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SEPSIS

The lung is a host defense niche forimmediate
neutrophil-mediated vascular protection
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Bloodstream infection is a hallmark of sepsis, a medically emergent condition requiring rapid treatment. However,
up-regulation of host defense proteins through Toll-like receptors (TLRs) and nuclear factor kB requires hours after
endotoxin detection. Using confocal pulmonary intravital microscopy, we identified that the lung provides a
TLR4-Myd88 (myeloid differentiation primary response gene 88)-dependent and abl tyrosine kinase-dependent
niche for immediate CD11b-dependent neutrophil responses to endotoxin and Gram-negative bloodstream
pathogens. In an in vivo model of bacteremia, neutrophils crawled to and rapidly phagocytosed Escherichia coli
sequestered to the lung endothelium. Therefore, the lung capillaries provide a vascular defensive niche whereby
endothelium and neutrophils cooperate forimmediate detection and capture of disseminating pathogens.

INTRODUCTION
Sepsis is a deleterious host response to an infection that continues to
have an unacceptably high mortality (I). Of particular concern is that
sepsis with bacteremia, or bloodstream infection, has even worse
outcomes in humans (2). Bloodstream infections are common both
in the community (3-5) and in the hospital (6-9). Escherichia coli is
a major overall causative organism found in community-acquired
and hospital-acquired bloodstream infections (3, 10). Alarmingly,
Gram-negative bacteria are rapidly developing resistance to broad-
spectrum antibiotics and, in some circumstances, have become pan-
antibiotic-resistant (11, 12). It is now recognized that sepsis is a medical
emergency, similar to heart attacks and strokes, whereby every hour of
untreated infection markedly decreases the likelihood of patient sur-
vival (13). Likewise, the innate immune system must provide imme-
diate protection when pathogens enter the bloodstream until the
administration of effective antibiotics.

Lipopolysaccharide (LPS) is the major pathogen-associated molec-
ular pattern of Gram-negative bacteria that binds and stimulates Toll-
like receptor 4 (TLR4) (14). The signaling pathway is extremely well
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established and includes the activation of myeloid differentiation
primary response gene 88 (Myd88) and interleukin-1 receptor-
associated kinase, leading to nuclear factor kB translocation to the
nucleus, and subsequent transcription and translation of various pro-
inflammatory molecules (15-17). Macrophage begin to synthesize
tumor necrosis factor-o (TNF-0)) and numerous chemokines, whereas
endothelium begins to synthesize E-selectin, intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1, and ad-
ditional chemokines in an attempt to recruit the main effector cell of
innate immunity, namely, the neutrophil (18). Neutrophils do not
require protein synthesis to perform phagocytosis, oxidant production,
degranulation, or neutrophil extracellular trap (NET) release when
reacting to pathogens (19). Each of these effector functions occurs
in seconds after bacteria stimulation and has been attributed to op-
sonization and rapid production of proinflammatory complement
fragments (20). LPS, by contrast, classically requires hours for effector
function to be fully elicited through transcription and translation. Con-
trary to this classical view, but for the most partignored, is the observation
that LPS can induce increases in neutrophil cell surface adhesion mol-
ecules and binding in minutes (21, 22). The biological relevance of this
rapid nontranscriptional response to host defense in vivo is limited.

Conventionally, the capture of free-flowing particles and circulating
pathogens is attributed to stationary resident mononuclear cells within
the liver and spleen (23-25). This resident cellular defense system does
not require active pursuit or tracking of the pathogen but absolutely
requires that the bug remain in the free flow circulation. The liver is
home to resident intravascular macrophages called Kupffer cells, which
catch free-flowing bacteria via the complement receptor immuno-
globulin (CRIg) as they filter through the sinusoids (26-28). Despite
the clear role of resident macrophages in clearing blood-borne patho-
gens, the major risk factor for acquiring a bloodstream infection is
neutropenia (29). In addition, the best prognostic factor in bacte-
remic cancer patients is the recovery of neutrophil counts (30). Both
humans and mice do not have pulmonary intravascular macrophages
(21, 22); however, pathogens can sequester within the massive sur-
face area of the capillary network, potentially evading removal (26).
Therefore, it is unclear how the host detects and removes bloodstream
pathogens within this macrophage-free vascular labyrinth.
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The prototypical neutrophil recruitment cascade is a multistep
process requiring the endothelium to express molecules (selectins) to
slow circulating leukocytes (tethering), followed by vascular rolling
and firm adhesion (selectins and integrins) (31). Last, leukocytes trans-
migrate the endothelium in a process termed emigration (32). How-
ever, this canonical recruitment paradigm may not be true for the
lung. The capillary vessels, distinct from larger venules, do not re-
quire known molecules involved in rolling, such as the selectins,
during inflammation (33-35). Additionally, although integrins can
mediate firm adhesion in lung capillaries, the prevailing under-
standing is that neutrophils lose cellular deformability and become
physically stuck within the small vessels and subsequently emigrate
into the alveolus (36-38). It remains unclear whether physically stuck
neutrophils provide any biological function other than emigrating
into the lung tissue. Emigration in the lung is a distinct process me-
diated by both CD11/CD18-dependent and CD11/CD18-independent
processes contingent on the initial stimulant (39-41). A previous re-
port demonstrated that, at baseline, a substantial number of extra-
vascular neutrophils inhabited the lung and that, after bacterial
stimulation, vascular neutrophils were rapidly arrested in the micro-
vasculature and the resident neutrophils crawled throughout the
extravascular space (interstitial and alveolus), yet intravascular crawl-
ing was not reported (42). The existence of resident extravascular tissue
neutrophils in the lung remains controversial and not consistently
supported (43, 44). Despite extensive research to delineate mole-
cules required during the neutrophil recruitment cascade leading to
tissue emigration, intravascular neutrophil behaviors and functions
remain unexplored.

Using pulmonary intravital microscopy, we have found that vascular
neutrophils immediately become alerted to the presence of endotoxin
or bloodstream infection through TLR4 and Myd88 signaling. After
intravenous endotoxin challenge, neutrophils sequestered within the
capillaries but not larger venules, polarized, and crawled throughout
the endothelium in a CD11b-dependent process. Lung-sequestered
bacteria were removed from circulation by the capillary neutrophils.
Therefore, we have found a host defense system involving pulmonary
capillary circulation and neutrophils that eliminates bloodstream
pathogens that are no longer in free-flowing circulation and, thus,
not amenable to capture by resident macrophages.

