between
24 — 99%. Except for one, all pwCF were diagnosed with pancreatic
insufficiency. Only eight pwCF (28.6%) were not treated with CFTR
modulators, while the rest were on Ivacaftor/tezacaftor (35.7%), Iva-
caftor/tezacaftor/elexacaftor (17.9%), Ivacaftor/lumacaftor (14.3%) or
Ivacaftor (3.6%) (Table 1, Supplementary Data 1).

Most pwCF were treated with oral azithromycin alone (57.1%) or in
combination with ciprofloxacin (14.3%). Few were treated with cipro-
floxacin (10.7%) alone or in combination with amoxicillin and clav-
ulanic acid (3.4%) (Table 1, Supplementary Data 1). In most cases, oral
antibiotics were combined with inhalation of aztreonam (28.6%),
colistin (25.0%), or tobramycin (10.7%) alone or in combination with
colistin (7.1%), or ceftazidime (3.6%) or piperacillin+tazobactam
together with voriconazole (Table 1 and Supplementary Data 1). Three
pwCF were not compliant and did not take any prescriptions for six
months before enrollment. In addition, 27 age- and sex-matched healthy
subjects were included anonymously from the Blood Bank, Department
of Clinical Immunology at Rigshospitalet (Table 1).
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Table 1
Study cohort demographics and treatments.
Demographics CF Control P Test
cohort cohort value
All (%) 28 27 (100)
(100)
Sex
Female, n (%) 11 15 (55.6) 0.285 Fisher’s
(39.3) exact
Male, n (%) 17 12 (44.49)
(60.7)
Age, median (range) 34(12- 36 (24 - 0.167 Mann-
61) 65) Whitney
FEV1%, median (range) 62 (24 -
99)
Pancreatic insufficiency
Yes, n (%) 27
(96.4)
No, n (%) 1(3.6)
Mutation
F508 homo, n (%) 19
(67.9)
F508 hetero, n (%) 8
(28.6)
Other, n (%) 1(3.6)
Chronic P. aeruginosa, n (%) 25
(89.3)
Treatments
CFTR modulator
Ivacaftor/tezacaftor/ 5
elexacaftor, n (%) (17.9)
Ivacaftor, n (%) 1(3.6)
Ivacaftor/lumacaftor, n (%) 4
(14.3)
Ivacaftor/tezacaftor, n (%) 10
(35.7)
Nothing, n (%) 8
(28.6)
Antibiotics (per oral)
Azithromycin, n (%) 16
(57.1)
Azithromycin/ciprofloxacin, n 4
(%) (14.3)
Ciprofloxacin, n (%) 3
(10.7)
Ciprofloxacin/ 1(3.6)
Amoxicillin+Clavulanic Acid, n
(%)
Nothing, n (%) 4
(14.3)
Antibiotics (inhaled)
Aztreonam, n (%) 8
(28.6)
Ceftazidime, n (%) 1(3.6)
Colistin, n (%) 7
(25.0)
Piperacillin+Tazobactam/ 1(3.6)
voriconazole, n (%)
Tobramycin, n (%) 3
(10.7)
Tobramycin/colistin, n (%) 2(7.1)
Nothing, n (%) 6
(21.9)

2.2. Multiple immunological compartments contribute to defining the CF
systemic immune profile

To gain insight into the CF immunophenotype, we made a compre-
hensive whole-blood analysis of immune cell composition and their
activation states in pwCF and healthy subjects. Principal component
analysis of the absolute concentration (cells/ml) of 82 immune cell
subtypes indicated that pwCF clustered separately from healthy subjects
(Fig. 1A). Diverse branches of innate and adaptive immunity contributed
to the CF immune profile (Fig. 1A). In pwCF, neutrophil concentration
was almost twice as high, while dendritic cells (DCs) and CD4™ T cell
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Fig. 1. Circulating immune cells characterizing people with cystic fibrosis (pwCF). A. Principal component analysis (PCA) of cell frequencies in whole blood
from pwCF and sex- and age-matched healthy subjects (control). The first two principal components (Dim) are plotted. Points represent individual subjects’ data
color-coded by subject type (orange: pwCF; blue: control). Loadings of the top 10 contributing variables to Dim1 and Dim2 are shown. B. Dot plots represent the
median concentration of the major immune cell types (cells/ml). Dots represent the concentration in individual subjects (orange: pwCF; blue: control). Two-sided
Wilcoxon test with Benjamini & Hochberg multiple testing correction: *, adjusted P value < 0.05; **, adjusted P value < 0.01; *, adjusted P value < 0.0001. C - J.
Dot plots represent the median concentration of specific cell types (cells/ml) or the frequency of parent populations (% of parent cells). Dots represent the value of
individual subjects (orange: pwCF; blue: control). Two-sided Wilcoxon test with Benjamini & Hochberg multiple testing correction: *, adjusted P value < 0.05; **,
adjusted P value < 0.01; ***, adjusted P value < 0.001; **** adjusted P value < 0.0001.
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concentrations were 1.8- and 1.2-fold lower (Fig. 1B). All other major
immune cell classes showed tendencies towards being reduced in pwCF,
although not statistically significant.

