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A Dynamic Variation of Pulmonary ACE2 Is Required to
Modulate Neutrophilic Inflammation in Response to
Pseudomonas aeruginosa Lung Infection in Mice

Chhinder P. Sodhi,* Jenny Nguyen,  Yukihiro Yamaguchi,* Adam D. Werts,*

Peng Lu,* Mitchell R. Ladd,* William B. Fulton,* Mark L. Kovler,* Sanxia Wang,*
Thomas Prindle, Jr.,* Yong Zhang,i Eric D. Lazartigues,§’ﬂ Michael J. Holtzman,“lE
John F. Alcorn," David J. Hackam,* and Hongpeng Jia*

Angiotensin-converting enzyme 2 (ACE2) is a potent negative regulator capable of restraining overactivation of the renin—
angiotensin system, which contributes to exuberant inflammation after bacterial infection. However, the mechanism through
which ACE2 modulates this inflammatory response is not well understood. Accumulating evidence indicates that infectious insults
perturb ACE2 activity, allowing for uncontrolled inflammation. In the current study, we demonstrate that pulmonary ACE2 levels
are dynamically varied during bacterial lung infection, and the fluctuation is critical in determining the severity of bacterial
pneumonia. Specifically, we found that a pre-existing and persistent deficiency of active ACE2 led to excessive neutrophil accu-
mulation in mouse lungs subjected to bacterial infection, resulting in a hyperinflammatory response and lung damage. In contrast,
pre-existing and persistent increased ACE2 activity reduces neutrophil infiltration and compromises host defense, leading to
overwhelming bacterial infection. Further, we found that the interruption of pulmonary ACE2 restitution in the model of bacterial
lung infection delays the recovery process from neutrophilic lung inflammation. We observed the beneficial effects of recombinant
ACE2 when administered to bacterially infected mouse lungs following an initial inflammatory response. In seeking to elucidate
the mechanisms involved, we discovered that ACE2 inhibits neutrophil infiltration and lung inflammation by limiting IL-17
signaling by reducing the activity of the STAT3 pathway. The results suggest that the alteration of active ACE2 is not only a
consequence of bacterial lung infection but also a critical component of host defense through modulation of the innate immune

response to bacterial lung infection by regulating neutrophil influx. The Journal of Immunology, 2019, 203: 3000-3012.

neumonia remains a leading cause of morbidity and

mortality from infectious disease worldwide (1-4). Al-

though successful antimicrobial treatment can lead to re-
covery, pneumonia survivors may have reduced quality of life and
are at increased risk of developing chronic lung disease (1, 5).
Although viruses remain the most common pathogen causing
pneumonia, both postviral bacterial superinfection and combined
viral-bacterial coinfection are frequent occurrences and lead to
more severe disease. Additionally, increasing antibiotic resistance
patterns have made the treatment of bacterial pneumonia chal-
lenging. As such, bacterial pneumonia remains a significant public
health concern (6-8). Although bacterial infection alone can initiate

lung injury, it is the host-defense response that results in exagger-
ated inflammation and results in further lung injury and delayed
recovery (9-11). Therefore, an improved understanding of the
mechanisms underlying the host/pathogen interactions in bacterial
pneumonia is imperative to develop new therapeutic strategies that
balance the need for an adequate host defense with an injurious
inflammatory response.

The renin—angiotensin system (RAS) regulates blood pressure,
fluid dynamics, and electrolyte balance (12). Additionally, it plays
a role in modulating the innate immune system and is a potent
regulator of inflammation (13). RAS components are expressed
in many tissues and cells, including the lung (14, 15). The system
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is activated during bacterial pneumonia infection to maintain blood
pressure and mount the host-defense response (16, 17). However,
unrestrained RAS activation prolongs inflammation, resulting in
further lung damage. Moreover, the RAS directly influences the
kinin system (KS), which is also activated during bacterial lung
infection and leads to increased lung inflammation (18, 19). Thus,
limiting the overactivation of both the RAS and KS represents an
attractive therapeutic strategy for modulating the harmful hyper-
inflammatory response to bacterial infection in the lung.

Angiotensin-converting enzyme 2 (ACE2) is a terminal car-
boxypeptidase that functions to regulate both the RAS and KS
by converting its substrates to either active or inactive metabolites
(20). Specifically, ACE2 functions as a potent negative regulator
of RAS-induced inflammation mainly because of its action con-
verting Ang II to Ang 1-7 (21, 22), which results in inhibition of
Ang II/AGTIR signaling and activating the Ang 1-7/Masl axis.
Thus, ACE2 acts to shift RAS activity from proinflammatory to
anti-inflammatory states. Additionally, ACE2 temporizes inflam-
mation produced by the KS, where it inactivates Des-Arg’
bradykinin (DABK), thus inhibiting DABK-mediated inflamma-
tion (23, 24). Therefore, ACE2 could regulate the inflammatory
response by limiting the overactivation of both RAS and KS,
which makes ACE2 an ideal therapeutic target for treating and
preventing lung damage caused by an overactive inflammatory
response in bacterial pneumonia. In fact, in other diseases such
as sepsis and acid aspiration—induced lung injury, ACE2 has
been shown to be beneficial in modulating the inflammatory
response (21, 25), and studies have shown that pulmonary ACE2
is impaired in several lung diseases, including viral and aspi-
ration pneumonia, pulmonary hypertension, and LPS-induced lung
injury (20, 26-28). However, the role of ACE2 in bacterial lung
infection remains poorly understood, and the potential role of ACE2
in the pathogenesis of, and defense against, bacterial pneumonia has
not been established.