RESULTS

Neutrophils rapidly up-regulate the expression of CD11b
after LPS exposure

Nontranscriptional alterations in neutrophil behavior after endotoxin
exposure are reported, yet the mechanisms and biological consequences
remain less defined (22, 38, 45). Under untreated conditions, neu-
trophils, defined by flow cytometry as Ly6G" (fig. S1), expressed both
CD11b and L-selectin. Mouse neutrophils treated with either LPS
(5 ug/ml) or a strong chemical proinflammatory stimulus, N-formyl-
Met-Leu-Phe (fMLP; 1 uM positive control), revealed substantial up-
regulation of cell surface CD11b (Fig. 1A) and decrease in L-selectin
within minutes, thus replicating previous reports (Fig. 1B) (21). As
a positive control, the CD11b expression increased with fMLP and
L-selectin shed within 4 min of stimulation. LPS-treated neutrophils
increased expression of CD11b and shed L-selectin at the 15-min
time point, suggesting some delay compared with the fMLP pathway.
This effect continued into the 30-min time point. CD11b was assessed
in permeabilized cells, and the total CD11b was unaffected, suggesting
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shuttling of protein from internal granules to the surface (fig. S2).
As shown later, these events led to rapid phenotypic changes in
neutrophil behavior in vivo and could not be affected by transcrip-
tion and translational inhibitors.

To confirm that modulation of CD11b occurs in vivo in humans,
healthy volunteers received intravenous highly purified LPS (2 ng/kg),
and blood was drawn over time to assess neutrophil numbers and
how they coincided with CD11b" expression on neutrophils (Fig. 1,
Cand D). After 30 min of LPS, the number of circulating neutrophils
dropped by 50%, and simultaneously, there was evidence of an increase
in CD11b expression. This drop in neutrophil counts and increase
of CD11b persisted for at least 90 min. Therefore, human peripheral
neutrophil counts dropped as CD11b increased, analogous to our
findings later in mice, where neutrophils increased CD11b after LPS
and accumulated in the lung. It was impossible to examine the lung
vasculature in humans; however, primary human pulmonary endo-
thelium was cultured to confluence, and LPS-stimulated (15 min)
human neutrophils, or control-untreated cells, were assayed within
a flow chamber to mimic a surrogate lung microvasculature. Neutro-
phil adhesion on lung endothelium occurred at baseline without
stimulation, a phenomenon we have not observed previously using
dermal human microvascular cells (46). Conventionally, investiga-
tions have pretreated human umbilical cord endothelial cells for a
minimum of 4 hours before leukocyte adhesion assays to allow time
for the synthesis of adhesion molecules such as E-selectin and ICAM-1
(47, 48). However, adhesion was significantly increased after 15 min
of LPS stimulation of human neutrophils independent of endothelial
pretreatment (Fig. 1E). The parallel plate flow chamber provides a
physical space between the endothelium and chamber that is much
larger than a capillary dimension; thus, the LPS-treated neutrophils
cannot become physically stuck or lodged in this assay, suggesting a
different mechanism of rapid adhesion compared with cytoskeleton
stiffening (38). Collectively, these data support the concept that LPS
induces a rapid neutrophil response in humans in vitro and in vivo,
leading to modulation of cell surface adhesion molecules. Although
rapid changes in integrins and selectins on the surface of neutrophils
have been demonstrated, the biological significance and underlying
mechanism in vivo that contribute to host defense remain uncertain
(21). To understand the biology of these observations, we moved to
mouse models and imaged the lung vasculature in vivo.

Behaviors of lung neutrophils

We quantified Ly6G" neutrophils using flow cytometry in whole
flushed mouse lungs exsanguinated of peripheral blood and found
that the percentage of neutrophils to total leukocytes was significantly
higher than that in flushed liver, another highly vascular organ (Fig. 2,
A and B). Using an established flow cytometry method to characterize
neutrophil anatomic localization, we observed that most lung neu-
trophils were intravascular, with a minimum number of extravascular
neutrophils under baseline conditions (fig. S3). This agrees with other
reports that show that the vast majority of neutrophils in the lung are
intravascular (43, 44). Using pulmonary intravital microscopy, we
directly visualized neutrophils within the lung vasculature and found
a distribution of three behavioral phenotypes: tethering, crawling, and
firm adhesion. Under basal conditions, most interactions occurred
within the capillaries (vessel diameter, <10 pm), and no interactions
were observed in vessels larger than 20 um (Fig. 2, C and D). Some
neutrophils demonstrated tethering, but none of these capture events
translated into rolling. We did not observe rolling cells in these capillaries.
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Fig. 1. LPS induces rapid cell surface increases in CD11b in mouse neutrophils and in neutrophils
! ' from humans treated with intravenous LPS. Peripheral blood leukocytes from wild-type mice
n . L were treated with either saline, fMLP (1 uM), or LPS (5 ug/ml) for 4, 15, and 30 min, and flow cytome-
p 30 min ! try was performed to assess levels of cell surface expression of CD11b (A) and L-selectin (B) on Ly6G*

CD11b L-selectin

cells (n = 3). Five healthy human volunteers received intravenous LPS, and peripheral blood was

obtained over time. (C) Flow cytometry was performed to assess the level of cell surface CD11b be-

fore and after LPS, and the gate demonstrates CD11 bhigh-expressing neutrophils. PMN, polymorpho-
nuclear leukocyte. (D) The total number of peripheral neutrophils from five individuals treated with LPS (left axis: means + SEM, **P = 0.022, n = 5, one-way ANOVA with
Dunnett’s correction) is graphed along with the percentage of CD11b-high cells from these individuals (right axis: means + SEM, *P = 0.02, n = 5, one-way ANOVA
with Dunnett’s correction). (E) Human peripheral blood leukocytes were treated with LPS (100 ng/ml; 15 min), and adhesion was assessed using a flow chamber lined
with primary human pulmonary endothelium (means + SD, **P = 0.002, n = 3, unpaired two-tailed t test).

