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Abstract

Research to understand the contribution of macrophages
to nonresolving airway inflammation in cystic fibrosis (CF)
and other chronic suppurative airways diseases has been
hindered by a lack of methods for isolating and studying
these cells. With the development of technologies that can
characterize small numbers of cells or individual cells, there is an
even greater need for methodologies to isolate rare cells in
heterogeneous specimens. Here, we describe a method that
overcomes the technical obstacles imposed by sputum debris and
apoptotic cells, and allows isolation of pure populations of
macrophages from CF sputum. In addition to enhancing our
ability to study human CF airway macrophages, this protocol
can be adapted to study cells in sputum from other chronic
suppurative lung diseases (e.g., chronic obstructive pulmonary
disease) and used for isolation of individual cells for single cell
analyses.
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Clinical Relevance

The ability to isolate rare cells from heterogeneous specimens that
are easily collected by noninvasive methods, combined with newly
developed techniques to characterize single cells, has the potential
to significantly advance our understanding of the pathophysiology
of chronic lung diseases. The method described here allows
isolation of pure populations of macrophages from cystic fibrosis
sputum and will permit studies to elucidate the role of
macrophages in modulating inflammation in the cystic fibrosis
airway. This protocol can also be adapted to study cells in sputum
from patients with other chronic suppurative lung diseases, and to
isolate individual cells for single-cell analyses.

Cystic fibrosis (CF) is characterized by
chronic airway infections and nonresolving
airway inflammation, and most affected
individuals experience respiratory failure by
their fourth decade (1). CF therapies,
therefore, aim to decrease symptoms and
maintain lung function by suppressing
bacterial growth and reducing
inflammation (2). However, the use of
currently available antiinflammatory

medications is limited by adverse side
effects (2), and novel therapeutics
are needed to dampen CF airway
inflammation.

Macrophages are key regulators of
inflammation (3, 4), and an imbalance in
the ratio of pro- and antiinflammatory
macrophages is believed to contribute to
pathology in many chronic diseases (5, 6),
including CF (7). Macrophages are present

in CF sputum (8–10), and macrophage
activation states have been shown to
correlate with disease severity in chronic
airways diseases such as CF, chronic
obstructive pulmonary disease, and asthma
(9, 11, 12). Furthermore, monocytes are
recruited to airways from the circulation
during CF disease flare-ups (10, 13),
suggesting a role for monocyte-derived
macrophages in airway inflammation.
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However, how different macrophages
phenotypes contribute to CF disease
remains unclear. Some studies suggest that
suppressing inflammatory macrophages
would improve health (14, 15), whereas
others suggest that increasing inflammatory
responses could eliminate infections
(16, 17).

Animal models of CF have thus far not
replicated chronic airway infections with
variable airway inflammation, a hallmark of
CF disease (18). Macrophages recovered
from human CF airways provide a unique
opportunity to study the role of
macrophages in modulating chronic CF
airway inflammation. Individuals with CF
spontaneously expectorate sputum,
providing a noninvasive method for
sampling the CF airway environment
(19, 20). Despite the ease of acquiring
specimens, isolating individual immune cell
populations from CF sputum has proven
difficult because the copious debris in
sputum (21) interferes with cell isolation
methods. Characterization of macrophages
in CF sputum has been mostly limited to
flow cytometric descriptions of cell surface
markers (8–10). Several recent studies of
CF airway cell inflammatory states
described analyses of total sputum cells, but
not specific populations of leukocytes
(22, 23).

With the continued development and
more widespread availability of technologies
to perform single-cell analysis (24), methods
to isolate individual airway cells are needed
to apply these new technologies to the study
of chronic airway inflammation. Here, we
describe a protocol for reliably isolating CF
sputum macrophages for further study.
Based on established protocols for
solubilizing CF sputum (25), our protocol
leverages flow cytometric strategies to
mitigate challenges imposed by sputum
debris and apoptotic cells, which
nonspecifically bind antibodies and hinder
conventional cell isolation methods.

Methods

Subjects and Specimen Collection
Specimens were obtained from patients in
the University of Washington (UW) Adult
Cystic Fibrosis Clinic with their informed
consent, and the study was approved by the
UWHuman Subjects Division. Spontaneously
expectorated sputum specimens were
collected during clinic visits and kept on ice
(0.5–4 h) until processing. Alternately, the
subjects collected sputum at home, packaged
the specimens in the appropriate biohazard
packaging, and shipped them on ice
overnight to the UW.