In this study, we explored the novel link between ACE2
activity and the innate immune response in a mouse model of
bacterial pneumonia. We hypothesized that ACE2 plays a critical,
but previously unrecognized, role in balancing the inflammatory-
immune response to bacterial lung infection, in part through mod-
ulating neutrophil infiltration.

Materials and Methods
Reagents and Abs

The ACE2 inhibitor MLN4760 was purchased from AnaSpec (Freemont,
CA). Recombinant human ACE2 (thACE2) is a product from R&D Systems
(Minneapolis, MN). Mouse rIL-17A is a product by PeproTech (Rocky
Hill, NJ). STAT3 inhibitor WP1066 was purchased from Santa Cruz
Biotechnology (Dallas, TX). All Ab information is listed in Table 1.

Study approval

Mice. The animal experiments described in these studies were approved by
the Johns Hopkins University Animal Care and Use Committee (protocol
number M017M304) and were performed according to the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health.
Eight- to sixteen-week-old male and female C57BL/B6 mice were obtained
from The Jackson Laboratory and bred and housed in the Johns Hopkins
University animal facility.

To generate a mouse line in which the ACE2 gene was precisely ex-
cised from Foxj1* lung epithelial cells (ACE24F9T), ACE2'**" mice were
generated by Dr. E. Lazartigues (Louisiana State University, New Orleans,
LA) using embryonic stem cells (project identification CSD79596) ob-
tained from the Knockout Mouse Project (University of California, Davis,
Davis, CA) and cross-bred with Foxj1°" mice (Dr. Michael Holtzman’s
Lab, Washington University, St. Louis, MO) (29). The progeny were found
to be lacking ACE2 expression in the specific type of cells, as determined
by immunohistochemistry and reduced ACE2 activity in bronchoalveolar
lavage fluid (BALF) (Supplemental Fig. 2). Global ACE2 knockout (ACE2*%)
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are a generous gift from Dr. J. Penninger of Institute of Molecular Bio-
technology, Austria.

Mouse lung organoid culture

Establishment of lung organoid cultures followed a published protocol with
minor modification (30). In brief, mouse lungs were diced, and the tissue
was subjected to cell separation using Liberase (2 pg/ml; Roche), followed
by mechanical dissociation (21-gauge needle) and DNA digestion (DNase
I, 120 p/ml; Roche). They were then maintained for 10-12 d before
experiments were conducted. Organoids were grown on Matrigel and
supplied with DMEM/F12 containing 5% FBS, penicillin/streptomycin
(100 U/ml), glutamine (1%), amphotericin B (1X), insulin/transferrin/
selenium (1X, no. 15290018; Life Technologies), recombinant mouse
EGF (0.025 pg/ml, no. SRP3196; Sigma-Aldrich), cholera toxin (0.1 pg/ml,
no. C8052; Sigma-Aldrich), and bovine pituitary extract (30 pg/ml, no. P1476;
Sigma-Aldrich). All-trans retinoic acid was freshly added to organoid culture
media (0.01 wM, no. R2625; Sigma-Aldrich) A ROCK inhibitor, Y-27632
(10 uM, no. 1254; Tocris Bioscience), was added for the first 48 h of
culture.

Flow cytometry for neutrophils

Flow cytometry was performed in single-cell suspensions from mouse
BALF as reported previously (31). The pellet was then resuspended in
10 ml 1% BSA (VWR Life Sciences) in PBS and centrifuged at 400 X g,
4°C for 5 min, and the supematant was discarded. The cell pellet was
resuspended at 2.5 X 10" cells/ml in FACS buffer. Single-cell sus-
pensions were then incubated with anti-CD16/CD32 (BD Biosciences)
to block Fc receptor binding (20 min at 4°C). Neutrophils were gated as
7AAD ™ Ly-6G*CD11b* and analyzed according to the manufacturer’s
guidance on a BD Accuri C6 flow cytometer. All Abs used are listed in
Table 1.

Lung wet/dry ratio measurement

Mouse lungs from each experimental group were collected, and a portion of
the lungs was assessed for wet/dry ratio measurement. Briefly, mouse lungs
were removed, and wet weights were measured, followed by placement of
the lung tissue in an incubator at 65°C for 72 h. The dry weights of lung
tissues were measured, and the wet/dry ratio was calculated to evaluate
lung edema: wet-to-dry = wet weight/dry weight.

