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Abstract

Rationale: Cystic fibrosis (CF) is a life-shortening, multisystem
hereditary disease caused by abnormal chloride transport. CF lung
disease is driven by innate immune dysfunction and exaggerated
inflammatory responses that contribute to tissue injury. To define the
transcriptional profile of this airway immune dysfunction, we performed
the first single-cell transcriptome characterization of CF sputum.

Objectives: To define the transcriptional profile of sputum cells and
its implication in the pathogenesis of immune function and the
development of CF lung disease.

Methods: We performed single-cell RNA sequencing of sputum cells
from nine subjects with CF and five healthy control subjects. We applied
novel computational approaches to define expression-based cell

function and maturity profiles, herein called transcriptional archetypes.

Measurements and Main Results: The airway immune
cell repertoire shifted from alveolar macrophages in healthy
control subjects to a predominance of recruited monocytes and

neutrophils in CF. Recruited lung mononuclear phagocytes

were abundant in CF and were separated into the following
three archetypes: activated monocytes, monocyte-derived
macrophages, and heat shock-activated monocytes. Neutrophils
were the most prevalent in CF, with a dominant immature
proinflammatory archetype. Although CF monocytes exhibited
proinflammatory features, both monocytes and neutrophils
showed transcriptional evidence of abnormal phagocytic and
cell-survival programs.

Conclusions: Our findings offer an opportunity to understand
subject-specific immune dysfunction and its contribution

to divergent clinical courses in CF. As we progress toward
personalized applications of therapeutic and genomic developments,
we hope this inflammation-profiling approach will enable
further discoveries that change the natural history of CF lung
disease.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Functionally different
subsets of neutrophils and
mononuclear phagocytes with
defective bacterial killing, impaired
phagocytic function, and enhanced
cytokine production have been
described in cystic fibrosis (CF).
However, the broad spectrum of
transcriptional alterations underlying
immune dysfunction in individual CF
airway cells has not been characterized.

What This Study Adds to the Field:
This is the first single-cell RNA
sequencing characterization of airway
immune cells from subjects with CF
and healthy control subjects. We
observed a shift in the airway immune
cell repertoire of subjects with CF
from alveolar macrophages to a
predominance of recruited monocytes
and neutrophils. We identified a
novel population of recruited lung
mononuclear phagocytes in CF,

with three distinct transcriptional
archetypes (activated monocytes,
monocyte-derived macrophages, and
heat shock-activated monocytes)

and characterized neutrophil
subpopulations, highlighting a
dominant immature proinflammatory
archetype. Our findings offer an
opportunity to understand subject-
specific immune dysfunction and its
potential contribution to CF
pathogenesis.

Cystic fibrosis (CF) is a life-shortening,
multiorgan hereditary disease affecting over
33,000 individuals in the United States (1, 2).
Clinical manifestations of CF are caused by
mutations in the CFTR (CF transmembrane
conductance regulator) gene that cause
abnormal chloride and bicarbonate
transport on epithelial surfaces (3, 4). The
disruption of epithelial and innate immune
functions is a key contributor to CF lung
disease, the primary cause of morbidity and
mortality in CF (5, 6). Non-CFTR disease-
modifying genes also contribute to immune
dysfunction, clinical phenotype, and disease
progression in CF (7, 8).

Airway inflammation is crucial in the
development of CF lung disease, in which
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recruited cells cause tissue damage (9-11).
Inflammatory cell populations are
heterogeneous, with increasingly recognized
CEF-specific polymorphonuclear neutrophil
(PMN) and macrophage (M®) subclasses
(10). CF immune cells from blood and lung
biopsies have been profiled using bulk RNA
sequencing to characterize the transcriptional
profiles associated with disease progression
and clinical outcomes (12-15). Flow-
cytometry studies, including our group’s
mass cytometry characterization of CF
immune cells, also shed light on the
functional defects of CF immune cell
subsets and distinct patterns of immune
activation across subpopulations (10,
16-18). These studies have been
constrained by the limited number of
protein or genetic markers available per
assay to define population clusters and
assess immune responses. A study
providing individualized cellular data on
sputum cell types with the granularity
afforded by single-cell RNA sequencing
(scRNAseq) has not been reported in CF or
any other lung disease.