Sputum Solubilization and Filtration
Sputum specimens were weighed and mixed
with 1 vol (assuming 1 g = 1 ml) of 0.1%
DTT (Fisher Scientific) in 10 mM sodium
acetate. The sputum was mechanically
solubilized in DTT by pipetting. The
specimens were incubated on ice for 30
minutes with intermittent vortex agitation
to complete dissolution of the sputum. The
reaction was stopped by adding RPMI
1640 media with L-glutamine (Fisher
Scientific). RPMI was used instead of PBS
to provide the leukocytes with nutrients
and minimize cell death. Solubilized
sputum was then pipetted through sterile
gauze and poured through a 70 mM cell
strainer. Strained, solubilized sputum was
centrifuged at 3003 g. Pellets were washed
twice in RPMI and resuspended for
counting. Aliquots of cell suspensions were
mixed with Trypan Blue, and live and dead
cells were enumerated by visualization on
a Neubauer hemocytometer (the method is
depicted in Figure E1 in the data
supplement).

Histologic Examination of Sputum
Leukocytes
Cells were applied to microscope slides
by cytospin, followed by staining with
Romanowsky stain (Diff-Quick) to

differentiate populations. Slides were
evaluated by light microscopy, and digital
images were obtained using a Nikon 90i
microscope and Nikon Elements BR
software.

Leukocyte Labeling for FACS
Cells were resuspended in fluorescence
activated cell sorting (FACS) buffer
(PBS1 10% heat-inactivated fetal calf
serum) at a concentration of up to
13 107/ml and incubated on ice with Fc
receptor (FcR) blocking reagent (Miltenyi
Biotec) per the manufacturer’s protocol for
15 minutes. Cells were labeled with Calcein
AM (eBioscience/ThermoFisher), anti-
CD15 (Clone VIMC6; Miltenyi Biotec),
and anti-CD14 (Clone MfP9; BD
Pharmingen, or Clone 61D3; eBiosciences/
ThermoFisher) per the manufacturer’s
protocol. See METHODS in the data
supplement for additional details.

Cell Sorting
Samples were acquired on a FACS Aria II
(BD Biosciences), with a flow rate of 1.0 and
a 100-mM nozzle to minimize shear stress.
Cells were sorted into cold RPMI. FACS
data were exported as Flow Cytometry
Standard (FCS) files and analyzed using
FlowJo software (version 10.4.2).

Additional methods are described in
detail in the data supplement.

Results

Sputum Cell Yield and Viability
CF sputum contains cells, proteins,
immune complexes, bacteria, debris, and
extracellular DNA that create a gel-like
consistency (19, 21, 26). We applied the CF
Foundation’s standard operating procedure
for solubilizing CF sputum (25) and
quantitated the number of leukocytes in
each sample. Specimens collected from
patients were sometimes measured in

Table 1. Quantification of Sputum Cells by Light Microscopy

Subject
Number of
Specimens

Average Leukocytes per
Milliliter or Milligram

Median Leukocytes per
Milliliter or Milligram SEM

Range of Leukocytes
per Milliliter or Milligram

3 15 3.13 106 2.63 106 6.83 105 3.03 105 to 83 106

18 8 6.43 106 6.53 106 1.03 106 2.63 106 to 1.03 107

10 1 2.53 106 — — —
22 1 8.23 106 — — —
38 1 4.73 106 — — —
40 1 7.43 106 — — —
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volume (range 1–60 ml), but often had
more of a gel-like consistency and were
weighed (range 0.6–10 g). Most specimens
contained more than 13 106 leukocytes per
milliliter or milligram of sputum (Table 1).
Trypan Blue exclusion revealed that
90–100% of the sputum leukocytes were
viable.