Immunohistochemistry, immunofluorescence, and SDS-PAGE

Immunofluorescent staining of lung tissues was performed on 4%
paraformaldehyde-fixed 5-pm paraffin sections. The sections were first
warmed to 56°C in a vacuum incubator (Isotemp Vacuum Oven; Thermo
Fisher Scientific) then washed immediately twice with xylene, gradually
redehydrated in ethanol (100, 95, and 70% and water), and then processed
for Ag retrieval in citrate buffer (10 mM [pH 6])/microwave (1000 W,
6 min). Samples were then washed with PBS, blocked with 1% BSA/5%
donkey-serum (1 h, room temperature), then incubated overnight at 4°C
with primary Abs (1:200 dilutions in 0.5% BSA), washed three times
with PBS, incubated with appropriate fluorescent-labeled secondary Abs
(1:1000 dilution in 0.5% BSA; Life Technologies) as well as the nuclear
marker DAPI (BioLegend), and slides were then mounted using Gelvatol
(Sigma-Aldrich) solution prior to imaging using a Nikon Eclipse Ti con-
focal microscope (Nikon) under appropriate filter sets. Abs used in mouse
lung immunostainings are cleaved caspase 3 (rabbit anti-rat/mouse;
Biocare Medical), DAPI (Life Sciences), and inducible NO synthase
(iNOS; mouse anti-rat/mouse; BD Biosciences). SDS-PAGE was performed as
in (32, 33), in which tissue samples were collected in radioimmunoprecipitation
assay buffer (no. BP-115; Boston BioProducts) containing phosphatase and
protease inhibitor mixture (no. BP-480; Boston BioProducts; no. PIC02;
Cytoskeleton), and homogenized with homogenizing beads on a BeadBlaster
(Benchmark Scientific) and centrifuged at 4°C at 16,000 X g for 5 min.
Supernatants were collected, and equal amounts of protein were loaded
on SDS-PAGE gel before transferring to a cellulose membrane for Ab
detection.

Measurement of catalytic activity of ACE2

ACE2 activity in BALF was determined by measuring the fluorescence
intensity of ACE2 substrate Mca-Y VADAPK(Dnp)-OH (catalog no. ES007;
R&D Systems) (34). In brief, samples were diluted in assay buffer (50 mM
MES, 300 mM NaCl, 10 nM ZnCl,, and 0.01% Brij-35 [pH 6.5]) and
incubated with ACE2 substrate, with or without the ACE2 inhibitor
MLN4760 (1 nM, catalog no. 62337; AnaSpec), at 37°C for 45 min.
The fluorescence intensity was determined using a multiplate fluores-
cence reader at excitation 320 nm and emission 405 nm.
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FIGURE 1. Pulmonary ACE2 expression and activity are dynamically
variable in response to P. aeruginosa infection. A bacterial pneumonia
model was established by instilling 30 pl saline containing 1 X 10°
P. aeruginosa (Paol strain) through intubation with an otoscope. At time
after bacterial inoculation, mice were sacrificed, and BALF or lung tissues
were collected. (A) ACE2 activity in BALF was measured by fluorescent
substrate (Fluro-substrate)—based assay. The relative light unit or relative
luminescence unit (RLU) was normalized by recovery volume of respective
BALF. The ACE2 gene expression level was measured by quantitative RT-PCR
and displayed as ACE2 mRNA expression level relative to a housekeeping gene
RPLO mRNA expression level (B), and ACE2 protein level in mouse lung
homogenates was determined by ELISA, and the concentration was normalized
by protein concentration (C). (D) Neutrophil numbers in BALF were determined
by flow cytometry and gated as Ly-6G"CD11b" in live cells (JAAD"). In all
samples, n = 5. All comparisons were done between the nontreated group (0)
and treated group at the time (day) of sacrifice after bacterial inoculation. Data
were analyzed for statistical significance by two-tailed Student # test or ANOVA
(ordinary one-way ANOVA multiple comparisons) using Prism software
(GraphPad). *p < 0.05, **p < 0.01, ***p < 0.001.

Detection of mRNA expression by quantitative RT-PCR

Total RNA was isolated from mouse lung tissue and reverse tran-
scribed using the QuantiTect Reverse Transcription Kit (QIAGEN).

Table I. List and application of Abs

ACE2 REGULATES PULMONARY NEUTROPHIL INFILTRATION

The expression levels of mouse ACE2 were determined relative to the
housekeeping gene RPLO by quantitative real-time PCR using the
Bio-Rad Laboratories CFX96 real-time system, as described previously
(33). The following primers were used to detect individual mRNA levels:
mouse ACE2 forward: 5'-TCTGCCACCCCACAGCTT-3', reverse 5'-
GGCTGTCAAGAAGTTGTCCATTG-3"; and mouse RPLO forward
primer: 5'-GGCGACCTGGAAGTCCAACT-3’, reverse 5'-CCATC-
AGCACCACAGCCTTC-3".