Analysis of the myeloid subpopulations showed that the high
neutrophil concentration in pwCF was due to increased concentrations
of mature CD10" neutrophils and neutrophils with co-expression of
CD35"7/CD49d™ (Fig. 1C). We observed an overall reduction of non-
classical (CD141°WCD16hi) and classical circulating monocytes
(CD14MCD16°Y) in pwCF (Fig. 1D). Plasmacytoid dendritic cells (pDC)
and CD1c*CD141~ (mDC1) and CD1c CD141* (mDC2) myeloid den-
dritic cells were reduced in pwCF (Fig. 1E).

Concerning the acquired cell-mediated immunity, we observed a
reduction in CD4™" T-cell concentration in pwCF (Fig. 1B), with a normal
distribution of CD4™ T-cell subsets except for an increased fraction of
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FOXP3™" regulatory T cells (Tregs) (Fig. 1F). In contrast, CD8" T-cell
subpopulations were altered with a decrease in the absolute concen-
tration and fraction of CD8" effector memory T cells, CD8" central
memory T cells, and CD161" CD196" CD8™ T cells (Tc17 cells) (Fig. 1G
and Fig. S1A).

Finally, the total B-cell concentration in pwCF was within the normal
range of healthy subjects (Fig. 1B). Still, pwCF were characterized by a
substantially higher fraction of naive (CD277) B cells paralleled by a
reduction in the memory (CD27%) B cells (Fig. 1H). Further, pwCF had
higher fractions of transitional (IgM"™ CD38" CD27 ") B cells (Fig. 1), the
early, immature B-cell stage, recently emigrated from the bone marrow.
In contrast, the fraction of CD27" marginal zone-like (MZ-like) B cells
and isotype-switched memory B cells were reduced in pwCF. In contrast,
the IgMIgD~ memory B-cell subset (IgM-only memory B cells) was
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Fig. 2. Activation and regulation of immune cells in people with cystic fibrosis (pwCF) and healthy subjects (control). A — K. Dot plots represent cell
activation or regulatory surface markers’ median fluorescence intensity (MFI) or the median fraction of parent populations (% of parent cells). Dots represent in-
dividual subjects (orange: pwCF; blue: control). Two-sided Wilcoxon test with Benjamini & Hochberg multiple testing correction: ¥, adjusted P value < 0.05; **,
adjusted P value < 0.01; ***, adjusted P value < 0.001; **** adjusted P value < 0.0001.
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elevated (Fig. 11).

2.3. Expression of activation markers and check-point molecules indicates
hyperactivated immune cells and immune dysregulation

The CFTR mutation is associated with dysfunction of immune cell
function and activation [9]. Therefore, we investigated the expression of
surface markers involved in the regulation and activation of immune
cells.

Several activation markers were upregulated on CF neutrophils. The
lectin CD69 (Fig. 2A), the complement receptor 1 (CD35), and the Fc
receptor CD64 were increased approximately 1.5 times on immature and
mature neutrophils (Fig. 2B and 2C). CD11b, an integrin involved in
phagocytosis and adhesion, was more abundantly expressed (1.5-fold)
on immature CF neutrophils (Fig. 2B). The checkpoint molecule Cell
Death Protein-Ligand 1 (PD-L1) on PD-L1" neutrophils was 13 times
higher in pwCF (MFL: 85.7 vs. 6.6, p < 0.0001) (Fig. 2A) and the fraction
of PD-L17" neutrophils was twice as high in (0.17% vs. 0.075%, P value =
0.026) in pwCF than in healthy subjects (Fig. S1B).