Modifications Made to Published
Sputum-Processing Protocols
Eliminate Debris
Sputum specimens solubilized according to
published protocols contained significant
quantities of squamous cells and debris that
obscured identification and quantitation
of leukocytes (Figures 1 and E2; sample 1).
To eliminate additional debris while
maximizing recovery of macrophages, we
made three protocol modifications: 1)
solubilized sputum was passaged through
sterile gauze to eliminate large debris, 2) a
70 mM filter was used instead of a 40 mM
filter to prevent filter retention of larger or
activated macrophages, and 3) cells were
pelleted using slow-speed centrifugation
(3003 g) to eliminate lightweight debris
(Figure E1). These steps substantially
reduced debris in solubilized sputum
specimens (Figures 1, E2, and E3; samples
1, 2, and 3).

Consistent with previous reports (19),
light microscopy revealed that CF sputum
leukocytes were mostly neutrophils and
macrophages, with occasional eosinophils
observed in some patients (Figure 2). Many
macrophages and neutrophils were large
and highly vacuolated, but some
macrophages appeared morphologically
similar to blood monocytes. Specimens also
contained cells that had pink cytoplasm
containing granules (like neutrophils), but
appeared to have a single-lobed nucleus;
these cells were later determined by flow
cytometry to be neutrophils (data not
shown), most likely representing immature
neutrophils or “bands” (27). In addition
to leukocytes, the sputum contained
squamous cells (larger than leukocytes, with
a “fried egg” appearance) and debris
(Figures 2 and E2).

Pure Populations of Neutrophils and
Macrophages Can Be FACS Sorted
from CF Sputum
We tested the feasibility of using cell-specific
antibodies and FACS to identify and purify
sputum macrophages. Prior studies
documented forward and side scatter

properties of induced sputum specimens
from both healthy donors and subjects with
other airways diseases (12, 28). We found
similar forward and side scatter properties
for specimens from subjects with CF,
although the CF sputum specimens
contained a particularly high quantity of
debris (low forward scatter-area [FSC-A],
low side scatter-area [SSC-A] events)
(Figure 2D, i). Discrete leukocyte
populations were difficult to distinguish
when total acquired events (including
debris and aggregates) were plotted for
CD15 (a neutrophil marker) and CD14
(a macrophage marker) expression
(Figure 2D, ii). Using forward scatter-
height (FSC-H) versus forward scatter-
width (FSC-W), we identified single cells
within total acquired events (see Figures E5,
E6, and E10), thus eliminating aggregates
and doublets (Figure 2D, iii), and identified
live cells using the fluorescent viability dye
calcein (Figure 2D, iv). When only single
viable cells were plotted for CD14 and
CD15 expression, distinct populations of
cells became apparent (Figure 2D, vi; see
Figure E4 for controls).

Although CD15 and CD14 have
previously been described as surface
markers for neutrophils and macrophages,
respectively (29, 30), lung tissue and CF
disease–specific factors could alter cell
surface proteins/markers (4, 31, 32). To
confirm that expression of CD15 and
CD14 can distinguish neutrophils and
macrophages in CF sputum, we sorted
CD151/CD142 cells and CD152/CD141

cells from solubilized CF sputum, and
examined their morphology using light
microscopy (Figures 1 and E2; samples
7 and 8). CD151/CD142 cells displayed
the morphological characteristics of
neutrophils, and CD152/CD141 cells
displayed a morphology consistent with
macrophages or monocytes (described in
Figure 2).

We sorted sputum specimens from
more than 15 subjects with CF. The amount
of debris, squamous cells, leukocyte
aggregates, and viable single leukocytes
varied among subjects (Figure E6). Most
events in the “single cell” gate were viable,
or calcein1 (81%6 3.7%), whereas single
cells accounted for z50% of calcein1

events (66.4%). Viable single cells in CF
sputum were found to be 49–90%
neutrophils and 1–11% macrophages
(Figure 2D, vii), with debris and apoptotic
neutrophils (see below) comprising the

remainder of events. Variability in the
number of viable cells and the abundance of
macrophages and neutrophils was also
present in sputum specimens obtained over
time from a single subject (Table E1 and
Figure E7). Differences in the composition
of specimens obtained from the same
individual over time may reflect variability
inherent in spontaneously expectorated
sputum specimens, or differences in the
disease state of the subject’s airway (see
DISCUSSION below).