ELISA

Sandwich ELISA analysis for mouse ACE2 was performed according
to the manufacturer’s instructions (Innovative Research catalog no.
IRKTAHS5291). Briefly, a capture Ab of mouse ACE2 has incubated in
96-well flat-bottom plates overnight. Plates were washed and blocked
with 5% BSA (1 h, room temperature) and samples were added to the
plate, incubated overnight (4°C), and washed extensively then incu-
bated with a biotinylated anti-mouse ACE2 detection Ab (2 h at room
temperature). Following washes, the streptavidin/alkaline phosphatase
was added to the wells and incubated at room temperature for 20 min.
Then, the plate was washed again as described above, and a substrate
solution (color reagent A and B with 1:1 ratio; R&D Systems) was added,
and the enzymatic reaction was stopped after 30 min by the addition of an
equal volume of 0.2 N sulphuric acid, and the color change was read on a
spectrophotometer (450 nm; Molecular Dynamics). Data were normalized
to total protein concentration and analyzed using GraphPad (Prism). Protein
contents in BALF were determined by BCA assay (no. 23225; Pierce).
Murine CXCLS, keratinocyte chemoattractant (KC) or Cxcll, MiP2,
and G-CSF abundances were assessed by ELISA (R&D Systems) fol-
lowing the manufacturer’s instructions.

Growth of Pseudomonas aeruginosa bacteria

P. aeruginosa (Paol strain, kindly gifted from Dr. P. B. McCray, University
of Iowa) were stocked at —80°C. Two days before the experiment, bacteria
were streaked on a Luria-Bertani (L.B.) plate and incubated at 37°C
overnight. A single colony was picked and cultured in L.B. broth at 37°C
overnight. On the day of the experiment, overnight cultured Pseudomonas
were transferred to a new culture tube containing fresh L.B. broth in a
1:100 ratio. Four to six hours postinoculation, cultures were checked with a
spectrometer at 595 nM to determine the density of bacteria content as
such: OD 595 = 0.1 equals to 1X 10° CFU/ml.

P. aeruginosa induced bacterial pneumonia model

Mice 6-12 wk of age were anesthetized by i.p. injection of ketamine/
xylazine (87.5 = 2.5/10 mg/kg). A mouse model of bacterial pneumonia
was established by the intratracheal administration of 1 X 10930 pl
P. aeruginosa (Paol stain) via tracheal intubation. For tracheal adminis-
tration of reagents, mice were first anesthetized by inhaled isoflurane and
then administered by nasal inhalation either hACE2 (10 pg/kg), the ACE2
inhibitor MLN4760 (2.5 mg/kg), or the STAT3 inhibitor WP1066 (10 pg/kg)
in 50 pl of total volume. For neutralizing or blocking experiments, isotype
control rat IgG (25 mg/kg), rat anti-Ly-6G mAb, isotype rabbit IgG
(25 mg/kg), or rabbit anti—IL-17 Ab was dissolved in 50 pl saline and

Ag Primary Ab Secondary Ab Application Vendor
ACE2 Rat Donkey IF R&D Systems
Actin Mouse (HRP) Western blot GenScript
Aqp3 Rabbit Donkey IF Abcam
CC3 Rabbit Donkey IF Biocare Medical
CDl11b Rat Glow cytometry BioLegend
Foxjl Mouse Donkey IF eBioscience
IL-17A Goat Donkey Neutralization R&D Systems
iNOS Mouse Donkey IF BD Biosciences
Ly-6G Rat Flow cytometry BioLegend
Ly-6G Rat Depletion R&D Systems
MPO Goat Donkey IF Santa Cruz Biotechnology
Muc5A Mouse Donkey IF Thermo Fisher Scientific
p-STAT3 Rabbit Goat Western blot Cell Signaling Technology
PdPn Rabbit Donkey IF Abbiotec
Pgp9.5 Mouse Donkey IF Abcam
ScgblAl Rabbit Donkey IF MilliporeSigma
STAT3 Rabbit Goat Western blot Cell Signaling Technology

IF, immunofluorescence; MPO, myeloperoxidase.
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Table II.  Pathologic score system adopted from the American Thoracic
Society guideline

Score per Field

Parameter 0 1 2
A. Neutrophils in the alveolar space None 1-5 >5
B. Neutrophils in the interstitial space ~ None 1-5 >5
C. Hyaline membranes None 1 >1
D. Proteinaceous debris filling the None 1 >1

airspaces
E. Alveolar septal thickening <2X 2X— >4X
4X

administered by nasal inhalation at 2 h before and 24 h after bacterial
inoculation.

Neutrophil depletion

Mice were administered 5 mg/kg of either rat mAb anti-Ly-6G, clone 1A8,
or isotope rat IgG by nasal inhalation 24 h after bacterial inoculation.
Neutrophil counts in BALF were determined by flow cytometry as gated as
7AAD™ Ly-6G*CD11b*.

Bronchoalveolar lavage

Mice were euthanized, and a midline incision was performed to open the
chest. The lungs were lavaged in situ via PE-90 tubing inserted into the
exposed trachea. Lavage was carried out with 0.5-ml volumes of sterile
saline (total lavage volume 2 ml/mouse). The recovered volumes of each
BALF sample were recorded to normalize protein concentration in BALF.
Protein contents in BALF were determined by bicinchoninic acid assay (no.
23225; Pierce).