One-third of neutrophils crawled short distances along the vessel walls,
an uncommon behavior in other untreated vascular beds (49-51).
Lung capillary neutrophils were manually tracked over a 10-min
duration; however, all imaging experiments were performed for at
least 1 hour per mouse to allow evaluation of various fields of view
(movie S1). Examples of tracks are displayed for individual neutrophils
as blue lines superimposed on an intravital image or from one field
of view plotted with a common origin point (Fig. 2, E and F). At
baseline, capillary neutrophils crawled distances less than 20 pm
(three to four cell lengths), and 35% of neutrophils did not crawl but
remained stationary (adherent).

LPS rapidly induced neutrophil crawling within the
pulmonary circulation

Crawling, which occurred at baseline in a third of neutrophils, rapidly
and significantly increased in terms of the number of cells crawling
and the distance they crawled after intravenous stimulation with LPS.
Baseline crawling distance averaged 20 um (10 min of tracking), but
within 10 min of a low dose of LPS [10 pg, intravenously (iv)], neutro-
phil crawling distance significantly increased to an average of 38 um
(10 min of tracking) and further to 50 um (10 min of tracking) 20 min
after LPS stimulation (Fig. 3A). Tracking data were obtained in 10-min
intervals; however, each individual imaging experiment lasted at least
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1 hour per mouse. Neutrophils accumulated within the field of view
and were significantly increased 30 min after LPS (Fig. 3B). Vascular
neutrophils rapidly polarized with alead pseudopod and a uropod tail,
a phenotype that is essential before cellular mobility. Manual tracking
between 20 and 30 min after LPS revealed very long crawling tracks,
and vascular neutrophils were not observed to emigrate out of the
microvessels (Fig. 3, C and D, and movie S2).

Basal and enhanced rapid vascular crawling behavior
requires CD11b

The adhesion molecules mediating either baseline crawling or rapid
LPS-stimulated crawling in the lung are unknown; however, B,-integrins
mediate crawling in inflamed muscle vasculature (50). The number
of neutrophils demonstrating crawling under unstimulated conditions
was significantly lower in CD11b-deficient animals (Fig. 4A) and pro-
foundly attenuated at 30 min of LPS stimulation (Fig. 4B and movie
S3), whereas the phenotype for CD11a deficiency was less obvious
(fig. S4). Crawling distance of LPS-treated CD11b-deficient mice re-
mained lower (Fig. 4, C, D, and F, and movie S3) than that of LPS-
treated wild-type mice (Fig. 4, E and G). Therefore, in relation to rapid
up-regulation of CD11b in mouse and human neutrophils (Fig. 1), we
now have a specific biological reason for this, namely, crawling within
the lung microcirculation after pathogen-related stimulation.
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blue tracks displaying 10 min of tracking time. (F) Individual tracks displayed from a representative mouse over 10 min, compared from a central origin point.
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Fig. 3. Lung neutrophils rapidly begin crawling throughout the vascula-
ture after LPS exposure. Lung neutrophils were tracked for 10 min before
stimulation to quantify baseline neutrophil characteristics. (A) LPS (10 pg, iv) D
was administered, and neutrophils were tracked over time. Each symbol rep-
resents an individual neutrophil combined from three separate experiments.
Statistical testing was performed by averaging crawling distance of all neutro-

phils tracked from each mouse and using this as a single n value (means + SD,
*P=0.0169, **P = 0.0014, n = 3, one-way ANOVA). (B) Total neutrophil accumu-

lation was quantified per field of view before and 30 min after LPS intravenous
administration (means + SD, ***P = 0.0001, n = 5, unpaired two-tailed t test). (C) A
representative pulmonary intravital image with neutrophils tracked between 20

and 30 min after LPS. Neutrophils (red; fluorescently conjugated anti-Ly6G, clone

1A8; 3.5 ug per mouse, iv), vasculature (grayscale; fluorescently conjugated
anti-CD31, clone 390; 5 ug per mouse, iv), and blue tracks displaying 10 min of
tracking time. (D) Individual tracks displayed from the experiment depicted in

(C). Tracks are plotted from a central common origin point.

LPS-induced rapid crawling requires TLR4 and Myd88 in vivo
Reports indicate that LPS may have non-TLR4 intracellular receptors
(52, 53), and perhaps these receptors mediate the nontranscriptional
phenotypic changes in cellular behavior in vivo. Therefore, we initially
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tested whether the rapid
LPS-mediated crawling is
downstream of TLR4. Us-
ing pulmonary intravital
microscopy, we directly
visualized neutrophils in
the capillaries of Tlr4-
deficient mice during LPS
intravenous challenge.
There was no increase in
neutrophil crawling be-
havior after LPS (Fig. 5, A
and B), confirming that
TLR4 is the major physi-
ological pattern recogni-
tion receptor involved in
this process. Myd88 is the
major downstream signal-
ing molecule for all TLRs
except TLR3 and is essen-
tial for linking membrane

signaling to activation of
nuclear receptors and mod-
ulation of nuclear tran-
scription. To test whether
LPS-induced rapid crawl-
ing (which occurs tem-
porally faster than gene
transcription, translation,
and expression) occurs via
this pathway, we examined neutrophils in the lungs of Myd88-deficient
mice using pulmonary intravital microscopy and observed no increase
in LPS-induced crawling (Fig. 5, C and D). Myd88-deficient mice had
higher basal crawling than either wild-type or Tlr4-deficient mice;
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Fig. 4. CD11b mediates baseline and LPS-induced rapid pulmonary crawling in
vivo. Neutrophil crawling was compared between wild-type C57BL/6 and Cd11b-
deficient mice under control-treated conditions (A) (saline, iv; 30 min) (means + SD,
**p=0.0013, n =4 C57BL/6 mice and n = 3 for Cd11b-deficient mice, unpaired two-
tailed t test) and LPS-treated conditions (B) (10 pg, iv; 30 min) (means * SD, **P =
0.0025, n = 4, unpaired two-tailed t test). (C) Neutrophil crawling distance was com-
pared between wild-type and Cd11b-deficient mice after stimulation (LPS: 10 ug,
iv; 30 min) (means + SD, *P = 0.01, n = 3, unpaired two-tailed t test). Images of
LPS-treated (10 pg, iv; 30 min) Cd11b-deficient mice (D) or wild-type C57BL/6 mice
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(E) from representative intravital experiments. Neutrophil tracks from LPS-treated (10 pg, iv; 30 min) wild-type mice are depicted for Cd11b-deficient mice (F) or wild-type