Airway PMNs in CF have been
characterized in the past (19-24). However,
progress in high-throughput single-cell
immune profiling has been slow relative to
that in other immune cells such as peripheral
blood mononuclear cells. This may be in part
due to the overall limited viability and
increased fragility of airway PMNs ex vivo.
CF PMNs generally have a proinflammatory
profile, yet some studies reveal functionally
different subsets, including populations with
abnormal immune function and defective
bacterial killing (10). Airway M®s and other
mononuclear phagocytes are also present in
CF airway secretions (25-27). Specifically,
CF airway monocytes have impaired
phagocytic function and enhanced cytokine
production (28, 29), playing an important
role in driving exaggerated airway
inflammation in CF (9, 25).

Single-cell transcriptome profiling is a
powerful tool for studying innate immune
defects and defining cell subpopulations that
contribute to pathogenesis (30). The use of
immune cells from sputum instead of
circulating cells or cells differentiated in vitro
allows us to investigate gene expression
profiles that reflect airway transmigration,
response to the airway microenvironment,
and cell-cell and cell-pathogen interactions
that are key to CF pathogenesis.

Previously identified CF inflammatory
cell subpopulations from other studies

suggested to us that these cells exist as a
continuum of immune maturation and
function rather than as isolated, clearly
defined subpopulations. To define this
spectrum, we applied scRNAseq followed by
pseudotime analysis and novel approaches
to visualize high-dimensional data. In the
continuum of sputum inflammatory cells,
those with most extreme gene expression
features defined functional and maturity
trajectories, herein called transcriptional
archetypes (31). These archetypes constitute
a dynamic, more inclusive way of
understanding transcriptional differences
within immune cells. Our approach also
allowed us to investigate the relationship
between transcription factors and genes
involved in immune activation and cell
maturation, which was not previously
possible because of an inability to sequence
the full cellular transcriptome.

This work is the first to characterize the
spectrum of maturation and immune
activation states of inflammatory cell
populations in CF airways at an
unprecedented resolution, enabled by
scRNAseq. Transcriptional profiling of
inflammatory cell archetypes could open the
door for highly targeted therapeutic
interventions in subjects with similar CF-
causing mutations who experience divergent
clinical courses.

Some of the results of these studies
have been previously reported in the form
of a preprint (https://doi.org/10.1101/
2020.03.06.20032292).

Methods

Detailed methods are provided in the online
supplement.

Results

Disease-Specific Cell Distributions of
CF Airway Inflammatory and

Epithelial Cells

The primary objective of this study was to
characterize sputum cell subpopulations in
CF using unbiased transcriptome analysis of
single cells obtained from subjects with CF
and healthy control (HC) subjects. Our
recruitment period extended from
December 2018 to December 2019. Nine
subjects with a confirmed CF diagnosis from
the Yale Adult CF Program provided
sputum samples. We also recruited five HC
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subjects to undergo sputum induction
according to previous protocols (16).

Study subjects were closely age
matched, with a higher inclusion of female
subjects in the CF group (67% CF, n=6;
40% HC, n=2). The CF cohort was
comprised primarily of F508del
homozygous subjects (78%, n="7), with
only two F508del heterozygotes harboring
either one deletion or one frameshift
mutation in one CFTR allele and an F508del
in the other. The CF cohort’s degree of
lung function impairment, as determined
by FEV, ranged from mild to severe
(FEV, 19-84% of predicted), with a
mean FEV,; of 57%. All subjects with
CF had pancreatic exocrine insufficiency,
and 44% (n=4) carried a diagnosis of
CF-related diabetes. Pseudomonas
aeruginosa was isolated in the sputum
of 56% of subjects with CF (n=5). The
majority of subjects with CF were receiving
CFTR-modulator therapy (89%, n =8) with
a combination of either ivacaftor/tezacaftor
(67%, n=6) or ivacaftor/lumacaftor
(22%, n=2). For further demographic and
clinical details, see Table 1.