Bacterial load in BALF

To measure bacterial load in samples, BALF was serially diluted (1:10) in
sterile PBS. Ten microliters from each dilution were plated onto separate
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L.B. agar plates, and the plates were incubated at 37°C for 18 h. Two
replicates of each dilution were plated on L.B. agar plates. Colonies were
counted separately for each sample. Bacterial load was displayed as CFU
per milliliter in BALF.

Histologic lung injury score

To quantify the extent of histologic lung injury, we adopted the American
Thoracic Society recommended scoring system as shown in Table II:

Score = [(20 X A) + (14 X B) + (7 X C) + (71X D)
+ (2 X E)|/(number of fields X 100)

The scores were recorded by two independent researchers who do not
participate in the experimental procedures, nor did they know the content of
each H&E slide they scored. At least five fields of each slide were scored.

Statistical analysis

Where indicated, data were analyzed for statistical significance by two-
tailed Student ¢ test or ANOVA (ordinary one-way ANOVA multiple com-
parisons) using Prism software (GraphPad). Statistical significance was
determined as having a value <0.05, and data are represented as mean
+ SEM as indicated. All experiments were repeated at least twice, with
at least three mice per group for assessment.

Results
Pulmonary ACE2 expression and activity are dynamically
variable in response to P. aeruginosa infection

Previously, we demonstrated that administration of bacterial LPS
into mouse lung attenuated pulmonary ACE2 activity dynamically
(28). To study whether pulmonary ACE2 plays a similar role in
the pathogenesis of bacterial pneumonia, we established a mouse
model by intratracheal instillation of 1 X 10%30 wl P. aeruginosa
via tracheal intubation. As we have previously reported, enzymat-
ically active pulmonary ACE2 is shed from the airway epithelium

A -‘i‘-h (I) 24i--h 48i-h

FIGURE 2. Pre-existing and persistent lack of the MLN4760P.a MLN4760 sacrifice
active ACE2 exacerbates the severity and worsens
the prognosis of bacterial pneumonia. (A) Schematic B " c 100 i D E
depicting the strategy of ACE2 inhibitor (MLN4760; 100 .rLI _ R 5 40
2.5 mg/kg) treatment. (B) Bodyweight change at the =E ": . 2 B B -:an
time of sacrifice. (€) Survival curve of mice in re- ZE'§’90 ‘e Za A ‘%50 =] EE’
spective experimental groups as indicated. (D) The 5 2 = n = % g;zu
degree of lung permeability from mice of respective ® g80 - e L § 210
experimental groups was determined by wet/dry ratio. N " - NEgrso
(E) Levels of total protein in BALF from mice of the O W ACE2* 0 pays 2 WT  WT+ ACE2ke . WT  WT+ ACEZ*®
indicated experimental group. (F) Neutrophil accu- ey S R
mulation in mouse lungs with pre-existing and persis- F G H . |
tent deficiency of the active ACE2 was assayed by flow . 4 = 1 0.06 T _2000 2t 5 -
cytometry gated as Ly-6G*CD11b* living cells in g 3 it ;: N E1s00 ' z 4 &
BALF. (G) Bacterial load in mouse BALF was de- 8 '5;2 = ) £|_,,-E.O'D4 E a '::u‘a 3 .
termined by CFU. The volume of individual BALF & x = 5% : 1000 132 e
normalized the CFU (indicated as CFU per milliliter). :S- = S =002 . 8 500 = Bota 1 = :
(H and 1) Proinflammatory cytokine and chemokine P i 0.00 "E" A | erge = olssss
levels of CXCLS5 and KC were determined by ELISA. WT  WT+ ACE2k® i WT WT+ AcEZ® WT- ACE2ke WT  WT+ ACE2¥

MLN4760 MLN4760 MLN4760 MLN4760

(J) Representative micrograph of pathohistology of
lungs from indicated groups at the time after bacterial
inoculation. (K and L) Representative immunofluores-
cence images from an indicated experimental group of

mice for iNOS (K), and neutrophil marker myeloper- wr
oxidase (MPO) (L). (M) Pathological scores of mouse

lungs from wild-type mice with or without MLN4760

treatment and ACE2"° mice were calculated. Data were WT+
analyzed for statistical significance by two-tailed MLN4760
Student ¢ test or ANOVA (ordinary one-way ANOVA

multiple comparisons) using Prism software (GraphPad).

In all experiments, n = 4. Scale bar, 50 pm.