C57BL/6 mice (G) from representative intravital experiments.
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Fig. 5. Rapid neutrophil crawling is TLR4- and Myd88-dependent. Pulmonary intravital microscopy was used to directly assess the molecular requirement of rapid
neutrophil crawling after LPS stimulation. TIr4-deficient mice were imaged and (A) neutrophil crawling was quantified before and after LPS (10 ug, iv) (means + SD, n =3,
one-way ANOVA, not significant). (B) Neutrophil tracking is displayed from a representative experiment between 20 and 30 min after LPS. Myd88-deficient mice were
imaged, and (C) neutrophil crawling was quantified before and after LPS (10 pg, iv) (means + SD, n = 3, one-way ANOVA, not significant). (D) Neutrophil tracking is dis-

played from a representative experiment between 20 and 30 min after LPS.

however, this was not due to differences in baseline levels of lung neu-
trophil CD11b expression (fig. S5).

Rapid LPS-induced neutrophil phenotype changes require
abl kinase

To better understand the pathway linking Myd88 and the rapid changes
in CD11b and crawling, we performed a large screen of defined phar-
macological inhibitors to determine candidate targets that could in-
hibit LPS-mediated rapid adhesion in isolated human neutrophils
(Fig. 6A). We first confirmed that rapid LPS-mediated adhesion did
not require new transcription or translation (fig. S6). We next screened
a pharmacological inhibitor library. The adhesion data are ordered
from the lowest to the highest effect on adhesion, and the 20 least
effective (black) and the 20 most effective (red) compounds are demon-

Yipp et al., Sci. Inmunol. 2, eaam8929 (2017) 28 April 2017

strated in triplicate. Five compounds eliminated rapid LPS-activated
neutrophil binding, including two different phosphatidylinositol
3-kinase (PI3K) inhibitors. Additionally, several inhibitors of p38
MAPK (mitogen-activated protein kinase) had moderate inhibitory
effects. These pathways mediate neutrophil chemotaxis, making these
likely targets (54-56). Two compounds, GZD824 and ponatinib, are
direct and potent inhibitors of the nonreceptor tyrosine kinase abl.
Abl is one of the few tyrosine kinases capable of directly binding and
modulating both cytoskeletal elements and integrins in an inside-out
activation model (57, 58).

Our initial focus was on p38 MAPK and PI3K. Inhibition of these
molecules, either by administration of a pharmacological inhibitor
for p38 MAPK (Fig. 6B) or by using the PI3K-deficient mouse, did
not inhibit LPS-dependent rapid neutrophil crawling in vivo (Fig. 6,
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was determined. (F) Neutrophil accumulation was quantified in mice pretreated with the abl inhibitor before and after LPS administration (means + SD, n = 3, unpaired

two-tailed t test, not significant).

B and C). This is very interesting because we have previously reported
animportant role for p38 MAPK and PI3K in fMLP- and chemokine-
dependent crawling, respectively, in vitro and in vivo, suggesting
that the LPS pathway is distinct from these chemotactic pathways
(54, 55, 59, 60). We next tested whether inhibiting abl disrupted rapid
LPS-induced crawling in vivo. Mice received intravenous GZD824
(5 pg/g, iv), currently the most potent and specific pharmacological
inhibitor of abl (61, 62), 30 min before LPS administration. Neutrophils
were incapable of enhanced crawling even after 30 min of LPS exposure
(Fig. 6, D and E). Additionally, neutrophil accumulation was attenuated
30 min after LPS, unlike in LPS-treated mice that did not receive the abl
inhibitor (Fig. 6F). In vitro, mouse blood neutrophils did not increase
cell surface CD11b after LPS exposure when abl was inhibited (fig.
S7). Abl mediates the rapid LPS-dependent up-regulation of CD11b.

Yipp et al., Sci. Inmunol. 2, eaam8929 (2017) 28 April 2017

Abl kinase links LPS cellular activation to CD11b expression
on neutrophils in vivo

To determine whether abl directly influenced CD11b rapid expres-
sion after LPS in vivo, we used pulmonary intravital microscopy to vi-
sualize CD11b expression in Ly6G" neutrophils in mice pretreated
with the abl inhibitor. After 20 min of intravenous LPS in control
mice, Ly6G" cells became CD11b"*¢", and overlapping Ly6G*/CD11b*
staining was visualized as yellow (Fig. 7A and movie $4). CD11b
staining was predominantly observed as it accumulated in the tail
and pseudopod of crawling cells, as previously reported in vitro (63).
Animals pretreated with intravenous abl inhibitor had less visual evi-
dence of Ly6G"/CD11b" overlap (Fig. 7B and movie S4). Moreover,
all images between 20 and 40 min after LPS were quantified for CD11b
positivity using two different strategies. First, we measured the total
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Ly6G

Fig. 7. Abl kinase mediates rapid CD11b-dependent hunting during endotoxemia in vivo. Pulmonary
intravital microscopy compared LPS-induced CD11b up-regulation in abl inhibitor-treated mice versus saline-
treated mice. (A) LPS enhanced CD11b expression (intravenous fluorescently conjugated monoclonal antibody
clone M1/70, 2.5 ug) (green) on lung neutrophils (intravenous fluorescently conjugated monoclonal antibody
clone 1A8, 3.5 ug) (red), which appear yellow when overlapped (n = 3). Image shown is after 20 min of LPS. (B) Abl
inhibitor pretreatment (GZD824; 5 ug/g, iv) attenuated CD11b-bright neutrophils after 20 min of LPS (n = 3).
(C) Abl inhibitor-pretreated or control mice were quantified over 20 min of imaging between 20 and 40 min
after LPS. The area, averaged over 20 min of video, of CD11b-bright/Ly6G" overlap is shown (means + SD, n =
3, one-way ANOVA, *P = 0.039 and #p = 0.022). (D) Additionally, the number of CD11b-bright neutrophils was
averaged over 20 min of video between 20 and 40 min after LPS (means + SD, n = 3, one-way ANOVA, **P = 0.008

and #P=0.0043).

area of overlapping Ly6G" and CD11b" per field of view of each image
and averaged this over 20 min of imaging (Fig. 7C). Then, we quanti-
fied the number of individual Ly6G" cells that were also CD11b" by
imaging (Fig. 7D). Abl inhibition resulted in significant impairment
of CD11b increases in lung neutrophils, thereby directly linking abl
function to rapid neutrophil behavior in vivo through CD11b.

