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Abstract

Pneumonia-induced lung injury and acute respiratory distress
syndrome can develop because of an inappropriate inflammatory
response to acute infections, leading to a compromised alveolar
barrier. Recent work suggests that hospitalized patients with
allergies/asthma are less likely to die of pulmonary infections and that
there is a correlation between survival from acute respiratory distress
syndrome and higher eosinophil counts; thus, we hypothesized that
eosinophils associated with a type 2 immune response may protect
against pneumonia-induced acute lung injury. To test this
hypothesis, mice were treated with the type 2–initiating cytokine
IL-33 intratracheally 3 days before induction of pneumonia with
airway administration of a lethal dose of Staphylococcus aureus.

Interestingly, IL-33 pretreatment promoted survival by inhibiting
acute lung injury: amount of BAL fluid proinflammatory cytokines
and pulmonary edema were both reduced, with an associated
increase in oxygen saturation. Pulmonary neutrophilia was also
reduced, whereas eosinophilia was strongly increased. This
eosinophilia was key to protection; eosinophil reduction eliminated
both IL-33–mediated protection against mortality and inhibition
of neutrophilia and pulmonary edema. Together, these data reveal
a novel role for eosinophils in protection against lung injury and
suggest that modulation of pulmonary type 2 immunity may
represent a novel therapeutic strategy.
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Pathogen-induced pneumonia develops in
critically ill patients after lower respiratory
infection or infection at extrapulmonary
sites, resulting in hypoxemic respiratory
failure (1). Approximately 1 million adult
Americans are hospitalized annually with
pneumonia, with high mortality rates at
30% to 40% (2–4). Pneumonia is a leading

risk factor for developing acute respiratory
distress syndrome (ARDS) and may be
caused by a variety of infections, including
bacterial, viral, and fungal infections, with
Staphylococcus aureus being among the
most common causes (5).

During pneumonia, invading
pathogens elicit a robust proinflammatory

response from the host in an effort to
clear the pathogen, promoting release of
proinflammatory cytokines/chemokines,
including TNF-a, IL-6, G-CSF, and KC (6).
Leukocytes, particularly neutrophils,
infiltrate the lung and migrate into the
airway in association with increased lung
permeability and fluid, flooding the alveoli
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(7). This compromised alveolar barrier is a
sine qua non of acute lung injury (ALI) and
is associated with hypoxia and dyspnea. In
addition, pathogens themselves can cause
direct lung injury, as in the case of S. aureus
releasing a-hemolysin toxin, resulting in
alveolar damage and pulmonary edema (8).
Although neutrophils are one of the first
leukocytes to respond to pathogen-induced
inflammation, they can cause severe tissue
damage upon accumulation in the lungs.
Once activated, neutrophils will produce
reactive oxygen species and extracellular
traps in an effort to promote pathogen
clearance (9). All of these processes can
result in respiratory failure and hypoxemia,
leading to multisystem organ failure in the
most severe cases.

Several studies have suggested
that antiinflammatory responses may
counterregulate tissue damage induced
by an overabundant proinflammatory
response, and disruption in this balance of
pro- and antiinflammatory responses may
result in mortality (10). Studies from our
laboratory, however, have focused on an
alternative possibility: we postulate that
type 2 (allergic) immunity may provide
a beneficial response that acts to
counterbalance the overabundant
inflammation that leads to sepsis and
ARDS.

In support of this hypothesis, we and
others recently demonstrated that patients
with type 2 diseases such as asthma or
allergies were 50% less likely to die in the
hospital when admitted for acute pulmonary
infections (11, 12). Furthermore,
eosinopenia among patients with ARDS
was first recognized nearly 40 years ago and
may be a risk factor for mortality, implying
that eosinophils play an important
beneficial role in ARDS (13–17). To test
this hypothesis, we used a mouse model of
S. aureus pneumonia to investigate the
putative protection by type 2 immunity
during ALI. We find that prior activation of
the pulmonary type 2 response using
intratracheal treatment with IL-33 protects
mice from lethal S. aureus–induced
pneumonia. Specifically, the eosinophilia of
the type 2 response inhibited pulmonary
inflammation and lung injury, leading to a
significant reduction in hypoxemia. This
work suggests that modulation of type 2
immunity during acute pulmonary
infections may represent a novel therapeutic
adjunct to reduce the development of ARDS
and pneumonia-associated mortality.