*p < 0.05, **p < 0.01, ***p < 0.001.
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after inoculation with LPS (27). Therefore, we first measured ACE2
enzymatic activity in BALF from bacterially infected mouse lung.
We found that ACE2 activity is suppressed significantly in the first
2 d after bacterial inoculation, but increases beginning 3 d postin-
oculation (dpi) (Fig. 1A), explaining the dynamics of ACE2 gene
and protein expression in the lung (Fig. 1B, 1C). This suggests a
correlation between bacterial infection and various levels of active
pulmonary ACE2. Similar to what we observed in the LPS-induced
lung injury model (28), the time-sensitive variation in pulmonary
ACE?2 production and activity in our bacterial pneumonia model is
inversely related to the number of neutrophils in BALF (Fig. 1D).
The above observation led us to consider whether the dynamics of
ACE?2 activity are responsible for the host-defense response to bac-
terial insult and that variation in pulmonary ACE2 is not only a
consequence of bacterial lung infection, but also a driving force for
inflammatory cell recruitment (Tables I, II).

Pre-existing and persistent deficiency of active ACE2
exacerbates the severity and worsens the prognosis
of bacterial pneumonia

To address the above question, we manipulated pulmonary ACE2
activity by giving the mice either the ACE2 inhibitor MLN4760 or
rhACE2 through inhalation to disrupt ACE2 dynamics. First, we

ACE2 REGULATES PULMONARY NEUTROPHIL INFILTRATION

reduced pulmonary ACE2 activity of adult wild-type mice through
the administration of the ACE2 inhibitor, MLN-4760 (2.5 mg/kg),
via nasal inhalation. This manipulation was done both before and
24 h after bacterial inoculation (Fig. 2A). We found that reduction
in ACE2 activity led to exaggerated lung injury, as evidenced by
increased weight loss (Fig. 2B), reduced survival (Fig. 2C), in-
creased lung permeability as manifested by elevated lung wet/dry
ratio (Fig. 2D), and by more protein content in BALF (Fig. 2E).
Interestingly, mice that received an ACE2 inhibitor demonstrated
enhanced neutrophil accumulation in the air space of the lung
(Fig. 2F) and a remarkably reduced bacterial burden (Fig. 2G),
suggesting that the increased disease severity after inhibition of
pulmonary ACE2 was due to exuberant neutrophil infiltration
and not an overwhelming bacterial infection. The above concept is
supported by elevated proinflammatory cytokine and chemokine
levels in BALF (Fig. 2H, 2I), worsened histopathology (Fig. 2J,
2M), more severe parenchymal inflammation (Fig. 2K), and in-
creased neutrophil accumulation in the parenchyma (Fig. 2L) in
mice subjected to pulmonary ACE2 inhibition. To further confirm
this observation, we subjected a global ACE2*® mouse to our model.
Similar to wild-type mice who received an ACE2 inhibitor, ACE2°
mice showed increased inflammation, more severe lung injury, and
decreased survival (Fig. 2B-M).

Asn o 24-h ag-h
[ ! I 1
MLN4760FP.a MLN4760 sacrifice
+lgG or
a-Ly6G
ST D =

B s e 2500 .

+ L]

2 =35 =2000 .

= E E
FIGURE 3. Deficiency of active ACE2-induced lung 8 '&25 1500
injury is due to heightened neutrophilic inflamma- '{D % . 31000
tion. (A) Schematic elaborating the strategy of ACE2 '-g. :.]i g —u
inhibitor (MLN4760; 2.5 mg/kg) and anti-Ly-6G < 4] 3est L 500{ N.S
(5 mg/kg) rat Ab treatment. (B) Neutrophil counts 0.0 Ly 0. e !' .
in BALF from experimental groups were determined 2 ? 2,2 0 2 > » e
by flow cytometry gated as live Ly-6G*CD11b" cells. 0O ‘i\gc’@ \‘OQ«V‘:&\@ Q'\gc’ Q;g(’@ 9 ‘\“0? ,\;! ‘\
(€) Bodyweight changes 48 h after bacterial lung in- d x&‘\‘-\ ,0»'\' x 4 x@\ x@;h x@"’ "o\!\\r‘x
fection in comparison with initial bodyweight. (D and x@\’ ¥ 3 W *
E) Levels of proinflammatory cytokine and inflamma- C *k N.S E 6000
tory cell recruiting chemokine in BALF from experi- I ok )
mental groups as indicated were detected by ELISA. 100 . A v ‘—E
Final concentrations were nprmal}zed by recovery vol- _ ‘_:; 95 '_‘ i uv:u- 314000
ume. (F and G) Representative micrograph demonstrat- S -5 3 =3
ing immunofluorescent staining for inflammation marker E 2 90 = - o~
iNOS (green) and neutrophil marker myeloperoxidase ;e. %‘ 85 - §2000
(MPO; red) in lung sections from mice as indicated. _g 80 al
Data were analyzed for statistical significance by
two-tailed Student ¢ test or ANOVA (ordinary one- 75
way ANOVA multiple comparisons) using Prism ?0\& N\Q,\'@QQ %0
software (GraphPad). For each experimental group, < x“}\,&' ,0' 6\}\-\

n = 4. Scale bar, 50 pm. *p < 0.05, **p < 0.01,
*#*%p < 0.001. N.S, no statistical significance.