Like neutrophils, circulating CF monocytes displayed an activated
phenotype with changes in the expression of receptors essential for
phagocytosis, migration, and antigen presentation. In pwCF, classical
monocytes showed a 1.2-fold decrease in CD11b expression, while CD16
and CD35 receptors expression increased 1.6 and 1.4 times, respectively
(Fig. 2D). Intermediate CF monocytes (CD14™CD16™) had decreased
CD11b (1.7-fold) and increased expression of CD16 (1.9-fold) and HLA-
DR (1.3 fold) (Fig. 2E). In comparison, non-classical monocytes had
increased surface expression of CD35 (1.5-fold) and CD64 (1.7-fold)
(Fig. 2F). We also observed a 1.4-fold increase of CD366 (TIM-3/T-cell
immunoglobulin and mucin-domain containing-3) expression on CF
monocytes (Fig. S1C). The exact role of CD366 in monocytes is not fully
understood, but CD366 may be a negative regulator of monocyte IL-12
production with the potential to regulate adaptive Th1 response [10].

Dendritic cells showed no difference, except for a decreased
expression on mDCs of CD301 (Fig. S2), a C-type lectin important in
regulating exaggerated B-cell responses [11] and suppression of
autoantibodies.

The NK cell concentration was normal in pwCF; however, the frac-
tion of activated CD69" NK cells in pwCF was almost three times higher
than in controls (13.7% vs. 4.8%) (Fig. 2G).

Similarly, CF T cells demonstrated an activated phenotype compared
to healthy subjects. Non-regulatory FOXP3~ CD4™ T cells had increased
surface expression of the early activation marker CD69 and the immune
checkpoint receptors CTLA-4 (cytotoxic T-lymphocyte associated
protein-4) and PD1 (Fig. 2H). Additionally, we observed a 2.4-fold in-
crease in CTLA-4 levels on regulatory FOXP3" CD4" T cells (Tregs) in
pwCF (Fig. 2I). Also, CF CD8" T cells showed a difference in surface
marker expression with increased expression of CD69 and CTLA-4
together with the checkpoint molecule CD366. However, CD8" T-cell
expression of PD1 was reduced in pwCF (Fig. 2J), suggesting that the
PD1/PD-L1 axis may be differentially regulated in CD4" and CD8" T
cells of pwCF.

Increased immune activation also affected B cells. We observed
increased fractions of B cells expressing the CD25 and CD69 activation
markers (Fig. 2K), while the B-cell fraction expressing the PD1 ligand
(PD-L1) was reduced in pwCF (Fig. 2K). However, the level of PD-L1
expression on the cell surface of PD-L1T" B cells was higher in pwCF
(Fig. S1D), further highlighting the dysregulation in the B-cell
compartment and the PD1/PD-L1 immune checkpoint.

2.4. The CF systemic immune profile is linked to lung function

Although a specific peripheral blood immune cell profile character-
ized pwCF, the clinical phenotypes are often heterogeneous. Thus, we
investigated whether the immune profile variations within the CF cohort
were associated with patients’ clinical parameters. Average silhouette
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and gap statistics indicate that pwCF could be separated into two groups
(C1, n =15; C2, n = 13) using K-means clustering based on normalized
absolute concentration of circulating immune cells (Fig. 3A). Comparing
CF disease parameters between the two clusters showed that patients in
C1 had significantly better lung function (ppFEV;) than those in C2
(median ppFEV;: 73 vs. 41, P = 0.0054) (Fig. 3B and Table S4). No
significant differences were observed for other clinical and demographic
parameters such as BMI, CF-related diabetes, total IgG levels, CFTR
mutation, years since the first P. aeruginosa isolates, sex, age, and po-
tential immunomodulatory treatments such as CFTR modulators [12] or
azithromycin [13] (Table S3); thus, a specific link between disease
severity heterogeneity and the overall abundance of different immune
cell types at a systemic level might exist. C1 was characterized by an
increase in the absolute concentration of several immune cell pop-
ulations belonging to innate and adaptive immunity (Fig. 3C). Signifi-
cant differences were observed in the B-cell subpopulations, including
isotype-switched memory B cells, i.e., cells able to quickly produce
efficient pathogen-specific antibodies after antigen reactivation, sug-
gesting an overall increase in cells involved in the protective B-cell
response in C1 patients.