Rapid lung neutrophil crawling facilitates capture of
bloodstream bacteria in vivo

We hypothesized that the increased vascular crawling phenotype may
be a surveillance system providing immediate detection and capture
of lung-sequestered bacteria that are no longer in free circulation.
Therefore, we tested whether rapid pulmonary neutrophil crawling
facilitated the capture of blood-borne pathogens. E. coli remains the
most common cause of bacteremia in humans, and it is the proto-
typical pathogen associated with LPS-TLR4-mediated host defense.
A simple model of bacteremia, using a live, fluorescently conjugated
human clinical E. coli isolate (64) injected intravenously, was directly
imaged in the lung circulation. Bacteria rapidly sequestered within

Yipp et al., Sci. Inmunol. 2, eaam8929 (2017) 28 April 2017
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the lung vasculature by adhering to the vessel wall (Fig. 8A and movie
S5). More than 50% of the total visualized pathogens adhered to the
vessel wall during the first minute (Fig. 8B). Macrophages are clas-
sically involved in sequestering circulating particles and pathogens
(28). However, mice and humans do not have resident intravascular
pulmonary macrophage (65, 66). We could not detect any intravascular
macrophage using pulmonary intravital and fluorescently labeled an-
tibodies either against macrophage or in the lysm-EGFP transgenic
mice; nevertheless, we depleted all macrophages using systemic clo-
dronate liposomes, and E. coli continued to adhere to the vessel
walls (Fig. 8C). Deletion of CRIg, a receptor on intravascular macro-
phage and the molecule critical for bacterial capture by macrophage
in liver (26, 28), again failed to prevent bacterial binding to pulmo-
nary endothelium (Fig. 8D). Additionally, after neutrophil depletion,
bacteria remained unperturbed by any other immune cells within the
vasculature for as long as we could image (Fig. 8E). As such, the data
suggest that bacteria adhered to the endothelium and not to macro-
phage or neutrophils and that neutrophils were chiefly responsible for
immediate capture.
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Fig. 8. The lung providesa A
niche for rapid neutrophil
surveillance and capture of
bloodstream bacteriainvivo.
(A) Crawling neutrophil be-
havior was directly examined
using a model of E. coli Gram-
negative bacteremia. Fluo-
rescently labeled transgenic
E. coli was administered (1 x
107 colony-forming units, iv)
at the time of imaging using
the lysm-EGFP mouse. The se-
quence of images demon-
strates endothelial capture of
E. coli and, subsequently, two
separate neutrophil capture
events. Arrows highlight bac-
teria, whereas the correspond-
ing neutrophil is marked with
color-coded asterisks. (B) Bac-
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culature of lysm-EGFP during
the first pass are compared
with the total number of bac-
teria visualized during the first
pass (means + SD, n = 3, un-
paired two-tailed t test, not
significant). (C) E. coli vascular
sequestration was observed
in macrophage-depleted
C57BL/6J or control mice
(means + SD, n =5, unpaired
two-tailed t test, not signifi-
cant). (D) Bacteria trapped
along the vasculature of CRIg-
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total number of bacteria visualized during the first pass (means + SD, n = 5, unpaired two-tailed t test, not significant). (E) E. coli sequestration in neutrophil-depleted
C57BL/6J versus control C57BL/6J (means + SD, n = 5, unpaired two-tailed t test, ***P = 0.001). E. coli captured by lung neutrophils compared with the total bacteria per field
of view was quantified after 60 min of bacteria administration in either lysm-EGFP mice (F) (means + SD, n = 3, unpaired two-tailed t test, not significant) or CRIg-deficient
mice (G) (means + SD, n = 3, unpaired two-tailed t test, not significant). After 60 min of bacteria administration, the number of E. coli remaining adhered to the vessel wall
versus phagocytosed by neutrophils is demonstrated in lysm-EGFP mice (H) (means + SD, n = 3, unpaired two-tailed t test, **P = 0.0049) and CD11b-deficient mice
() (means + SD, n = 3, unpaired two-tailed t test, not significant). (J) Neutrophil crawling was quantified as the vascular distance between 20 and 30 min after intravenous

E. coliin control C57BL/6J mice versus mice pretreated with the abl inhibitor (GZD824;

5ug/9g, iv) (mean * SD, n = 3, unpaired two-tailed t test, *P = 0.032). (K) The number

of freely circulating uncaptured bacteria was quantified in control and abl inhibitor-treated mice after 30 min of bacteremia (means + SD, n = 3, unpaired two-tailed t test,
*P =0.018). (L) Bacteria capture by neutrophils was determined after 60 min of E. coli administration in control mice versus macrophage-depleted mice (means = SD, n =

3, unpaired two-tailed t test, **P = 0.009).

Similar to LPS treatment, neutrophils in the capillary vessels rapidly
polarized and began to crawl throughout the vasculature, ultimately
targeting the sequestered E. coli. Figure 8A demonstrates two exam-
ples of neutrophil rapidly initiating crawling, which leads to bacterial
capture. Crawling that resulted in capture is demonstrated on the left
side of the screen and marked by a blue asterisk and arrow, whereas
the right side demonstrates the second neutrophil crawling and cap-
turing event, highlighted by a white asterisk and arrow (Fig. 8A and
movie S5). The number of E. coli adhered to vessels decreased over
time, because the majority of visualized bacteria were phagocytosed by
vascular neutrophils (Fig. 8F). Neutrophils in CRIg-deficient mice
also efficiently phagocytosed sequestered bacteria (Fig. 8G). Fur-
thermore, few bacteria remained free of neutrophil capture along the