We developed a standardized
scRNAseq workflow for sputum sample
analysis (Figure 1A) and profiled a total of
20,095 sputum cells (12,494 CF and 7,601
HC). We identified the following nine
distinct sputum cell populations based on
known transcriptomic markers (Figure 1C
and Data file E1 in the online supplement):
mononuclear phagocytes (recruited lung
monocytes, monocyte-derived M®s
[MoM®s], and alveolar M®s [alvM®s]);
classical and plasmacytoid dendritic cells;
PMNs; lymphocytes (B, T, and NK cells);
and airway epithelial cells from buccal and
tracheobronchial mucosa (Figures 1B-1D).
The expression of CFTR in sputum cells
was overall very low, and CFTR was
detected in most cell types in frequencies
ranging from 0 to 6.84% (Figure E1).

The Inflammatory Cell Repertoire of
CF Sputum Displays a Shift from
alvM®s to Airway Monocytes and
PMNs

The dominant cell populations in the CF
and HC samples were strikingly different.
PMNs contributed 64% of all CF cells, with
minimal numbers of alvM®s (0.4%). In
contrast, the HC samples were composed of
80.2% alvM®s with almost no detectable
PMNs (<2%; P < 0.002 for both).
Furthermore, subjects with CF also
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exhibited increased numbers of airway
monocytes (19% CF and 1% HC; P=0.001)
and B cells (4% CF and 1% HC; not
significant) and lower numbers of MoM®s
(1% CF and 6% HC; P=0.007) (Figures
1B-1D). Disease-associated PMNs, M®s,
and monocyte cellular distributions were
confirmed on mass cytometry data from a
previously published study by our group
that compared surface markers of
inflammatory sputum cells in CF and HC
cells (Figure E2) (16). Furthermore,
correlation of cell-type gene classifiers in
this study and analogous cell types in the
largest scRNAseq dataset of the distal lung
available to date (n=28) revealed a greater
correlation between HC cell types from
each dataset than that within other cell
types from the same dataset, confirming
our cell annotations (Figure E3) (31).

Our findings indicate that immune

cell populations in CF sputum are
distinguishable from HC sputum through
scRNAseq and that our cell annotations

and shifts in major cell distributions in CF
are consistent with other mass cytometry
and scRNAseq studies.

Recruited CF Lung Mononuclear
Phagocytes Display Distinct
Maturation and Immune Activation
Archetypes

AlvM®s were rare in CF sputum; however,
we identified a distinct subpopulation of
recruited lung mononuclear phagocytes
(RLPs) (Figure 1B) that included recruited
lung monocytes and MoM®s. These RLPs
were defined by a high expression of
mononuclear phagocyte-associated genes
(LYZ, CTSB, CTSH, CTSL, CTSS, CTSZ,
HLA-DRA, HLA-DRBI, LGALSI, FTL, and
CD74). RLPs were relatively abundant in
CF (20% of CF cells) and were rarely
identified in HC sputum (7% of HC cells;
P=0.06). RLPs were a heterogeneous
group, with pronounced and notably
different plasticity in CF. This suggested
that RLPs would differ not only in

Table 1. Demographic Characteristics of Study Subjects from the Yale Adult Cystic
Fibrosis Program and Healthy Control Subjects

Characteristics

Age, yr
Mean + SD
Range

Sex, n (%)

F

M
Mutation background, n (%)
F508del/F508del
F508del/other
No F508del mutations
FEV4, L
Mean = SD
Range
FEV4, %
Mean = SD
Range
BMI, kg/m?
Mean = SD
Range
CF comorbidities, n (%)
Pancreatic exocrine insufficiency
CF-related diabetes
Liver disease
Microbiology, n (%)
P. aeruginosa colonization
CFTR modulators, n (%)
Ivacaftor/tezacaftor
Ivacaftor/lumacaftor
No modulator

HC Subjects (n=5)

Subjects with CF (n=9)

35.4+59 30.6 +6.5

26-42 24-43

2 (40) 6 (67)

3 (60) 3 (33)
NA 7 (77.8)
NA 2 (22.2)
NA 0 (0)
NA 1.9+0.7
NA 0.68-2.85
NA 57 +21.5
NA 19-84
NA 22.2+21
NA 19.11-25.73
NA 9 (100)
NA 4 (44.4)
NA 1(11.1)
NA 5 (55.6)
NA 6 (66.7)
NA 2 (22.2)
NA 1(11.1)