Then, we further explored the dependence of patients’ lung function
on the circulating immune cell state, independently correlating the
ppFEV; parameter with the normalized absolute counts and the cell
frequencies of all immune cell types, as well as the expression level of all
surface markers. As expected, the absolute concentration of B cells,
particularly of naive, MZ-like, and memory B-cell subpopulations and
classical monocytes, showed a significant positive correlation with
ppFEV; (Fig. 3D). Similarly, a higher fraction of the CD35"/CD49d"
neutrophils subset and CD4" recent thymic emigrants (CD4" RTE) were
positively associated with improved lung function (Fig. 3D). In contrast,
the fraction of natural killer T (NKT) cells, mature neutrophils, inter-
mediate monocytes, and elevated levels of CD21'°" B cells negatively
correlated with ppFEV;. Among all activation/regulation markers
tested, only the expression of the immune checkpoint regulator CTLA-4
on Tregs and conventional T helper cells correlated positively with
PPFEV;.

2.5. Systemic immune profiles associate with specific lung microbes but
have no direct links with the overall microbiome

Pathogens actively colonizing pwCF airways are known to influence
the immune system [14]. Therefore, we explored potential links be-
tween the active lung microbial community and the systemic immune
system within the pwCF cohort. We collected sputum samples from 26 of
the 28 patients and reconstructed the composition of the transcription-
ally active microbiome using a metatranscriptomics analysis. The
microbiomes recovered were complex. We observed the co-occurrence
of several pathogens commonly associated with CF infections,
including bacteria from the Pseudomonas, Stenotrophomonas, Mycobac-
terium, Hemophilus, and Staphylococcus genera, and fungi from the
Aspergillus and Saccharomyces genera (Fig. S3). Pseudomonas could be
detected at variable percentages (0.04% - 99.9%) (Fig. S3 and Supple-
mentary Data 2) in all pwCF despite a small fraction of patients being not
clinically defined as chronically infected (Table 1). At first, we evaluated
whether the two groups of pwCF showing different lung function levels
and immune profiles we identified earlier were characterized by specific
microbiomes. PERMANOVA analysis on samples’ p-diversity indicated
that the transcriptionally active microbiomes did not differ between the
two groups (PERMANOVA, P = 0.411). Thus, the differences in the
overall composition of the lung microbiomes have no apparent effect in
defining the complete immune profiles observed in peripheral blood.
However, microbiome composition was significantly associated with
ppFEV; (Mantel test, r = 0.173; P = 0.016), indicating a partial
contribution of the microbiome to lung function.

Then, we searched for specific associations between the relative
abundance of the most frequent microbial genera (relative abundance of
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Fig. 3. Immunophenotypic variation within the cystic fibrosis (CF) cohort and its relationship with lung function. A. Clustering of people with CF (pwCF)
based on K-means clustering using normalized cell concentrations. The optimal number of clusters was identified using average silhouette and gap statistics. C.
Diverging bar chart representing Z-score differences of significantly different cell populations between patient clusters based on Two-sided Wilcoxon test with
Benjamini & Hochberg multiple testing correction. D. Correlation heatmaps showing only significant correlations between the lung function predictor ppFEV; and
immune cell absolute concentrations, immune cell frequencies, and surface markers expression. Spearman’s rho rank correlation analysis with P < 0.05 was

considered statistically significant.

1% in at least one-fifth of the patients) and different immunological
variables, including the absolute concentration of immune cells, distri-
bution of cell subsets, and surface expression levels of activation and
checkpoint molecules. The relative genera abundance of Mycobacterium,
Staphylococcus, and the commensal Veillonella showed the most signifi-
cant correlations, whereas the Pseudomonas genus showed the lowest
(Fig. S4). Further, based on all significant correlations identified, path-
ogenic genera (Mycobacterium, Aspergillus, Staphylococcus) clustered
together, except for Pseudomonas, which showed correlation patterns
more similar to oral commensal genera (Streptococcus, Veillonella, Pre-
votella, Rothia, and Gemella) (Fig. 4A-C). Overall, commensal taxa
correlated positively with the concentration and fraction of several
circulating cells, in particular of those of lymphoid lineage, such as
activated CD69™ B cells, CD4" and CD8™ T-cell subtypes, and regulatory
B cells, which were reduced with increasing amounts of the pathogens
such as Staphylococcus, Aspergillus, and Mycobacterium. Concentration
and fraction of PD-L1" B cells, granulocytes, monocytes, CD69" neu-
trophils, and Tc17 cells positively correlated with the increasing abun-
dance of pathogens while showing a negative correlation with the
abundance of commensal genera (Fig. 4A and 4B), indicating intra-

cohort differences in the PD1/PD-L1 axis.