Methods

Mouse Studies
C57BL/6J mice and IL-52/2 mice on a
C57BL/6J background were purchased from
Jackson Laboratories and maintained in
house. iPHIL mice on a C57BL/6J
background were a generous gift from Drs.
Nancy and James Lee (Mayo Clinic). For all
experiments, mice were 6- to 9-week-old
females. All animals were housed in
specific pathogen–free conditions, and
animal procedures were approved by the
University of Chicago Institutional Animal
Care and Use Committee as outlined in the
levels “Guide for the Care and Use of
Laboratory Animals,” published by the
National Academy Press.

Murine Model for S. aureus–induced
Pneumonia
Bacteria were cultured according to
previously published methods (18, 19). An
overnight 3-ml culture was grown in tryptic
soy broth to a stationary phase. The
following day, a 1:100 dilution of the
overnight culture was used to subculture
bacteria to a log phase with an optical
density reading between 0.45 and 0.65.
Bacteria were washed and resuspended in
sterile PBS. Mice were infected with 23 108

USA300 cfu/50 ml intratracheally. Mice
were treated intratracheally with either PBS
or 100 ng of murine IL-33 (BioLegend) on
Days23 to21 and were infected on Day 0.
For survival analysis, mice were weighed
and monitored every day for 7 days. For all
other experiments, noninfected control
animals received either PBS or 100 ng/d of
IL-33 for 3 days.

Bacterial Burden Quantification
Mice were killed and lungs were harvested.
Lungs were homogenized in 1 ml of sterile
PBS on ice and plated using serial dilutions
on tryptic soy agar plates for incubation
overnight at 378C. Colonies were quantified
and normalized to tissue weight.

Flow Cytometry Analysis
Upon euthanasia, BAL fluid was harvested
at 6, 18, and 36 hours post-infection (p.i.)
Noninfected control animals were killed on
the same day. For BAL fluid collection,
800 ml of cold, sterile PBS was gently
lavaged and aspirated from the airway via a
tracheal cannula. For flow cytometry
analysis, this was repeated for a total of four

times, and all four fractions were pooled
together. Cells were resuspended in single-
cell suspension (500,000 cells) in 100 ml of
PBS containing 0.1% sodium azide and
0.2% BSA. Cells were incubated with anti-
CD16/CD32 (2.4G2) to block against
nonspecific antibody binding. For
quantification of granulocytes and red
blood cells (RBCs), the following antibodies
were used for cell-surface staining:
CD45.2 APC-Cy7 (clone 30-F11), Ly6G
BrilliantViolet 711 (clone 1A8), CD11b-
BrilliantViolet 510 (clone M1/70), CD11c
PE-Cy7 (clone N418), F4/80 APC (clone
BM8), Ter-119 FITC (clone 116206; all
from Biolegend), and Siglec F PE (clone
E50-2440; BD Biosciences). We selected for
live cells by gating on single-cell, DAPI
(Sigma-Aldrich)–negative, CD45-positive
cells. Flow cytometry data were collected
using a BD Biosciences LSRFortessa flow
cytometer and were analyzed with FlowJo
software (Tree Star, Inc.). All instruments
are maintained by the University of
Chicago Flow Cytometry and Antibody
Technology Core Facility.

Quantification of BAL Fluid Albumin
and Cytokines
Upon euthanasia, BAL fluid was harvested
as previously stated. Albumin and cytokine
measurements were performed on the
supernatant of the first wash. BAL fluid
albumin was quantified using an ELISA as
per the manufacturer’s protocol (Bethyl
Laboratories, Inc.) Cytokine analysis was
performed on BAL fluid using a multiplex
assay according to the manufacturer’s
instructions (R&D Systems).