Definition of abbreviations: BMI=body mass index; CF = cystic fibrosis; CFTR= cystic fibrosis
transmembrane conductance regulator; HC = healthy control; NA=not applicable; P. aeruginosa =

Pseudomonas aeruginosa.
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Figure 1. Single-cell RNA sequencing reveals an immune cell repertoire shift from alveolar macrophages to recruited monocytes and polymorphonuclear
neutrophils in cystic fibrosis (CF). (A) Schematic of the experimental design. Spontaneously expectorated sputum from patients with CF and induced
sputum from healthy control subjects was collected. Sputum was processed into a single-cell suspension. Droplet-based single-cell RNA sequencing
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abundance but also in transcriptional
profiles between HC and CF cells.

To characterize the spectrum of
immune activation and maturation of
monocytes and MoM®s contained within
CF and HC RLPs, we performed a
pseudotime analysis using potential of heat
diffusion for affinity-based transition
embedding. Pseudotime analysis is a
computational technique that allows the
distribution of single-cell expression
profiles along the continuum of a biologic
process marked by gene expression changes
(in this case, cell maturation, immune
activation, and heat-shock response gene
expression). The pseudotime analysis
demonstrated three distinct gene
expression trajectories, and in turn, the
most extreme phenotypes of these
trajectories defined three RLP
transcriptional archetypes in the sputum
(Figure 2A) (31, 32). Two of these
archetypes were CF-predominant
archetypes (activated proinflammatory
monocytes and heat shock-activated
monocytes). The third RLP archetype,
mature resting MoM®s, was more
prevalent in HC cells.

Next, we examined the sequence of
gene expression changes leading to the
mature resting MoM® and activated
proinflammatory monocyte archetypes,
correlating gene expression changes with
pseudotime distance values. The trajectory
toward activated proinflammatory
monocytes was characterized by a gradual
and steady increase of proinflammatory
chemokine and cytokine gene expression.
This trajectory was characterized by
increasing expression of IL1B, CXCL2,
CCL3, CCL4, CCL20, VEGFA, EREG,
calprotectin (S100A8 and SI00A9) (33), the
antiapoptotic proteins MCLI and BCL2L1,
the inflammasome subunit NLRP3 (34),
inducible cyclooxygenase 2 (PTGS2), and
the transcription factor NFKBI (Figures 2B
and E4 and E5 and Data file E2). In the
activated monocyte archetype, imputed
regulating factors of common

activator/repressor genes (i.e., regulons)
suggested increased activity of NFKBI and
the proinflammatory transcription factors
NFKB2, ETS, and IRFI. Proinflammatory
cytokines TNF and ILIA were expressed
only toward the extreme end of the
trajectory in the most activated monocytes.
In contrast to those found in CF RLPs, we
did not observe similar immune activation
archetypes in MoM®s or in alvM®s from
HC RLPs. Remarkably, although
proinflammatory CF monocytes exhibited
increased overall cytokine expression, they
also showed impaired expression of key
phagocytic and cytolytic components of the
immune response (complement C1Q),
markers of maturation toward a M®
phenotype (APOCI and APOE), and
phagocytic function (MARCO) compared with
other RLP archetypes (Figures 2B and 2D).

The mature resting MoM® archetype
was enriched in HC cells, and none of the
CF M®s reached the distal end of this
archetype (Figure 2C). Key regulons
involved in monocyte to M® maturation
were active and increasingly expressed
toward the distal end of the archetype
trajectory, including canonical SPII (PU.I)
as well as MITF and USF2. The maturation
of MoM®s was accompanied by a gradual
transcriptional increase of scavenger and
pattern-recognition receptors MSRI and
MRCI, surface markers CD9 and CD81,
apolipoproteins APOCI and APOE, and
FABP5.

MoM®s were rare in sputum overall
but were more evenly distributed between
subjects with CF and HC subjects; these
were distinguished by expression of
PLA2G?7, an enzyme that inactivates
platelet-activating factor, monocyte
chemokine CCL2, LGMN (a cysteine
protease involved in MHC-II presentation
and differentiation toward dendritic cells),
and activated-leukocyte cell adhesion
molecule ALCAM. The majority of sputum
cells in HC were alvM®s. These highly
abundant HC alvM®s expressed the
expected levels of phagocytosis-associated

genes, underscoring the transcriptional
readiness of healthy immune cells to
participate in phagocytic functions and
coordinate inflammatory cell recruitment,
without the basal proinflammatory activity
noted in the CF-predominant monocytes.
Taken together, these findings show that
CF RLPs have high proinflammatory gene
expression but limited phagocytosis-
associated transcriptional responses, which
is consistent with excessive inflammation
and impaired host defense responses
known to occur on CF airways.