Similarly, we observed the same tendency with the level of surface
markers. Immune activation markers, such as CD69, CD64, CTLA-4, and
CD25, and other surface markers, including CD16, CD11b, and CD301,
showed an opposite correlation between the abundance of pathogens
and commensal bacteria.

2.6. Discussion

In our study, we characterized a distinct immune profile in the pe-
ripheral blood of pwCF and its associations with lung function hetero-
geneity and the airway microbiome, highlighting potential prognostic
markers and immune targets in the innate and adaptive immune
response. However, our findings are based on a single site and require
further replication for broader generalization.

The CF immune profile shared traits common to autoimmune and
chronic inflammatory diseases, with widespread immune activation and
dysregulation in different immunological compartments. We observed
several known CF hallmarks: increased neutrophil [15], reduced CD4" T
cells [16], and decreased circulating dendritic cells (DCs) [17]. The
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increase in circulating neutrophils was not limited to mature neutrophils
but depended on a CD35"/CD49d*-double-positive subpopulation. A
proper balance of CD49d™ neutrophils is necessary to resolve bacterial
infections [ 18], while high concentrations of this subpopulation relate to
defective resolution of inflammation [19] and a predisposition to hy-
persensitivity reactions [20], a common condition in pwCF [21].
Although potentially exposing to co-morbidities, higher concentrations
of CD35"/CD49d" co-expressing neutrophils characterized a subgroup
of pwCF with better lung function and, overall, higher CD35"/CD49d "
neutrophil frequency positively correlated with ppFEV;.

Immune dysregulation, i.e., the breakdown of the molecular control
of immune system processes, leads to disturbed selection or activation of
immune cells, impaired regulatory T-cell (Tregs) homeostasis, and
increased danger signaling in autoimmune and autoinflammatory dis-
eases. The altered microbiome and defects in the epithelial barrier
permeability are factors contributing to immune dysregulation [22].
T-cell responses are dysregulated in pwCF, with a marked shift toward a
Th2- and Th17-dominated response [23]. This effect depends on quan-
titative and qualitative impairment of Tregs homeostasis occurring after
P. aeruginosa infections [16]. Although we observed an overall reduction
in CD4" T-cell concentrations, in contrast to previous findings [16],
Tregs fraction was higher in pwCF. No apparent correlation between
Tregs fraction and ppFEV; could be detected, even though P. aeruginosa
was identified in the airway microbiome of all patients analyzed.
However, the pathogen was dominant only in a fraction of patients, and
we observed a correlation of CTLA-4" Tregs concentration and fraction
with the relative abundance of different microorganisms, increasing
with Pseudomonas and decreasing with Aspergillus and Mycobacterium.
These discrepancies might stem from the active microbial community at
sampling time, suggesting that microorganisms can differentially influ-
ence Tregs homeostasis and the balance between adequate pathogen
clearance and the development of an uncontrolled inflammatory
response [24].

Upregulation of CTLA-4 expression on Tregs cells of pwCF further
supported the central role of Tregs in defining CF disease. CTLA-4 is
essential for Tregs homeostasis and immuno-suppressive function, thus
indicating a specific immune dysregulation that might account for the
reduction of a beneficial response and increased pathogen persistence
[24].

Nevertheless, our data indicated that CTLA-4 expression level, and
thus its regulatory function on Tregs and classic CD4™ T cells, positively
correlated with patients’ ppFEV1 parameter and, thus, with lung func-
tion. CTLA-4 upregulation on the two cell types was linked with the
relative abundance of the Rothia genus. Rothia mucilaginosa can reduce
inflammation by modulating the NF-xB pathway [25], which is also
involved in regulating Tregs development and function and might be the
source for CTLA-4 changes observed in pwCF.

The CF immune phenotype also showed quantitative and qualitative
changes in circulating dendritic cells (DCs). DCs absolute concentration
was significantly reduced in pwCF, resembling other respiratory dis-
eases characterized by chronic inflammation and recurrent microbial
infections [26]. Further, the C-type lectin CD301 expression on myeloid
dendritic cells (mDCs) was lower in pwCF. Levels of CD301 on mDCs
might also be modulated in response to active microbes: CD301
expression correlated positively with the relative abundance of the
pathogenic taxa Mycobacterium and Staphylococcus. In contrast, the
marker expression reduced with the increasing abundance of
commensal taxa, specifically the Gemella genus. Depletion of CD301™"
DCs relates to an impaired Th2 response upon nematode infections [27],
and CD301" DGs are necessary for IL.-17 production from TCRyS T cells
and Th17 cells following intranasal infection with Streptococcus pyogenes
[28]. The overall reduction of CD301 and CD301 " DCs might contribute
to Th17- skewed production of the proinflammatory cytokine IL-17 and
modulation of the Th1l and Th2 responses.