FITC–Dextran Assay
Lung permeability was assessed using
pulmonary leakage of a fluorescent
dextran (FITC–dextran; Sigma-Aldrich)
according to previously published methods
(20, 21). Briefly, mice were intratracheally
administered 10 mg/kg of FITC–dextran
(Sigma-Aldrich) in a 50-ml volume. After 1
hour, blood was collected through the
retroorbital sinus and serum was isolated. The
fluorescence intensity of FITC in the serum
was measured using a fluorescent plate reader.

Histological Analysis
Lungs were perfused with PBS and the
mouse left lobe was fixed in 10% formalin,
which was followed by staining with
hematoxylin and eosin. For all histology
scoring, lungs were taken from mice in
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which BAL fluid isolation was not
performed, the scorer was blinded to
the mouse treatment, and slides were
presented in a random order. Images were
taken and analyzed with a Pannoramic
Viewer (3DHISTECH Ltd.) (https://www.
3dhistech.com/research/software/software-
downloads/). Lung edema was scored as
previously described (18). The edema
scoring schematic was as follows: 0 =no
RBCs present, 1= small patch of airway with
RBCs infiltrating, 2=one-eighth of the lung
lobe contains RBCs, 3=one-fourth of the
lung lobe contains RBCs, 4 =one-half of the
lung lobe contains RBCs, and 5= the entire
lobe shows RBCs in airways. Inflammation
was scored as follows: 0= few to almost no
infiltrating leukocytes, 1 = small patch of
leukocytes signifying inflammation, 2=one-
eighth of the lung lobe contains inflammation,
3=one-fourth of the lung lobe contains
inflammation, 4=one-half of the lung lobe
contains inflammation, and 5= the entire lobe
is inflamed (18, 21).

Measurement of Mouse Oximetry
The cardiopulmonary health status of mice
was assessed by measuring mouse oximetry
in live, anesthetized mice using the MouseOx
Plus system (Starr Life Sciences) in accordance
with the manufacturer’s instructions and
previously published methods (22). Mice
were anesthetized with ketamine/xylazine,
and hair around the neck was removed by
shaving and with Nair (Church and Dwight
Co., Inc.) hair removal cream. Oxygen
saturation was measured for 10 minutes per
mouse. The average reading for 10 minutes
for each mouse was reported.

Eosinophil Reduction
Eosinophil counts were reduced on the basis
of modification of previously published
methods (18, 23). Briefly, iPHIL mice were
treated with intratracheal PBS or IL-33 on
Days 23 to 21. On Day 21, eosinophils
were depleted using intraperitoneal injection
of diphtheria toxin (DT) (45 ng/g of body
weight; Sigma-Aldrich). Mice were infected
with 23 108 cfu intratracheally on Day 0. For
survival analysis, mice were treated with DT
every other day to maintain decreased
eosinophil counts and were monitored for
survival for 7 days p.i. For flow cytometry
analysis, all groups were killed at 18 hours p.i.

Statistical Analysis
All statistical analyses were performed using
GraphPad Prism software, and P values less

than 0.05 were considered to indicate
significance. For comparisons of two
groups, an unpaired Student’s two-tailed
t test (parametric) or Mann-Whitney test
(nonparametric) was performed. Mann-
Whitney tests were used when variances
were not normally distributed, as
determined using an F test. For
comparisons of three or more groups, a
one-way ANOVA with Sidak post hoc
multiple comparison was conducted. For
comparisons of two or more groups at
multiple time points, a two-way ANOVA
was used with a Tukey’s multiple
comparison test. Survival analysis was
performed using a log-rank (Mantel-Cox)
test. Error bars represent the SEM.

Results

IL-33 Pretreatment Protects against
Mortality During S. aureus–induced
Pneumonia
To determine whether the type 2 response
may be protective against S. aureus–induced
pneumonia, we used IL-33 to activate a

pulmonary, innate, type 2 inflammatory
response, which was followed by lethal
S. aureus lung infection (18, 24). C57BL/6
mice were treated intratracheally with IL-33
or PBS for 3 days before infection. On Day
0, both groups were intratracheally infected
with a lethal dose of S. aureus USA300, a
community-associated methicillin-resistant
strain, and monitored for survival for 7
days (Figure 1A). Remarkably, none of the
IL-33–treated mice died, whereas 50% of
PBS-treated mice died (Figure 1B).