An Immature Proinflammatory
Archetype Prevails among CF Airway
PMNs

CF sputum contained 64% PMN in contrast
with HC sputum, in which PMNs
constituted 2% of sputum cells (Figure 1D).
The potential of heat diffusion for affinity-
based transition embedding of the PMN
spectrum of gene expression (PMN
manifold) enabled us to identify three PMN
archetypes based on canonical markers of
PMN immaturity (CXCR4 and IGF2R) and
maturity (FCGR3B, ALPL, and CXCR2) as
well as a heat-shock response archetype
(Figures 3A and 3B and E6). To analyze
gradual changes within the PMN manifold,
we applied trajectory inference and
correlated the resulting pseudotime
distances with gene expression and regulon
activity. When tracing PMN maturation,
we observed that expression of calprotectin
(S100A8 and SI100A9), S100A11, CSF3R,
and antiapoptotic factor BL2A1 are gained
relatively early, in contrast to the classical
maturation markers FCGR3B, ALPL,
CXCR2, and CD14, which ramp up in
expression relatively late (Figure 3B and
Data file E2) (35, 36). In immature PMNs,
we observed a gradual increase of the
transcription factors TFEC, MITF, and
STAT3 and the maturation-associated
transcription factors CEBPB and NFIL3.
The CF-predominant immature PMN
archetype was further defined by increased
expression of the PMN-activating

Figure 1. (Continued). barcoding, library preparation, sequencing, and computational analysis were performed. (B) Uniform manifold approximation and
projection visualization of 20,095 sputum cells from nine patients with CF and five control subjects. Each dot represents a single cell, and cells are labeled
by 7) cell type, 2) disease state, and 3) subject. (C) Heatmap of marker genes for all cell types identified. Each column represents the average expression
value of one subject grouped by disease status and cell type. Gene expression values are unity-normalized from O to 1. (D) Boxplots showing percentages
of all identified cell types to all cells profiled per subject, separated by disease state. Whiskers represent 1.5X interquartile range. *P < 0.05 determined by
a Wilcoxon rank sum test comparing cell percentages of patients with CF and control subjects. alvM® = alveolar macrophage; B = B-lymphocyte;

¢cDC =classical dendritic cell; HC = healthy control; Mo =monocyte; MoM® = monocyte-derived macrophage; pDC = plasmacytoid dendritic cell;

PMN = polymorphonuclear neutrophil; T and NK=T-lymphocytes and NK cells.
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chemokine MIP (CCL3 and CCL4) and the
downstream transcription factor and
adapter molecules IRAK3 and TRAF3.
These findings suggest that CF airway
PMNs have an overall proinflammatory
phenotype, with a large subpopulation of
PMNs exhibiting a functional and
maturational transcriptional shift, which is
consistent with an immature PMN gene
expression profile.

CF PMN Archetypes Have Decreased
Phagocytic Marker and Tyrosine
Kinase Expression

We compared the gene expression profiles
of CF and HC PMNs to understand
transcriptomic differences associated with
their immune function (Data file E3). We
categorized the top gene expression
differences between CF and HC PMNs
accordingly into the following: 1) cell
adhesion and maturation markers, 2) MHC
class I molecules, 3) pattern and IgG
recognition, 4) transcription factors and
adaptor molecules, 5) tyrosine kinase
expression, and 6) survival and apoptosis
genes (Figure 3C). In CF PMN:s, cell
adhesion and maturation markers were
lower overall than in HC PMNs (CSF2RB,
CSF3R, CXCR2, ICAM3, and PECAM1),
except for ITGAX. The decreased
expression of these markers in CF reflects a
higher prevalence of the immature PMN
archetype described above. In addition to
decreased CXCR- and CSF-receptor
expression, CF PMNss also expressed lower
CXCRI, ILIRN, and ILIB that could
condition further defects in phagocytosis
and inflammatory cell recruitment. We
identified striking differences in antigen
presentation, pathogen recognition, and
phagocytosis-associated genes between CF
and HC PMNs. CF PMNs showed
decreased expression of numerous
members of the MHC-I molecules
(HLA-A/B/C/E); immunoglobin receptors
(FCGR3B, FCGR2A, and FCGRT);