Sputum Contains Apoptotic
Neutrophils, but Most Macrophages
Are Viable
Previous studies have demonstrated that
20–70% of CF sputum neutrophils are
undergoing either apoptosis or necrosis,
with variability relating to differences in
bacterial species causing chronic infection
in patients’ airways (33, 34). Using
calcein, propidium iodide (PI), and
annexin-V, we determined the proportion
of apoptotic (annexin1/PI2) and necrotic
(annexin1/PI1) cells in our sputum
samples (controls in Figure E8). Calcein1

events in sputum (n = 3) were mostly live,
nonapoptotic cells (85.5%6 2.1%), with
z10% apoptotic cells (10.5%6 2.9%)
(Figure 3, top panel). In contrast, calcein2

events contained annexin2/PI2 debris
(43.6%6 4.2% of events), annexin1/PI1

necrotic cells (7.7%6 2.7%), and
44.7%6 5.0% annexin1/PI2 events.
Calcein2/annexin1/PI2 events could
represent late-stage apoptotic cells in which
inactive enzymes can no longer cleave
the ester bond in calcein that leads to
fluorescence; alternately, annexin1/PI2

events could be cell membranes (with
exposed phosphatidylserine) that are not
associated with DNA. Consistent with
either possibility, calcein2/annexin1/PI2

events cluster in the bottom left quadrant,
where debris is found, when plotted for
FSC-A versus SSC-A.

To evaluate which leukocytes were
apoptotic, calceinhi cells in sputum
specimens were plotted for CD15 and
CD14 expression, and subpopulations were
assessed for annexin staining (Figure 3,
bottom panel, A and B). In addition to
CD151/CD142 cells (neutrophils) and
CD152/CD141 cells (macrophages), many
specimens also contained a CD151/CD14lo

population. Macrophages were annexin2

(Figure 3, bottom panel, C), suggesting that
very few or no macrophages were
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Figure 1. Efficacy of different methods for isolating leukocytes from spontaneously expectorated cystic fibrosis (CF) sputum evaluated by flow cytometry
and histologic examination. Steps in the protocol described in this article are depicted on the blue background, with thick black arrows between each
step. Samples of a single specimen were evaluated at steps throughout the protocol (each sample is identified by a number in a blue box) to determine the
presence of debris and the purity of the leukocyte populations by both flow cytometry and histologic examination. Thin black arrows indicate samples
produced either by initial steps in the protocol or by other protocols that are commonly used to isolate leukocyte populations but are ineffective for isolating
sputum leukocytes. Side scatter-area (SSC-A) versus calcein (a viability dye that fluoresces only when taken up by intact, viable cells) can be used to
separate live cells and debris, and can distinguish neutrophils from macrophages more effectively than forward scatter-area (FSC-A). Larger images of
histology for each sample can be found in Figure E2. Scale bars: 50 mm.
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Figure 2. CF sputum contains macrophages and neutrophils that can be sorted as pure populations by FACS. (A and B) Morphologic identification of
sputum leukocytes. Sputum specimens were solubilized with DTT, strained, filtered, and centrifuged before counting (as in Figure E1), and z30,000
leukocytes were applied to a microscope slide via cytospin and stained with Romanowsky stain. Two separate specimens are shown. Macrophages
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have a single nucleus, and pink and/or granular cytoplasm; these were determined later to be neutrophils by flow cytometry. Squamous cells are large,
with a “fried egg” appearance (green star). (C) Quantitation of cell differentials from several sputum specimens as determined by light microscopy (n = 8,
collected from three subjects). (D) Flow cytometric parameters for sorting macrophages and neutrophils from solubilized sputum specimens.
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apoptotic. Neutrophils were also annexin2;
however, CD151/CD14lo cells were
annexin1, raising the possibility that these
cells could be neutrophils (high CD15
expression) undergoing apoptosis
(annexin1) that were nonspecifically
binding antibodies (e.g., anti-CD14). Three
findings supported this conclusion: 1) all
calcein1/annexin1/PI2 cells stained
CD15hi/CD14lo, but no cells expressed
CD14 at levels (measured by mean
fluorescence index [MFI]) seen on viable
macrophages (Figure E9); 2) sorted
calcein1/annexin1/PI2 sputum cells had
histologic features consistent with
neutrophils (Figure 3, bottom panel, D);
and 3) evaluation of CD151/CD14lo events
detected in total, ungated sputum revealed
the presence of aggregates and calcein2

events (Figure E10) in addition to apoptotic
cells (Figure 3).