To determine whether IL-33
pretreatment induced protection by
promoting bacterial clearance, mice were
treated with intratracheal IL-33 or PBS, and
bacterial counts in the lung were quantified
by serial dilution at 6 and 18 hours p.i. IL-33
pretreatment did not influence bacterial
clearance, as no difference was found in lung
colony-forming units between PBS and IL-
33 treatment (Figure 1C). Given these
results, we concluded that IL-33–mediated
protection is independent of bacterial
clearance and instead depends on
modulating pathogen-induced
inflammation early during infection.
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Figure 1. IL-33 pretreatment protects against Staphylococcus aureus–induced pneumonia.
C57BL/6 mice were treated intratracheal (i.t.) for 3 days with IL-33 or PBS. On Day 0, both groups
were infected i.t. with 23 108 S. aureus cfu. Mice were monitored for survival. (A) Diagram
demonstrating the experimental setup. (B) Kaplan-Meier survival curve. Statistical significance was
determined using a log-rank (Mantel-Cox) test (n=7–13 mice per group). (C) Bacterial burden in the
lung at 6 and 18 hours post-infection (p.i.). The bacterial burden was measured in C57BL/6 mice
treated with PBS or IL-33. Bacteria was quantified using serial dilution of colony-forming units (n=4–9
mice per group). Significance was determined using an unpaired t test. *P,0.05. cfu = colony-
forming unit; S. aureus=Staphylococcus aureus.
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IL-33 Pretreatment Protects against
Bacteria-induced ALI
We investigated the impact of IL-33
pretreatment on ALI during S. aureus–
induced pneumonia using several methods.
As expected, S. aureus infection caused ALI,
with increased BAL fluid albumin, lung
permeability, and pulmonary edema
compared with PBS-treated control animals
(Figures 2A–2D). In comparison, IL-33
pretreatment attenuated ALI, as seen by
lower BAL fluid albumin, lung permeability,
and pulmonary edema than those seen in
mice treated with PBS1 S. aureus
alone.

Mortality from ARDS is caused, in part,
by the inability to adequately oxygenate the

blood because of the overwhelming
pulmonary edema. The resultant
hypoxemia can lead to tissue injury and
multisystem organ failure throughout the
body. We therefore tested the effect of
IL-33 pretreatment on S. aureus–induced
hypoxemia by measuring pulse oximetry
in live, anesthetized mice. Remarkably,
infected mice treated with IL-33
maintained normal oxygen saturation,
rescuing them from hypoxemia during
pulmonary infection, in contrast to those
infected with S. aureus alone (Figure 2E).
Altogether, these findings demonstrate
that prior induction of the innate type 2
inflammatory response inhibits lung
injury and rescues mice from hypoxemia

during pneumonia, thereby resulting in
reduced mortality.

IL-33 Promotes Airway Eosinophilia
while Inhibiting ALI Early during
Infection
During pneumonia and ARDS,
proinflammatory cytokines are released into
the airway as part of the innate immune
response to promote pathogen clearance (6).
However, this inflammation also promotes
destruction of the alveolar barrier.
Leukocytes, cytokines, and RBCs flood the
alveoli, inducing edema, respiratory
distress, and hypoxemia. To further analyze
the influence of IL-33 pretreatment on the
proinflammatory response induced by S.
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Figure 2. IL-33 pretreatment reduces S. aureus–induced lung injury. C57BL/6 mice were treated i.t. with PBS, IL-33, PBS1S. aureus, or IL-331
S. aureus. (A) BAL fluid albumin was measured at 18 hours p.i. (B) Quantification of lung permeability using FITC–dextran leakage from alveoli into serum at
18 hours p.i. Pulmonary edema was quantified using (C) flow cytometry measurement of BAL fluid red blood cell (RBC) counts or (D) H&E staining of lung
sections with arrows indicating the area assessed for edema within the airways. RBCs were measured in the BAL fluid at 6, 18 and 36 hours p.i. and
defined as single cells, live CD452Ter1191FSClo. (E) Oxygen saturation was measured in live, anesthetized mice at 18 hours p.i. for 10 minutes using the
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aureus, we measured secreted inflammatory
factors in the BAL fluid. As expected, S.
aureus promoted secretion of several
inflammatory factors, including G-CSF,
IFN-g, and IL-1a, with G-CSF being
important for neutrophil development
(Figure 3) (25). IL-33 pretreatment
significantly inhibited G-CSF, IFN-g, and
IL-1a production and was associated with
nonsignificant decreases in KC/CXCL1,
TNF-a, and IL-6. IL-33 promoted IL-5
secretion, a known growth factor for
eosinophils, irrespective of infection.
Although S. aureus induced changes in IL-
12, MCP-2, or MMP-8 levels, no difference
was found between infected groups,
indicating that IL-33 pretreatment does
not suppress their secretion.