Yipp et al., Sci. Inmunol. 2, eaam8929 (2017) 28 April 2017

vessel wall at 1 hour in lysm-EGFP mice because most were now phago-
cytosed (Fig. 8H). However, in CD11b-deficient mice, where neutro-
phils could not crawl to efficiently reach the E. coli, low numbers
of bacteria were phagocytosed (Fig. 81). We studied the process of
neutrophil-mediated rapid crawling and E. coli capture in both trans-
genically labeled myeloid cells (lysm-EGFP; Fig. 8, A, B, F, and H, and
movie S5) and fluorescently labeled specific antibodies toward neutro-
phils (clone 1A8), and no differences were observed. The abl inhibitor
impaired E. coli-induced rapid crawling in vivo (Fig. 8]), similar to
our previous LPS experiments. The abl inhibitor also impaired the
ability of the capillary neutrophils to capture vascular bacteria, lead-
ing to an increase in uncaptured but vascular-adhered E. coli (Fig. 8K).
In a final experiment, depletion of macrophage did not impair the
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neutrophil phagocytosis in the lung (Fig. 8L). Together, we have
demonstrated a host defense system whereby neutrophils are rapidly
activated upon pathogen detection to survey the pulmonary vascula-
ture for bloodstream infections sequestered in the pulmonary micro-
vasculature. Hence, the lung capillaries provide a host defense niche for
immediate neutrophil patrolling and capture of bloodstream bacteria.

DISCUSSION
Systemic infections, whereby the pathogen enters the bloodstream,
have worse outcomes than focal and localized infections. Even for sep-
sis, which has an incredibly high mortality, the outcomes are worse
if bacteremia occurs (2). Conventional paradigms consider that most
bloodstream invaders are cleared via specialized stationary mono-
nuclear phagocytes in the liver and spleen. Yet, the major risk factor
for developing a bloodstream infection is the lack of, or dysfunction of,
neutrophils (29, 30). Here, we report two findings concerning neutrophil-
mediated host defense and establish the lung as an important organ
involved in vascular defense with unique contributions that differ from
conventional macrophage-dominant defense in the liver and spleen.
Endotoxin triggers immediate changes in host physiology; how-
ever, functionally relevant nontranscriptional cellular behaviors after
LPS-TLR4 activation either in vivo or in vitro are underreported. In
humans and mice treated with LPS, changes in vital signs, such as
fever or tachycardia, occur after 2 hours (67-70). Additionally, the
appearance of proinflammatory cytokines interleukin-6 or TNF-o,
or changes in leukocyte counts also require hours. In contrast to the
reported downstream mechanisms of LPS-TLR4 that require hours,
we found a physiologically relevant in vivo host defense mechanism
that occurs within minutes of LPS and requires TLR4. In vivo, neu-
trophils were immediately triggered to search the vast capillary net-
work in a CD11b-dependent manner. After TLR4 and Myd88 signal
transduction, CD11b-mediated crawling required abl kinase. The
role of this kinase was revealed using a pharmacological inhibition
library to assess unbiased pathways in rapid LPS-mediated adhesion.
Although other kinases are also involved in neutrophil adhesion and
migration, including Src and Syk (71-74), the functional relevance
of kinase activation directly linked to rapid behavioral activation in
vivo is less appreciated. We observed that abl mediates an inside-out
neutrophil activation pathway, leading to CD11b-dependent crawl-
ing, that is important in immediate vascular host defense. Further
confirmation of this rapid TLR4-dependent neutrophil activation was
the shedding of L-selectin within minutes after LPS exposure. There
has been some suggestion that LPS can rapidly activate immune cells.
Neutrophils adhere rapidly to artificial substrata when given LPS
(22, 45). Recently, the macrophage secretosome was mapped down-
stream of LPS stimulation. Using proteomics, they found that numer-
ous proteins were nontranscriptionally secreted after LPS; however,
this only peaked after 8 hours (75). Nevertheless, these studies sup-
port our view that TLR4 can mediate cellular responses, both tran-
scriptionally and nontranscriptionally. We previously found that
bacteria could trigger NETosis via TLR4 on platelets (64, 76), yet by
using pulmonary intravital microscopy, we could not observe any
NET structures in the capillaries after bacterial stimulation.
Neutrophils can marginate and recruit to the lung under basal con-
ditions (77, 78), yet the functional relevance of this large cohort of innate
cells has remained obscure. Our data demonstrate that the large popu-
lations of transient and marginated neutrophils are poised to immediate-
ly eliminate sequestered pathogens. Therefore, we have found an in vivo

Yipp et al., Sci. Inmunol. 2, eaam8929 (2017) 28 April 2017

host defense system that deals with bloodstream infections independent
of the mononuclear phagocyte system and supports the clinical finding
that neutropenia predisposes to disseminated bloodstream infection.

CD11b is critical to neutrophil-mediated host defense. A major role of
this integrin is to mediate neutrophil adhesion and migration. Selective
B,-integrin-mediated recruitment is regulated by multiple mechanisms,
including increased cell surface expression and changes in the extracel-
lular activation state (79). Examples that demonstrate the importance of
deficiencies in cell surface CD11b as well as impairments in activation of
CD11b exist. Patients with severely depressed B,-integrin cell surface
levels develop severe invasive bloodstream infections and sepsis (80).
In humans or mice with Wiskott-Aldrich syndrome, a primary im-
munodeficiency characterized by recurrent bacterial infections, neu-
trophils have both impairment in integrin-induced activation and
an impaired ability of CD11b to properly polarize to the uropod,
thereby impairing adhesion and cell migration (81). Similarly, leuko-
cyte adhesion deficiency type III (a human condition in which the
molecule kindlin-3, which binds the common integrin B chain and
mediates CD11b activation and adhesion in vitro, is missing) is also
characterized by bacterial infections (82-84). Our in vivo imaging
identified that increases in cell surface CD11b are required for rapid
crawling and patrolling behaviors in the lung, a common place for in-
fections. Although both our human and mouse in vivo and our in vitro
models demonstrate overall increases in CD11b, we cannot rule out the
possibility that the activation state may also be rapidly changed after LPS.