Discussion

Macrophages are postulated to be key
regulatory cells in many chronic lung
diseases; however, isolating human airway
macrophages for study has proven
difficult due to the high debris content in
suppurative sputum. We describe a
method for isolating macrophages from
spontaneously expectorated CF sputum
specimens. By minimizing debris and
applying flow cytometric parameters, viable
cells can be sorted as either individual cells
or enriched leukocyte populations.

Our data suggest why many commonly
used cell isolation techniques have been
unsuccessful when applied to suppurative
sputum specimens: debris, apoptotic cells,
and necrotic cells nonspecifically bind
antibodies (Figures 3, E9, and E10), which
hinders cell isolation in several ways.
First, sorted cell populations become
contaminated with debris and dead cells,
whether sorting occurs by FACS or
magnetic bead–associated cell sorting
(Figures 1 and E2, panels 4 and 5). Second,
nonspecific antibody binding obscures
distinct cell populations detected by FACS
(see Figure 2D, ii vs. vi). Calcein-AM dye, a

key component of this protocol, fluoresces
only when taken up by viable cells, allowing
discrimination of specific antibody binding
to viable cells. Finally, nonspecific antibody
binding by debris can sequester the
antibody away from target leukocytes. For
example, most kits that use magnetic
bead–conjugated antibodies to purify cells
do not contain an overwhelming excess of
antibody-conjugated beads. When these
kits are used to purify cells from CF
sputum, many target cells fail to bind the
antibody, resulting in cells that should be
retained on the column washing off into the
flow-through (Figures 1 and E2, panels 4
and 5, and E11).

Although this protocol provides
technical advances, it has several limitations.
First, as described here, this method purifies
only CD141 macrophages from CF
sputum. CD14 is variably expressed on
different macrophage populations, and is
specifically low in abundance on alveolar
macrophages (35, 36). Thus, anti-CD14
antibody is unlikely to recover alveolar
macrophages present in sputum specimens.
However, CF sputum likely does not
contain many alveolar macrophages. CF
disease primarily affects smaller airways,
where most cystic fibrosis transmembrane
receptor (CFTR) is expressed in healthy
lungs (37), and the alveoli usually become
involved only in individuals with advanced
lung disease (38). Moreover, recent studies
have demonstrated that macrophages in
spontaneously expectorated CF sputum
are “small macrophages,” and are believed
to be infiltrating monocyte-derived
macrophages rather than alveolar
macrophages (10, 12, 13). The CD141

macrophages described in our study are
small and demonstrate forward and side
scatter properties similar to those of cells
previously described as “monocytes” (28).
When single viable cells in our sputum
specimens are replotted for forward versus
side scatter (Figure 2D, v), the plot
resembles published descriptions
of induced sputum cells from healthy
individuals (28), minus the alveolar
macrophage population. FACS antibodies
other than anti-CD14 could be used to

distinguish CF airway macrophages;
however, many markers commonly used
to identify quiescent macrophages and
monocytes are expressed on activated
neutrophils (39), which are abundant in
CF lungs. We tested several combinations
of antibodies, and using light-microscopic
examination of sorted cells for
confirmation, we found that antibodies to
CD14 and CD15 reliably distinguished
macrophages from neutrophils.

Second, although the populations of
cells isolated by this method are highly
enriched, the number of macrophages
recovered is always about 10-fold less than
the number of cells predicted by calculating
the percentage of total sputum leukocytes
that are CD141/CD152 viable single cells
(Figure 2D, vii, and Table E2). This
discrepancy may be due to macrophages
being contained in aggregates. It may
also reflect the fragility of sputum cells:
microscopic examination revealed that
sputum macrophages are often highly
vacuolated, and sheer forces of flow
cytometry may impact cell integrity.
Despite this limitation, one can sort a
sufficient number of cells (.10,000) to
perform many cellular analyses, including
proteomics, quantitative PCR analysis of
gene expression, and whole-transcriptome
analysis.