x x

MLN4760
+rat IgG

MLN4760
+o-Ly6G

6T0C ‘6T JOGUWISAON UO Afeiq 1T ‘BINIISU| BYSU0e Y T /BI0" ounuw i Mmw/:diy WOy papeo|umod


http://www.jimmunol.org/

The Journal of Immunology

The active ACE?2 deficiency—mediated excessive lung
inflammation in response to bacterial lung infection is due to
exuberant neutrophil accumulation in the lung

Next, we sought to elaborate the mechanism by which reduced
pulmonary ACE2 activity led to increased neutrophil infiltration
and subsequent inflammation. To do so, we again subjected mice
to inhalation of the ACE2 inhibitor MLN4760 before bacterial
inoculation (Fig. 3A) but added either a neutrophil depleting Ab
(anti-Ly-6G) or control rat IgG with the second dose of MLN4760
that was given 24 h after bacterial lung inoculation. As shown in
Fig. 3B-G, neutrophil depletion reversed the lung injury exacer-
bated by inhibition of pulmonary ACE2, as evidenced by signif-
icantly reduced neutrophil influx (Fig. 3B), the reversal of weight
loss (Fig. 3C), alleviated inflammation (Fig. 3D, 3E), and re-
duced parenchymal inflammation and neutrophil accumula-
tion (Fig. 3F, 3G). Taken together, these experiments strongly
suggest that inhibition of active ACE2 leads to excessive lung
inflammation in response to bacterial lung infection because of
exuberant neutrophil accumulation in the lung.

Interrupting active ACE2 recovery attenuates the resolution of
lung inflammation in bacterial pneumonia

As shown in Fig. 1, pulmonary ACE2 activity starts to recover 3 d
after bacterial lung infection. We next asked whether interruption
of ACE2 recovery will have an impact on the resolution of neu-
trophilic lung inflammation and injury. To address this question,
we inhibited ACE2 activity starting at 3 dpi by giving the mice an
ACE2-inhibitor MLN4760 through nasal inhalation and one dose
daily after that (Fig. 4A). At 6 dpi, the mice were sacrificed and
checked for markers of inflammation and injury. As demonstrated,
persistent and prolonged lung inflammation and injury were ob-
served in the lungs of mice who received MLN4760, which was
manifested by impaired weight recovery (Fig. 4B), persistent neu-
trophil accumulation (Fig. 4C), elevated chemokine and cytokine
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concentration in BALF (Fig. 4D, 4E) and parenchymal pathology,
and inflammation and neutrophil accumulation (Fig. 4F-H) in the
lungs. However, almost complete resolution of inflammation and
recovery from injury were achieved in the lungs of mice without
ACE2 inhibitor, indicating that attenuating the recovery of ACE2
activity impairs the resolving process of inflammation and injury
in bacterial pneumonia. This further underscores the critical role of
ACE2 in the pathogenesis of lung inflammation in the experimental
disease setting.

Preventing the pulmonary ACE2 reduction leads to impaired
neutrophil recruitment, increased bacterial burden, and
enhanced mortality in bacterial pneumonia

Previous reports illustrated that enhancing pulmonary ACE2 ac-
tivity is beneficial to the hosts who encountered infectious or
noninfectious insults in the lung (25, 28, 35-39). To verify that
such beneficial effect of ACE2 in our bacterial lung infection
model, as depicted in Fig. SA, we supplied adult wild-type mice
with thACE2 (10 pg/kg by nasal inhalation) 2 h before and 24 h
after P. aeruginosa inoculation. Surprisingly, we did not observe
the beneficial effect of thACE2 as reported by others. Instead,
rhACE2 supplementation resulted in more severe mortality and
further bodyweight loss in surviving mice (Fig. 5B, 5C), which
was accompanied by high bacterial load and reduced proin-
flammatory neutrophil accumulation in BALF (Fig. 5D, 5E).
Furthermore, such rhACE2 treatment led to compromised in-
flammatory response, as evidenced by reduced inflammatory
chemokine and cytokine products in BALF (Fig. 5F-I), more
severe histopathology of the lung (Fig. 5J), reduced parenchymal
inflammation, and neutrophil accumulation (Fig. 5K, 5L). The re-
sults suggested that interfering with the dynamic variation of pul-
monary ACE2 is detrimental to the host by compromising the innate
host-defense capability to bacterial lung infection because, in part,
of the impaired pulmonary neutrophil influx.