CD301 expression by DCs also plays a role in B-cell maturation and
activity. CD301 depletion correlates with the increasing generation of
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autoreactive antibodies [11], found in up to 80% of pwCF [29].
Although we could not verify this association in our cohort, we observed
significant B-cell compartment dysfunction in pwCF. Despite having
absolute B-cell concentrations comparable to healthy subjects, pwCF
showed reduced MZ-like and isotype-switched memory B-cell fractions
and increased fractions of naive B cells and IgM-only memory B cells.
These characteristics are observed in other chronic lung diseases, such as
bronchiectasis [30], as well as in individuals affected by common vari-
able immunodeficiency (CVID), a primary immunodeficiency disease
with reduced ability to isotype-switch and recurrent airway infections
due to low levels of protective antibodies [31]. pwCF reduced capacity
for isotype-switch and development of memory may compromise the
high-affinity secondary antibody responses, contributing to recurrent
opportunistic infections.

Despite showing a peculiar immune phenotype, clinical outcomes in
pwCF are heterogeneous, particularly at the level of lung function. B-cell
function might be relevant in defining these differences. We identified a
subgroup within the pwCF cohort with better lung function and higher
absolute concentrations of several B-cell subtypes. Although B cells were
similar between healthy subjects and pwCF when taken as a whole, some
pwCF may maintain a better B-cell response in absolute terms. Once
recruited from the bloodstream to inducible bronchus-associated
lymphoid tissue (iBALT), i.e., ectopic lymphoid tissues present in
pwCF due to recurrent infections [32], higher B-cell function might offer
better protection against pathogens resulting in a slower decline of lung
function. Further, pwCF with higher ppFEV; had higher concentrations
of regulatory B cells, which might contribute to preventing uncontrolled
inflammation via the production of anti-inflammatory mediators, thus
containing lung damage [33]. Yet, an increased fraction of CD21°" B
cells was associated with a worse lung function. The CD21'°Y subset is
expanded in conditions characterized by chronic immune stimulation,
as in CVID patients where CD21'°" cells are associated with autoimmune
disease [34]. Elevated fractions of CD21'°" B cells may represent, if not
properly balanced, another player in determining diversity in pwCF
clinical outcomes, as in CVID patients [35].

Our work cannot clarify whether the differences we observed in
pwCF were intrinsic or acquired due to the infection history. The role of
the microbiome in CF and inflammation is still debated [14].
Commensal bacteria might reduce hyperinflammation induced by
P. aeruginosa [7], but enrichment of oral taxa in the lung is associated
with a Th17-dependent inflammatory response [36].

Our data suggested that the microbial community can influence the
balance of the immune response. Commensal bacteria and opportunistic
pathogens showed distinct and opposite correlation profiles for several
immunological variables: Prevotella, Rothia, Veillonella, and Gemella
positively correlated with the abundance and frequency of several
lymphoid cells that were also enriched in patients with higher ppFEV;
levels. Likewise, the abundance of commensals negatively correlated
with several activation markers on myeloid and lymphoid cells, with
pathogenic taxa showing an opposite trend. We could not prove that the
correlations were biologically relevant, and our data was limited to
sputum samples, which, although considered a good approximation of
the average microbiome in the lungs [37], may not reliably sample all
airway niches. Although with limitations, our observations indicated
that oral commensals can promote the activity of the overall immune
system, avoiding immune hyperactivation connected with the
increasing presence of pathogenic taxa, in agreement with previous
studies [25,38,39].

Among pathogens, the Pseudomonas genus represented an interesting
case. We observed a positive correlation between Pseudomonas and
metamyelocytes. Still, we did not detect any significant correlation with
other immunological variables despite the known role of P. aeruginosa in
CF pathogenesis. This discrepancy highlights an important limitation of
our study design and may be attributed to several factors. The bacterium
could be detected at variable levels in all pwCF, potentially masking
changes in immune variables and limiting our ability to evaluate the
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impact of P. aeruginosa. Additionally, the effects of this pathogen may be
minimal at the systemic level. As we solely investigated circulating
immune cells, changes at the site of infection may have gone unnoticed.