Application of this method to
characterize CF sputum macrophages has
the potential to answer numerous questions
regarding the role of macrophages in CF
airway inflammation, such as how
macrophage populations change after
initiation of new medications, whether
macrophage phenotypes vary among
people colonized with different airway
pathogens, and whether pulmonary
exacerbations are associated with increased
proinflammatory macrophages. Damage
and inflammation in CF lungs are
heterogeneous (40, 41), and how different
regions drain to produce sputum likely
varies among individuals and over time
within one individual (42). Thus, the cells
in each sputum specimen represent a
snapshot in time, and possibly also a
region of the lung. Studies to understand

Figure 2. (Continued). (i, ii, and iii) Total events plotted for the indicated parameters. (iii) Gating strategy for single cells. (iv) Plot of single cells, gating on
calcein1 cells. (v) Live single cells (identified in iv) plotted for FSC-A versus SSC-A (compare with i). (vi) Live single cells plotted for CD14 versus CD15
(compare with ii). (vii) Percentage of different cell subsets in sputum specimens from different subjects, as determined by flow cytometry, as well as the
average numbers of macrophages per gram or milliliter of sputum that can be sorted using this method. n = 17 sputum specimens from 10 different
subjects; repeat specimens (from subjects 3 and 18) were obtained on multiple days over several months. .50,000 neutrophils were sorted from virtually
all sputum specimens, including those, 1.0 gram in weight. FSC-H = forward scatter-height; FSC-W= forward scatter-width. Scale bars: 50 mm.
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Figure 3. Flow cytometric analysis of specimens stained with propidium iodide (PI) and annexin-V reveals apoptotic neutrophils in CF sputum. PI and
annexin-V staining was used to identify apoptotic cell populations in CF sputum cells. PI binds to DNA in cells in which membrane integrity has been
lost (dead cells), and annexin-V binds to accessible phosphatidylserine in apoptotic or dead cells. Thus, annexin1/PI2 cells are apoptotic, and
annexin1/PI1 cells are necrotic. Annexin2/PI2 events are either debris (calcein2) or viable cells (calcein1). Top and bottom panels display data from
different sputum specimens. Top: Total events were separated into calceinhi (live) and calceinlow (dead/debris) populations, and then plotted for annexin-V
versus PI. All PI2 cells were then plotted for FSC-A versus SSC-A. As expected, the majority of live cells (calceinhi) were comprised of nonapoptotic cells.
The calceinlow events contained a majority of apoptotic and dead cells. Bottom: (A) In a different sample, total events were plotted to determine calcein
positivity. (B) Viable cells (calceinhi) were then plotted for CD14 and CD15 expression, and four populations were defined (polymorphonuclear cells [PMN]
or CD15hiCD142, CD15hiCD14lo, CD152CD142, and macrophages or CD152CD141). (C) Annexin-V binding to the four populations delineated in B, plus
the calceinlow cells in A; CD152/CD142 cells in the black histogram are behind the macrophage histogram depicted in orange. (D) Cytospins of sorted
apoptotic cells (calcein1/annexin1/PI2) reveal that these cells are neutrophils.
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sorted sputum macrophages will require
prospective, longitudinal specimen
collection, with multiple specimens
collected during each different disease
state or treatment condition. We
successfully collected sputum specimens
at regular intervals, and at times of
increased symptoms/pulmonary
exacerbations from several patients. In
these pilot studies, we observed the
absolute and relative abundance of sputum
macrophages fluctuate over time, and
these changes could reflect symptomatic
changes in airway inflammation (Figure
E12).

Isolation and characterization
of sputum macrophages may also
reveal new biomarkers of CF airway
inflammation. Studies by our group and
others suggest that CF sputum contains
different populations of macrophages

(8–10), which may vary in abundance
with different treatments, infections, or
disease states. Macrophage populations
with different surface marker expression
can be sorted using this method and
characterized by gene or protein
expression to determine their
inflammatory potential. Changes in the
relative abundance of different
macrophage populations may aid in the
diagnosis of pulmonary exacerbations,
predict treatment failure or success, or
herald the arrival of new airway
pathogens. Our cell isolation method can
also be adapted to characterize sputum
macrophages and other cell types in other
chronic lung diseases, such as non-CF
bronchiectasis, chronic bronchitis,
asthma, and pulmonary fibrosis. The
ability to isolate cells from specimens
that are easily collected by noninvasive

methods, combined with newly
developed techniques to characterize
single cells, has the potential to
significantly advance our understanding
of the pathophysiology of chronic lung
diseases. n
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