pathogen recognition receptors CD14,
TLR2, and NLRPI; and lysozyme (LYZ).
Interestingly, two genes involved in the
assembly of lipid rafts and primary
neutrophil granule release were increased
(SYK and CD63), suggesting that although
PMNss may suffer from defective phagocytic
activity, the transcriptional infrastructure
needed to express tissue proteases and
inflammatory mediators in the airways is
preserved. CF PMNs demonstrated
increased transcriptomic activation
characterized by the expression of
transcription factors and proinflammatory
adapter molecules (increased PI3, IRAK2/3,
TRAF3, and TANK), yet this activation did
not translate into increased expression of
inflammatory cytokines. Interestingly, the
downstream response to cytokine activation
appeared to be blunted, as shown by
decreased overall tyrosine kinase gene
expression (ITPK1, MAP3K5, MAP2K4,
CAMKID, PIK3CD, and HIPK3). Finally,
we observed the induction of genes
involved in the hypoxic response (HIFIA,
VEGFA, FGF13, and PTGS2) and diverging
proapoptotic signals with lower expression
of CASP4, RPS6KAS5, CREB5, and BCL2A
and increased expression of HES4, KRAS,
and CREM in CF. These observations
underscore the presence of a hypoxic
airway environment in CF and a
dysfunctional cell-death program that
enhances the survival of functionally
ineffective PMNs. Taken together, these
findings indicate that CF PMNs do not
carry out an effective transcriptional
response to inflammatory stimuli and lack
essential components for pathogen
recognition and removal.

Discussion

This is the first single-cell transcriptome
characterization of immune cells in CF
sputum. We identified CF-specific

differences in cell subpopulations, including
alvM®s, RLPs, and PMNs. Furthermore,
these cells had markedly different
transcriptional profiles when compared
with their HC counterparts. Previous CF
studies have used transcriptomic analysis
to determine the likelihood of adverse
outcomes in CF lung disease; however,
they have not focused on establishing
differences between healthy and CF
airway inflammatory cells or characterizing
their immune activation profiles (12-15).
The most remarkable finding from this
study is the discovery of novel archetypes
of RLPs, enabled by an unprecedented
depth of gene expression profiling. These
inflammatory cell subpopulations exhibit a
wide spectrum of maturity and immune
activation in CF. Airway M®s and other
mononuclear cells have been described in
human CF airway secretions (25, 26), and
their role in driving exaggerated airway
inflammation in CF has been well
characterized in animal models (9, 25).
However, a broader genomics approach
to define sputum RLPs, their potential
functional impairments, and pathogenic
role has not been reported.

We identified three novel archetypes of
CF RLPs, including activated monocytes,
mature MoM®s, and heat shock-activated
monocytes. Airway monocytes in CF have
impaired ion transport and phagocytic
function; however, their role in CF lung
disease remains undefined (28, 37). Others
have described dramatic changes in
monocyte cell adhesion and chemotaxis
that perpetuate inflammation in CF lungs
together with enhanced chemokine
production that sustains PMN recruitment
and injury (38). In agreement with these
studies, we observe that monocytes are
rather abundant in CF sputum but are
deficient in monocyte maturation gene
expression markers (MITF and SPII).
Furthermore, CF monocytes were not only
abundant but also highly active from the