To investigate the mechanism of how
IL-33 inhibited ALI, airway cell infiltration
was quantified at multiple time points
during the course of infection. We
measured counts of neutrophils (which
are essential for bacterial clearance but
are also associated with lung injury),
eosinophils (which are activated during
the IL-33–dependent type 2 response),
and various lymphocyte populations.
Although airway neutrophilia in the S.
aureus–infected mice rapidly increased
throughout the course of infection, IL-33
pretreatment suppressed this neutrophilia
(Figure 4A). At 36 hours p.i., airway
neutrophil counts peaked in S. aureus–
infected mice, whereas counts in mice
treated with IL-33 before infection

remained significantly lower. Similar
results were found in the lung digest, with
neutrophil counts in IL-33–pretreated
mice infected with S. aureus remaining at
baseline (see Figure E1A in the data
supplement). IL-33 treatment promoted
eosinophilia in the airway and lung digest
compared with PBS treatment, regardless
of whether or not the mice were infected
with S. aureus (Figures 4B and E1B).
Interestingly, eosinophil counts were lower
in S. aureus–infected mice treated with
IL-33 than in uninfected mice treated with
IL-33. No differences were found among
macrophage, T-cell, or B-cell populations
in the BAL fluid or lung digest among
infected groups (data not shown). These
data suggest that IL-33–mediated
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eosinophilia inhibited the neutrophilic
response induced by bacterial pneumonia.

IL-5–Dependent Eosinophilia Is
Required for the Protective Effect of
IL-33 during S. aureus–induced ALI
We have previously demonstrated that IL-
33 promotes eosinophilia via the release of
IL-5 from type 2 innate lymphoid cells
(ILC2s) in the lung (26). We therefore
hypothesized that IL-33–mediated
protection would be abrogated in IL-52/2

mice because of the inability to recruit
eosinophils to the lungs in response
to IL-33. IL-52/2 mice or heterozygote
IL-51/2 littermate control animals were
intratracheally treated with IL-33 or PBS
for 3 days, which was followed by
intratracheal infection with S. aureus. As
shown in Figure 5, IL-33 was unable to
rescue IL-52/2 mice from lethal S. aureus
pulmonary infection, suggesting that
activation of the innate type 2 response is
important for protection.

To determine whether eosinophils are
required for IL-33–mediated protection
against ALI, we used the iPHIL mouse
model to allow for specific reduction of
eosinophils during S. aureus pulmonary
infection. iPHIL mice express the DT
receptor under the control of the eosinophil
peroxidase promoter, which leads to
eosinophil cell death upon systemic
administration of DT (23). iPHIL mice
were intratracheally treated with IL-33 or

PBS, followed by intratracheal infection
with S. aureus, with or without
administration of DT (Figure 6A).
Eosinophil reduction (shown in Figure E2)
abrogated IL-33–mediated protection, with
reduced survival noted among iPHIL mice
treated with IL-331DT1 S. aureus
(Figure 6B). iPHIL mice infected with S.
aureus were treated with DT as a control,
and no difference was found in mortality
between this group and the PBS1 S. aureus
group, indicating that DT administration
did not influence mortality (Figure 6B). In
addition, eosinophil reduction resulted in
an increase in both pulmonary neutrophilia
and pulmonary edema associated with S.
aureus–induced ALI, as measured by flow
cytometry (Figures 6C and 6D). Taken
together, these data demonstrate that
IL-5–dependent eosinophilia protects
against S. aureus–dependent mortality by
preventing ALI (Figure 7).