Abl kinase has not specifically been shown to mediate rapid CD11b-
mediated neutrophil host defense, yet there is precedence linking this
kinase to integrin function and neutrophil adhesion. The abl non-
receptor tyrosine kinase is notable for its role in chronic myelogenous
leukemia (CML) as BCR-abl. Under nonmalignant conditions, abl
is only one of two kinases that are known to directly bind and inter-
act with the cytoskeleton and mediate cell migration and polarity
(57). Growth factors stimulate abl through Src kinase activation, and
B,-integrin adhesion can stimulate abl via Src and Syk. The Wiskott-
Aldrich syndrome proteins, implicated in CD11b impairment, are ac-
tivated via abl kinase (57). Moreover, abl kinases can activate Vavl,
amolecule known to mediate neutrophil migration (49), at the pseu-
dopod leading edge during B,-integrin crawling in neutrophils, and
inhibiting abl impairs recruitment in a peritonitis model (72, 73).
Dasatinib, a clinical drug used to treat CML, inhibits several tyrosine
kinases, including abl and Src. This drug inhibits neutrophil che-
motaxis and adhesion-mediated functions, although the relationship
to integrin function is unclear (71). In our model, abl kinase was
necessary to increase CD11b expression presumably through granule
mobilization and secretion, where CD11b is stored.

Several limitations of this study require further investigation.
The mechanistic differences observed in the pulmonary vasculature
compared with other vascular beds, in terms of sequestering bacteria
and supporting rapid neutrophil crawling, remain obscure. Specifically,
we could not identify how bacteria adhere to the endothelium and
whether this is related to adhesion molecules or vascular architecture.
Additionally, the endothelial molecules responsible for mediating
rapid neutrophil recruitment in the lung, but not in other microvascular
beds such as dermal endothelium, have not been resolved. Endothelium
is heterogenous and diverse throughout the different organs of the body.
Another limitation is that it remains unclear what the exact relationship
is between Myd88, abl kinase, and the process of CD11b up-regulation.
Direct measurement of abl kinase activity in primary lung neutrophils
from mice is challenging, and so far, the only example of measuring abl
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kinase activity in granulocytes has required HL-60 cell lines in vitro (72).
Last, deficiency of CD11b, a subunit of the f,-integrin adhesion molecule
family, could lead to compensatory changes in the other chains, such as
CD11a, CDl11c, and CD11d. However, we have not methodically tested
whether compensatory expression of other B,-integrin chains could be
affected in CD11b-deficient mice.

Opverall, this study opens new areas of host defense and in-
flammation research and highlights a neutrophil surveillance and
capture behavior in vivo. Additionally, it establishes that the lung
microvascular system is not solely involved in gas exchange but is
an important host defense niche for neutrophils distinct from the
conventional monophagocytic systems of the liver and spleen.

MATERIALS AND METHODS

Study design

This study used an in vivo mouse model of intravital imaging to assess
neutrophil host defense. A sample size calculation was not performed
a priori because the effect sizes of our observations and interventions
could not be determined before experimentation. This study was not
randomized and was not blinded.

Reagents

Highly purified LPS from E. coli O111:B4 was purchased from List
Biological Industries Inc. Fluorescently conjugated anti-Ly6G antibodies
(clone 1A8, Alexa 594 and Alexa 647) and anti-CD31 antibodies (clone
390, Alexa 594 and Alexa 647) were purchased from BioLegend,
eBioscience, and BD Biosciences. E. coli, isolated from a patient with
meningitis, was previously transfected with an mTomato-fluorescent
reporter (64). The Abl-specific inhibitor GZD824 Dimesylate
was purchased from Selleck Chemicals. Previous in vivo studies
found abl inhibition with 5 to 10 pug/g per day for 6 days or 25 ug/g
per day for 2 weeks (61, 62).

Inhibitor screen

Human neutrophils (5 x 10%/ml) were labeled with calcein-AM (1 uM
final concentration; Molecular Probes) for 30 min at 37°C, washed twice,
and resuspended in Hepes buffer at a concentration of 2 x 10%/ml.
Adhesion was determined in an uncoated 96-well MaxiSorp plate
(Nunc), which has a high affinity for proteins. After preincubation
with dimethyl sulfoxide or the different compounds at the indicated
concentrations for 15 min at 37°C, calcein-labeled cells (2 x 10° per
well; final volume, 100 pl) were stimulated with bacterial TLR4
ligand LPS (20 ng/ml) (isolated from the E. coli strain 055:B5; Sigma-
Aldrich) in the presence of LPS-binding protein (50 ng/ml) (R&D Sys-
tems). Plates were incubated for 30 min at 37°C and washed three times
with phosphate-buffered saline (PBS). Adherent cells were lysed in
0.5% (w/v) Triton X-100 in H,O for 5 min at room temperature.
Fluorescence was measured with a GENios plate reader at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm (82).

LPS administration to human volunteers

Patients were enrolled after screening and prehydrated as previously
reported (85). U.S. reference E. coli endotoxin (lot Ec-5; Center for
Biologics Evaluation and Research, Food and Drug Administration,
Bethesda, MD, USA) was used in this study. Endotoxin was reconsti-
tuted in 5 ml of saline and injected as a single intravenous bolus for
1 min at t = 0. Blood samples anticoagulated with sodium heparin
were taken from the arterial catheter. The study protocol concerning
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the human endotoxemia challenges was approved by the Ethics Com-
mittee of the Radboud University Nijmegen Medical Centre and
complies with the Declaration of Helsinki and the Good Clinical
Practice guidelines. Volunteers gave written informed consent. The
Ethics Committee of the University Medical Center Utrecht approved
the study protocol. Patients gave informed consent after sampling
of the blood according to the research protocol. For human flow
cytometry, white blood cell differential counts were performed on a
CELL-DYN Emerald hemocytometer. After blood withdrawal, red
blood cells were lysed immediately (150 mM NH,4Cl, 10 mM KHCOs,
and 0.1 mM Na,EDTA), followed by antibody staining in PBS2+
(0.32% trisodium citrate and 10% human pasteurized plasma solution),
followed by fixation (1% formaldehyde). Fluorescence-activated
cell sorting was performed on a BD Fortessa with fluorescently con-
jugated antibodies against CD35, CD16 (Becton Dickinson), and
CD11b (Dako).