Figure 2. (Continued). approximation and projection embedding colored by the gene expressions of the same genes, see Figure E4. For the
corresponding PHATE colored by cell type and subjects, see Figure E5. (B) Heatmap of gene expression and regulon activity in monocytes undergoing
activation (ordered by pseudotime distances along PHATE manifolds that transition from quiescent monocytes toward an activated monocyte archetype).
(C) Heatmap of gene expression and regulon activity in monocytes undergoing maturation (ordered by pseudotime distances along PHATE manifolds
that transition from quiescent monocytes toward a control-enriched mature monocyte-derived macrophage archetype). In both heatmaps, annotation
bars represent the pseudotime distance, disease status, and subject for each cell; expression values are centered and scaled. (D) Violin plots of
pathway activity scores grouped by cell type and separated by disease state. Depicted pathway scores from left to right are as follows: GO:0045087
innate immune response, GO:0006958 complement activation and classical pathway, GO:0019882 antigen processing and presentation, and GO:0006911
phagocytosis and engulfment. *False discovery rate—adjusted P values < 0.05 calculated using the Wilcoxon signed-rank test. alvM® = alveolar
macrophage; CF =cystic fibrosis; Gene Expr. = gene expression; HC = healthy control; Mo = monocyte; MoM® = monocyte-derived macrophage;
PMN = polymorphonuclear neutrophil; Regulon Act. = regulon activity.
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Figure 3. An immature proinflammatory archetype prevails among cystic fibrosis (CF) airway polymorphonuclear neutrophils (PMNs). (A) Potential of heat
diffusion for affinity-based transition embedding (PHATE) of PMNs colored by 7) pseudotime from immature to mature PMNs, 2) examples of canonical
marker features of immaturity (CXCR4) and maturity (FCGR3B and CXCR2) in peripheral PMNs, and 3) disease state. The cells deviating upward are PMNs
expressing heat-shock response genes. For PHATE colored by gene expression of HSPA1A, HSPH1, and DNAJB1, see Figure EBA. For corresponding
PHATE colored by disease state and subjects, see Figure EBB. (B) Heatmap of gene expression and regulon activity in PMNs ordered by pseudotime
distances along PHATE manifolds that transition from CF-enriched regions of the immature and activated PMN archetype toward control-enriched mature
PMN archetype. Annotation bars represent the pseudotime distance, disease status, and subject for each cell; expression values are centered and scaled.
(C) Violin plots of differentially expressed genes comparing CF and control PMN populations (for P values, see Data file E3) grouped by disease state and
sorted thematically. HC = healthy control; MHC =major histocompatibility complex.
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IL1B, CCL3, and calprotectin). These contributes to airway damage and aberrant levels of the mannose receptor MRCI or
observations underscore a defect in CF inflammatory cell recruitment (39). MARCO typically detected on alvM®s
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(Figure E7) (26, 27). This has been
interpreted as an indication that CF airway
M®s are recruited from the circulation, as
opposed to tissue-resident alvM®s, which
are of embryonic origin. Here, we show that
most CF airway M®s originate from
recruited monocytes, whereas the majority
of HC airway cells were bona fide tissue-
resident alvM®s.

In contrast to CF airway monocytes,
more mature CF phagocytes (MoM®s
and alvM®s) showed low levels of
immune activation markers observed
in CF monocytes and of key phagocytic
and cytolytic components of the immune
response (complement C1Qs and MARCO).
This underscores that in CF, RLPs that
reach maturity exhibit transcriptomic
evidence of impaired or limited phagocytic
function, accounting for the known
impaired phagocytic abilities of these
cells in CF.

We did not detect a distinct acute
exacerbation signature in CF samples.
This may reflect our stringent gene
expression analysis strategy, a lack
of paired sputum samples, and sample
size limitations to perform this subgroup
analysis. This is an important question
to pursue in the future because paired
samples in stable and exacerbation states
from the same individual may reveal
critical genetic modifiers of a patient’s
clinical course.

PMNs were the most abundant
immune cells in the sputum of patients
with CF, which is consistent with reports
in the CF literature and similar to the
predominance of alvM®s in HC sputum
(19-24). Here, we report the discovery of
new archetypes of CF PMNs based on
inflammatory and maturity gene expression
markers; one is characterized by high
maturity and a limited proinflammatory
transcriptional state, and another is
characterized with higher proinflammatory
activity and delayed expression of maturity
markers. Overall, the increased expression
of proinflammatory genes in immature
PMNss highlights a highly activated and
proinflammatory state, which is clearly
distinguishable from the transcriptional
profile of HC PMNSs. The immature airway
PMN archetype shares features of a
previously described subpopulation of
transmigrated PMNs with increased
granule release, immunoregulatory and
metabolic activity, and defective bacterial
killing in in vitro studies, referred to as