Discussion

Bacterial pneumonia and subsequent ARDS
is a serious respiratory disorder with high
mortality rates and few treatments currently
available beyond antibiotics and supportive
care. In this study, we demonstrated that
prior activation of the type 2 inflammatory
response with IL-33 promoted survival in
S. aureus–induced pneumonia by inhibiting
pulmonary inflammation, ALI, and

hypoxemia. Importantly, IL-33 induction of
eosinophilia was critical for the protection
against S. aureus–induced mortality,
demonstrating a novel and potentially
beneficial role for these cells.

Our observation that activation of the
pulmonary type 2 inflammatory response
protects mice against development of ALI
due to lethal S. aureus pneumonia is
consistent with several recent clinical
studies. In an analysis of several national
inpatient data sets, Zein and colleagues
showed that patients with asthma
hospitalized for pneumonia were much less
likely to develop sepsis or die while in the
hospital (11). Furthermore, in our own
analysis of hospitalizations for pulmonary
infections at the University of Chicago, we
found that the mortality rate of patients
with any type 2–mediated immune disease
(defined as allergic rhinitis, atopy, food
allergies, or asthma) was only 4.5%,
compared with a 10.4% mortality rate for
patients without type 2–mediated immune
diseases (12). We have also demonstrated
that patients who survive hospitalization
with S. aureus infections have a higher
number of circulating T-helper cell type 2
(Th2) lymphocytes, and lower numbers of
Th17 cells and neutrophils, compared with
nonsurvivors (18, 27). In terms of the
recent coronavirus disease (COVID-19)
pandemic, several studies indicate that low
eosinophil counts are associated with
COVID-19 mortality, whereas recovery
from COVID-19 is associated with a
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restoration of eosinophil counts (13–15,
28). Finally, two recent studies indicate
that patients with allergies/asthma are
underrepresented among those with
diagnosed COVID-19, suggesting a
protective effect of allergic responses on
acute viral lung injury (13, 29).

In exploring possible mechanisms for
this protective effect, we observed that
several proinflammatory cytokines and
proteins, including G-CSF, IFN-g, TNF-a,
MMP-8, IL-6, KC/CXCL1, and IL-1a, were
elevated during S. aureus lung infection and
ALI. However, levels of many of these were
decreased when mice had an active
pulmonary type 2 immune response before
infection, indicating that stimulation of
type 2 immunity markedly impacts the
host response to a lethal pathogen. The
reduction of these cytokines was associated
with a significant reduction in pulmonary
neutrophils; given that neutrophils and
neutrophil extracellular traps can cause

significant pulmonary injury, the reduction
in neutrophils may contribute to the
reduced lung injury observed in these mice
(9, 30, 31). Notably, these results agree with
those obtained by Dulek and colleagues,
who used a model of ovalbumin
sensitization/challenge, followed by
Klebsiella pneumoniae pulmonary infection,
and observed similar decreases in cytokines
and neutrophil counts (32). However, they
used neutrophil depletion to suggest that
the type 2 response recruits “highly
activated neutrophils” to the airways; we
would posit instead, on the basis of the
current work and our prior studies, that
removal of neutrophils completely
compromises the host, regardless of the
type 2 response (18). As such, both an
inadequate and an overwhelming
neutrophil response can be detrimental
during infection, and in this work, we show
that the type 2 response can partially
attenuate the neutrophilic response and

mobilize tissue repair responses, resulting
in protection against lethality. It remains
unclear, however, how the type 2 response
(and specifically IL-33 pretreatment) leads
to a reduction in neutrophil-inducing
proinflammatory cytokines.