Similarly, our approach cannot easily predict the effect of circulating
cells on the responses happening at the site of infection and does not
account for tissue-resident cells, which are crucial for lung disease after
chronic exposure to pathogens [40]. Further, the expression of surface
markers and checkpoint molecules does not allow the evaluation of
functional impairments of immune cells, such as defective bacterial
killing by CF neutrophils and macrophages [15]. Likewise, HLA haplo-
types were not considered in the study. However, class II MHC (major
histocompatibility complex) is a gene modifier in CF [41] and can in-
fluence immune response, infection susceptibility, and lung disease
[42]. Finally, our analysis may have overlooked other important cell
types defining CF pathology and lung disease.

Despite the efficacy of CFTR modulators in reducing traditional CF
pathogens, a significant proportion of patients remain infected [43].
This underscores the need for a more comprehensive understanding of
host-pathogen interactions in pwCF. Our work highlights how the
overall immune system is affected in pwCF, identifying several traits
similar to other patients suffering from immune disorders. It provides a
crucial foundation for developing evidence-based medicine and suggests
that the coexistence of various members of microbial communities may
influence the immune response in CF. Consequently, any immune
modulatory intervention should acknowledge the complex interactions
with the microbiome occurring during the treatment.

3. Methods
3.1. Samples collection and pre-processing

Peripheral blood samples were collected in three separate tubes
(K2EDTA, 3 ml; Sodium Citrate, 3.5 ml; Lithium Heparin, 4 ml) by
venipuncture and processed for flow cytometry staining the same day.
At the same time, sputum samples were collected and processed as
previously described [44], with minor modifications. Briefly, expecto-
rates were collected directly from a patient and immediately added to
freshly prepared sputum pre-lysis and preservation buffer (3 ml 1 x
DNA/RNA shield per 1-2 ml sputum sample, Zymo Research, USA; 200
mM Tris(2-carboxyethyl)phosphine, TCEP; 100 pg/ml Proteinase K,
Thermo Fisher Scientific, USA) and vigorously shaken by hand until the
samples were homogenous and wholly lysed. Samples were briefly
stored at 4 °C and then at —80 °C for long-term storage.

3.2. Antibodies and flow cytometry

A highly standardized, customized DuraClone antibody panel [45]
(Beckman Coulter, USA), specially developed for immune cell profiling
of lymphoid and myeloid cell subsets, was used. Whole blood (50 pL)
was labeled according to the manufacturer’s instructions using seven
tubes containing each a lyophilized 10-plex antibody cocktail. After
staining, the sample was subjected to red blood cell lysis. A complete list
of the antibodies, with fluorochromes and antibody clone numbers, is
provided in Table S1. The first tube contained lineage-specific anti-
bodies and acquisition beads to assess absolute cell counts, which were
used to calculate absolute concentrations of cell subsets in the remaining
tubes. The samples were analyzed using Navios Ex flow cytometers
(Beckman Coulter, USA). SPHERO™ Rainbow Calibration Particles (8
peaks; BD Biosciences) were used for calibration and standardization of
the instruments. The optimized median fluorescence intensity (MFI) for
“target values” was determined for the 6th peak of SPHERO™ Rainbow
Calibration Particles on the first cytometer, and these optimized detector
voltages were used as target values of the 2nd cytometer. SPHERO™
Rainbow Calibration Particles were finally used to compare the
inter-instrument standardized cytometer settings. The instruments’
performance was monitored over time using peak-3 and peak-6 of

Journal of Cystic Fibrosis xxx (xxxx) xxx

Rainbow Calibration Particles (MFI and SD values), checking the
Flow-instruments setup between and over time.

The acquired sample data were analyzed using serial gating strate-
gies in standardized predefined analysis templates in Kaluza software
2.1 (Beckman Coulter, USA). Examples of the gating strategy are shown
in Fig. S5. A complete list of gated cell populations and their marker
combinations can be found in Table S2. Data exported from Kaluza were
processed in a custom script to calculate absolute concentrations, after
which visualization and statistical analyses were performed using R
software (version 4.2.1) and GraphPad Prism (version 9.4.1).