Schupp, Khanal, Gomez, et al.: Single-Cell RNA Sequencing of Cystic Fibrosis Sputum

“granule-releasing, immunomodulatory,
and metabolically active (GRIM)”
neutrophils (10, 40). We identified cells
with similar characteristics but as part of a
spectrum of granulocyte maturation that
encompasses vigorously activated PMNs on
one extreme and PMNs with decreased
expression of maturity markers and
evidence of recent airway migration on the
other extreme. Adding to the complexity of
these PMN subpopulations,
counterproductive proapoptotic and
antiapoptotic signals were present

across the CF PMNs when compared

with the HC PMNs (increased UVRAG,
PLPP3, and ATG?7; decreased CASP4,
RPS6KA5, CREB5, and BCL2A). Taken
together, these findings underscore an
aberrant proinflammatory state in CF
PMNs, which is exacerbated by the
disruption of immunomodulatory and
antiinflammatory mechanisms such as
apoptosis and transcription factor
suppression.

The presence of B cells in the CF
sputum was an intriguing finding. SNPs
in the class II major histocompatibility
complex (MHCII) of the F508del
population are associated with delayed
P. aeruginosa colonization and slower lung
function decline (41-44). Although we
observed no differences in MHCII gene
expression in the B cells of subjects with CF
(Figure E8), a focused study on MHCII
SNPs could identify B-cell subpopulations
with a protective role against P. aeruginosa
and its associated impact on pulmonary
health.

This work includes two technical
advances. First, this is the only reported
scRNAseq study of CF sputum, a
notoriously complex biological sample with
high variability in cell viability and
cellularity between subjects. Second, our
sputum-processing protocol avoids the use
of reducing agents to solubilize sputum and
instead minimizes immune cell activation
and injury by using mechanical disruption
and filtering. Importantly, ours is the first
report of a sputum cryopreservation
protocol allowing the retrieval of live cells
for scRNAseq analysis and avoiding
sputum-solubilizing agents typically used in
sputum sample processing (online
supplement, Figure E9) (45-49). The ability
to use cryopreserved cells overcomes a
major limitation of previous single-cell
studies that required fresh samples (13, 16);
this is particularly important for the

recovery of PMNs, which known for

their short lifespan ex vivo and their
susceptibility to immune activation. Our
study has several limitations, including
the following: I) Large differences in
predominant cell types between subjects
with CF and HC subjects make it difficult to
generalize gene expression changes between
disease and control groups. Although we
present these comparisons, our focus is on
understanding CF-specific cell distributions
and their spectrum of maturity and
activation markers. 2) Because HC subjects
express minimal sputum if any at all, we
used a standardized approach for sputum
induction in these subjects, whereas CF
cells were obtained from spontaneously
expectorated sputum. Because single-cell
suspensions are standardized for number of
cells before any analysis, these sampling
differences likely have a minor impact on
our observations. 3) There was an uneven
sex distribution across the study groups.
This may be of particular importance in CF
because female sex in CF is associated with
disparities in life expectancy, frequency of
exacerbations, and early acquisition of
respiratory pathogens (50). However, of the
differentially expressed genes between
subjects with CF and control subjects, we
did not observe divergent differential gene
expression changes in women or men.
Finally, 4) our study has a small sample
size; however, we sought to match subjects
according to age and sex, and HC subjects
were compared with a relatively
homogeneous CF cohort in terms of CFTR
mutation background, CF comorbidities,
and ongoing therapy. Although a small
number of patients were recruited for this
study, we believe they are representative
of patients with CF based on the F508del
allele frequency in our cohort and the
identification of nine distinct cell types
representative of airway cells in CF. Despite
these limitations, our findings are robust
and representative of the CF airway
compartment.

CF research is progressing rapidly
toward clinical, molecular, and functional
characterization based on individualized
high-throughput diagnosis and functional
profiling. Our application of scRNAseq
enabled the discovery of transcriptional
archetypes in CF-specific cell
subpopulations that may underlie subject-
specific differences in disease progression
and response to therapy. As we advance
toward early applications of therapeutic and
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genomic technologies, we hope this
approach to individualized airway
inflammation profiling will serve as a
foundation for further discoveries that
transform the natural history of CF lung
disease.
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