IL-33 is known to activate ILC2s,
which, in turn, secrete the canonical type
2 cytokines IL-5 and IL-13, leading to
eosinophil recruitment, smooth muscle
hyperplasia, and the promotion of mucus
secretion from goblet cells (26). Mucus
secretion may also contribute to the
protection against S. aureus infection, given
that mucus acts as a barrier to trap
pathogens; indeed, mice lacking the mucus
protein Muc5b die of overwhelming S.
aureus pneumonia (33, 34). IL-33 can also
promote lung repair in a non–eosinophil-
dependent manner through induction of
amphiregulin from ILC2s (35). Other
elements of the type 2 immune response,
such as IL-5, have been shown to protect
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against lung injury and promote survival
in sepsis (18, 21, 36). We confirmed that
IL-5 was important in our model as well,
observing that IL-33 was unable to
protect IL-52/2 mice from lethal S. aureus
pulmonary infection. We therefore
focused our attention on the potential
beneficial role of eosinophils, given
recent clinical studies demonstrating
their association with survival among

patients with ARDS and acute
pulmonary infections as well as our
own studies suggesting a protective
role for eosinophils during sepsis
(12–15, 37).

Eosinophils produce several growth
factors, including TGF-a and TGF-b, that
induce tissue repair via epithelial, vascular,
and endothelial cell regeneration as well as
fibroblast and smooth muscle hyperplasia

(38, 39). In addition, Willetts and
colleagues found that surviving patients
with ALI had higher lung eosinophil counts
and increased eosinophil degranulation
compared with nonsurviving patients (17).
These data are consistent with our
observation that eosinophil reduction
exacerbates neutrophil influx and ALI
during S. aureus pulmonary infection.
Eosinophils also produce granules with
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antibacterial and antiviral properties,
including major basic protein-1, eosinophil
peroxidase, and eosinophil-derived
neurotoxin (40, 41). Furthermore, a critical
role for type 2 immune responses and
eosinophils in maintenance of the
alveolar–capillary barrier is strongly
suggested by the observation that mice
treated with IL-33 do not develop
hypoxemia when challenged with
pulmonary infection. Indeed, this may
partly explain why the mice do not die;
because they do not become hypoxemic,
they are able to maintain adequate organ
perfusion, allowing them to clear the
infection and avoid multiorgan system
failure. Future studies will focus on
the mechanisms by which eosinophils
mediate protection, such as through direct
interactions with neutrophils, sequestration
of pathogens, and/or maintenance of the
alveolar barrier.

Although we have demonstrated a
critical role for eosinophils in mediating
protection, our work does not exclude
the possibility of additional protective
mechanisms that are either associated with
the type 2 immune response or function

through type 2–independent effects of IL-
33. For example, IL-33 has been shown to
protect against S. aureus pulmonary
superinfection in the context of prior
influenza infection in a non–type
2–dependent manner via the recruitment of
neutrophils; however, this effect may reflect
the altered immune milieu induced by
the STAT2-dependent viral response,
which can impact both macrophage and
neutrophil recruitment and function (42,
43). Furthermore, the importance of type 2
immunity in protection against lung injury
may depend on both the pathogen and the
degree of activation of the type 2 immune
response: both Clement and colleagues and
Sanfilippo and colleagues used a model of
Streptococcus pneumoniae lung infection
3–4 days after activation of the Th2
response (using OVA sensitization and
challenge) and failed to identify a robust
protective effect, which was possibly due to
different virulence factors in pneumococcus
(44, 45). However, Th2 activation 10 days
before S. pneumoniae infection resulted in
complete protection against lethal infection
in a macrophage-dependent manner (44).
In both of these contexts, eosinophilia is

likely minimal compared with our model,
and the existence of protection 10 days after
Th2 stimulation likely reflects a distinct
mechanism.

In summary, our study adds to the
growing body of literature indicating that
the type 2 immune response may counteract
pathogen-induced inflammation during
acute infections, suggesting that augmenting
type 2 immunity may serve as a beneficial
way to supplement antibiotic treatment in
patients with pneumonia (12, 18, 24, 27, 32,
46, 47). Understanding the importance of
type 2 immunity in this context can help
explain the marked variability in outcomes
due to infections but may also inform the
development of novel immune-modulating
therapeutic strategies to serve as an adjunct
to supportive care for patients with ARDS,
particularly during the current COVID-19
pandemic. n
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