Gated cell populations were analyzed by principal component anal-
ysis (PCA) using the R package “FactorMineR”. Missing data were
imputed by a PCA method using the R package “missMDA”. Hierarchical
cluster analysis and K-means clustering were performed on logio-
transformed data using “pheatmap” and “stats” package in R, respec-
tively. Hierarchical clustering was performed using the complete
agglomeration method with Euclidian distances. Categorical variables
were compared using the ¥ test. Correlations were calculated using
Spearman’s rho rank correlation analysis using the “Hmisc” R package.

3.3. Sputum sample processing and sequencing library preparation

Frozen sputum samples were thawed at room temperature. After
adding 1 mg/mL lysozyme, samples were incubated for 10 min at room
temperature and then for another 10 min on ice. Samples were ho-
mogenized in ZR BashingBead Lysis Tubes (Zymo Research, USA), per-
forming 3 homogenization cycles (30 s at 6500 rpm and 2 min
incubation on ice) using Precellys 24 homogenizer (Bertin Instruments,
USA). Total RNA was extracted using Quick-DNA/RNA Miniprep (Zymo
Research, USA). Between 0.8 — 5 pg of total RNA was digested with 6 —
10 U of TURBO DNase (Thermo Fisher Scientific, USA) for 30 min.
DNAse-digested RNA was purified using the RNA Clean & Concentrator-
5 kit (Zymo Research, USA), selecting RNA species larger than 200 bp.
The recovered RNA was quantified using fluorometric quantitation, and
the fragmentation state (DVyq() was evaluated using an RNA Nano kit on
an Agilent Bioanalyzer 2100 machine (Agilent Technologies). All sam-
ples with a DVyyg between 50% and 97% were further processed. Be-
tween 250 ng and 1 pg of DNAse-digested samples were depleted of
rRNA species using a custom combination of riboPOOL Human:Pan-
Bacteria (78:22 ratio) kits (siTOOLs Biotech, Germany). rRNA-
depleted samples were used to prepare strand-specific sequencing li-
braries using the KAPA RNA HyperPrep Kit (Roche, Switzerland). After
optimization, the fragmentation step time was reduced to 3 min to
overcome the partially fragmented nature of the samples. Sequencing
was performed on an Illumina NextSeq 500 machine, generating a
minimum of 150 million reads per sample of either 1 x 75 bp or 2 x 75
bp reads.

3.4. Lung microbiome analysis

Low-quality bases and contaminant adapters were trimmed using
Trimmomatic (v 0.35), discarding reads shorter than 35 nt (minimum
length to avoid excessive human reads contamination in meta-
transcriptomes). Reads were further processed using the SortMeRNA
tool (v 2.1) to remove reads generated from residual rRNA transcripts.
High-quality human and bacterial reads were separated in silico by
mapping reads using the BWA aligner and MEM algorithm against the
human genome assembly GRCh38.p9 retrieved from the NCBI database.
Reads not mapping on the human genome were used as input for
analyzing the transcriptionally active bacterial community identifying
bacterial genera using the KRAKEN tool (version 2.1.2). Kraken output
was processed with the Bracken tool (version 2.6.2) to obtain the final
Operation taxonomic units (OUTs) tables. Taxa with less than five pre-
dicted fragments assigned were removed, and fragment counts were
used to calculate each taxon’s fraction in the samples. Taxa less than
0.1% in at least 6% of the samples (n = 3) were discarded. Normalized
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fractions were used to calculate samples’ beta diversity based on
Generalized UniFrac (with alpha 0.5) metric using the GUniFrac()
function from the GUniFrac R package and a phylogenetic tree gener-
ated using ETE Toolkit. Permutational multivariate ANOVA (PERMA-
NOVA) and Mantel test, as implemented in the “vegan” R package, were
used to evaluate relationships between respiratory bacterial composi-
tion (B-diversity) and patients’ immune groups and ppFEV; parameter,
respectively. Spearman’s rho rank correlation analysis was used to
compute correlations between microbial taxa’s relative abundance and
immune cells’ abundance and fraction.

3.5. Statistics

All statistical analyses were performed using GraphPad Prism and R
software and are reported together with statistical significance and error
bars in figure legends or the appropriate section of materials and
methods.

Ethical approval and consent to participate

The local ethics committee approved using the samples at the Capital
Region of Denmark Region Hovedstaden (registration number H-
19,001,151, approved 07/03/2019), and all patients gave informed
consent according to the current laws.

Data sharing

Raw sequence read data supporting the results of this work are
available in the EMBL-EBI European Nucleotide Archive (ENA) under
Accession No. PRJEB56242.
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