Animals

Mice were housed at the University of Calgary in a specific pathogen-
free facility and used under a specific institutional review board-
approved ethics protocol. C57BL/6] mice were purchased from the
Jackson Laboratory (Maine, USA). CD11b-, Tlr4-, and Myd88-deficient
and lysm-EGEFP colonies were maintained at the University of Calgary.
Mice (20 to 35 g, 6 to 10 weeks old) were housed in a pathogen-free
environment and had access to food and water ad libitum. All pro-
cedures performed were approved by the University of Calgary Animal
Care Committee and were in accordance with the Canadian Guide-
lines for Animal Research.

Pulmonary intravital microscopy

Stabilized pulmonary intravital microscopy has been previously reported
(86). This technique was learned at University of California, San
Francisco in the Krummel laboratory and performed with minor al-
terations related to fluorescently conjugated antibodies and the mi-
croscopes used at the University of Calgary. Briefly, anesthetized mice
(ketamine and xylazine) received a right internal jugular intravenous
catheter to administer fluorescent antibodies, anesthetics, and inhib-
itors. Some experiments used lysm-EGFP mice to visualize neutrophils
and monocytes. To visualize the endothelium, 5 ug of fluorescent-
ly conjugated anti-CD31 antibody (clone 390, BioLegend; ei-
ther Alexa 594 or Alexa 647) was administered intravenously 10 min
before imaging. For experiments using nonfluorescent mice (C57BL/6]
CD11b-, Tlr4-, and Myd88-deficient), 3.5 ug of fluorescently conjugated
anti-Ly6G antibody (clone 1A8, BioLegend; either Alexa 594 or Alexa
647) was injected intravenously, to specifically visualize neutrophils
at the same time as fluorescently conjugated anti-CD31 antibody. A
tracheostomy is performed, and the mouse is ventilated at a tidal
volume of 10 pl/g and a rate between 120 and 130, with entrained
oxygen and a positive end-expiratory pressure of 4 cm H,0. To avoid
volutrauma and barotrauma, mice in our experiments were subjected
to tidal volumes between 180 and 240 ul, compared with previous
reports that used 500 pl per tidal volume (42). The left lung is exposed
after a thoracotomy and rib resection, and the vacuum chamber is
applied to facilitate imaging. Intravital microscopy was performed
with either a spinning-disk microscope (Quorum) or a resonant
scanning confocal microscope (Leica). Spinning-disk confocal in-
travital microscopy was performed using an Olympus BX51 upright
microscope (Olympus) equipped with a 20x/0.95 XLUM Plan Fl water
immersion objective. The microscope was equipped with a confocal
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light path (WaveFx, Quorum) based on a modified Yokogawa CSU-
10 head (Yokogawa Electric Corporation). Laser excitation at 488, 561,
and 649 nm was used in rapid succession, and fluorescence in green,
red, and blue channels was visualized with the appropriate long-pass
filters (Semrock). A 512 x 512-pixel back-thinned EMCCD (electron-
multiplying charge-coupled device) camera (C9100-13, Hamamatsu)
was used for fluorescence detection. Resonant scanning (8 Hz) confo-
cal was performed with an upright Leica SP8 equipped with a white
light laser and three HyD spectral detectors and a 25x water objec-
tive with a numerical aperture of 0.9. All imaging experiments were
carried out for a minimum of 1 continuous hour. Images were ac-
quired every 10 s, and a new field of view was chosen after 20 min of
observation. Therefore, at least three fields of view were observed
for every 1-hour imaging experiment. Images were processed and
analyzed in Volocity 4.20.

Neutrophil behavior analysis

Neutrophil behavior was analyzed offline using Volocity 4.20. Cellular
enumeration and tracking were performed manually. For phenotypic
quantification, tethering was defined as a discrete neutrophil inter-
action with the vascular wall, which arrests its circulatory movement
for less than 30 s. Crawling was defined as continuous interaction of
a neutrophil with the vascular wall for more than 30 s, which in-
volves a polarized cell that does not remain stationary. Adhesion
was defined as a stationary neutrophil that was not mobile and re-
mained static for at least 30 s (46, 49, 50, 87, 88). Velocity, distance,
and track crawling for individual neutrophils were determined manually
using Volocity software. Individual neutrophils were tracked in 10-min
intervals.

Statistics

Data were analyzed using GraphPad Prism software for Windows
version 6.02. Data are presented as either means + SEM or means *+ SD.
For figures comparing two groups of data, two-tailed unpaired t test
was used. For figures comparing more than two groups, one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons
tests was used. For the human intravenous LPS experiments, data
were analyzed using repeated-measures ANOV A with Dunnett’s correc-
tion for multiplicity. Flow cytometry data were analyzed using FlowJo
v10. For all experiments, n represents the number of individual ex-
periments performed.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/10/eaam8929/DC1

Fig. S1. Flow cytometry gating strategy for neutrophils.

Fig. S2. Cell surface versus intracellular CD11b after LPS.

Fig. S3. Dual antibody labeling reveals neutrophil anatomic compartmentalization in the lung
using flow cytometry.

Fig. S4. CD11b deficiency has a greater impact on rapid LPS-mediated crawling in

the lung.

Fig. S5.CD11b expression in lung neutrophils from wild-type and Myd88-deficient mice.
Fig. S6. Rapid LPS-mediated neutrophil adhesion does not require transcription or
translation.

Fig. S7. Rapid LPS-induced up-regulation of CD11b requires abl kinase.

Movie S1. Baseline neutrophil behaviors in unstimulated mouse lung in vivo.

Movie S2. LPS initiates a rapid neutrophil crawling behavior in vivo.

Movie S3. LPS-stimulated rapid neutrophil crawling requires CD11b in vivo.

Movie S4. Abl inhibition impairs rapid lung neutrophil CD11b expression after LPS in vivo.
Movie S5. Neutrophils in the lung rapidly respond and capture bloodstream microbial
invaders.

Source data
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Editor's Summary Neutrophils get their blood upCapillaries in the lung are critical for gas
exchange. Now, Yipp et al. report that lung capillaries also contribute to host defense against
bloodstream pathogens. They found that vascular neutrophils immediately responded to the
presence of endotoxin or bloodstream infection by sequestering within the capillaries but not

larger venules. These neutrophils were activated through TLR4 and MyD88 signaling, polarized,

and crawled throughout the endothelium, removing lung-sequestered bacteria from circulation.
Thus, pulmonary capillaries form a neutrophil niche to capture blood-borne pathogens in the
lung.
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