Ao 3dpi  4dpi  5dpi  6dpi
| I I | |
Pa MLN4760 MLN4760 MLN4760 sacrifice

FIGURE 4. Interrupting active ACE2 recovery at-
tenuates the resolution of lung inflammation in bacte-
rial pneumonia. (A) Timelines outline the experimental
protocol. (B) Bodyweight changes relative to initial B 115 c 0080 * D 200 * E 15 i‘.
bodyweight at 6 dpi with or without interrupting active . - "
ACE2 recovery by ACE2 inhibitor MLN4760. (C) ] B =150 ‘—é‘
Neutrophil accumulation in mouse lung infected by = %105 _} g m__E_ % E ‘5,100
bacteria as manifested by live Ly-6G*CD11b* cells in E ES 3 © S0.025 21 00 2
BALF using flow cytometry. (D and E) Interrupting 58 8 O x g o ]
active ACE2 recovery prolonged elevated proin- 8 95 'I' ‘_'g- = « " x s 50 -
flammatory cytokine (Mip2 and KC) levels in BALF 50 =
determined by ELISA. (F) H&E staining micrograph i :? ﬁ
showing histology of mouse lung with perturbed 85— 0_000._',_,_ ol 1]

MLN4760 - MLN4760 - + MLN4760 - + MLN4760 - +

active ACE2 recovery at 6 dpi. (G and H) Represen-
tative micrograph demonstrating immunofluorescence
for neutrophil marker myeloperoxidase (MPO; red) (G)
and inflammation marker iNOS (green) (H) in lung
sections from mice as indicated. Data were analyzed
for statistical significance by two-tailed Student ¢ test
using Prism software (GraphPad). For each experi-
mental group, n = 4. Scale bar, 50 pm. *p < 0.05,
##p < 0.01.
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(D) Bacterial load recovered from BALF. Final bacte-
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statistical significance by two-tailed Student # test using
Prism software (GraphPad). In all experimental groups,
n = 4. Scale bar, 50 pm. *p < 0.05, ** p < 0.01,
wrkp < 0.001.

rhACE?2 treatment after initial inflammatory response mitigates
lung inflammation and injury in bacterial pneumonia

To reconcile the reported beneficial effect of thACE2 with our
observation that pretreatment of rhACE2 is detrimental, we next
sought to evaluate whether restoration of ACE2 activity after initial
inflammatory response to bacterial lung infection would dampen
the inflammation and alleviate lung injury. To do so, we treated
bacterially infected wild-type mice with thACE2 (10 png/kg) 24 h
after Pseudomonas bacterial inoculation (Fig. 6A). As shown in
Fig. 6, 48 h after bacterial lung infection, rhACE2 treatment is
indeed beneficial as demonstrated as the improved bodyweight re-
covery (Fig. 6B), reduced lung permeability (Fig. 6C, 6D), miti-
gated neutrophil accumulation in mouse lungs (Fig. 6F), dampened
inflammatory cytokine production (Fig. 6G, 6H), and alleviated
inflammation and lung injury (Fig. 61-L), although the bacterial
burden in BALF was not changed (Fig. 6E). The results high-
lighted a therapeutic window to treat bacterial pneumonia by
using recombinant active ACE2.

Pulmonary epithelial ACE2 is required to buffer exuberant
neutrophilic lung inflammation in response to bacterial

lung infection

In seeking to further understand the contributions of pulmonary
ACE2 in the pathogenesis of bacterial pneumonia, we first screened
ACE2 protein distribution in mouse lungs by immunofluorescence.
As demonstrated in Fig. 7A and in Supplemental Fig. 1, ACE2 is
predominantly expressed in cells in which transcriptional factor

-rhACE2

+rhACE2

4 .

foxjl is positive (foxj1™), a marker for mature and ciliated lung
epithelia. Accordingly, we generated a mouse line in which ACE2
is specifically deficient in foxj1* lung epithelia. The progeny, in
this study called ACE2*™9! mice, were healthy, fertile, displayed
no distinct lung phenotype, and reproduced at expected Mendelian
ratios but exhibited reduced ACE2 expression and activity in the
lung, confirming the success of the deletion strategy (Supplemental
Fig. 2). When subjected to our bacterial pneumonia model,
ACE24%%! mice demonstrated a similar phenotype to what we
observed in systemic ACE2-deficient mice (Fig. 2) as man-
ifested by reduced survival rate (Fig. 7B), further weight loss
(Fig. 7C), enhanced lung permeability (Fig. 7D, 7E), increased
neutrophil infiltration (Fig. 7F), reduced bacterial outgrowth in
BALF, exaggerated lung inflammation (Fig. 7H, 7I), and exacer-
bated lung injury (Fig. 7J-M), revealing that pulmonary epithelial
ACE2 bears a relatively significant role in modulating neutrophil
infiltration and lung inflammation in the disease setting.

ACE?2 regulates IL-17-mediated neutrophil infiltration by
modulating STAT3 signaling

It has been reported that IL-17 is critical in mediating pulmonary
neutrophil infiltration, whereas the lungs encountered infectious
insults (40—44). Our previous studies in necrotizing enterocolitis-
induced lung injury also indicated that IL-17 is critical in neu-
trophilic lung inflammation (45). Thus, we hypothesized that
IL-17-mediated neutrophil influx is, at least in part, the un-
derlying mechanism by which ACE2 modulates neutrophilic
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FIGURE 6. rhACE2 treatment after initial inflam-
matory response mitigates lung inflammation and in-
jury in bacterial pneumonia. (A) Timeline depicting the
experimental protocol. (B) Bodyweight changes rela-
tive to that before bacterial pneumonia model initiation
with or without ACE2 intervention 48 h after bacte-
rial inoculation. (C) The severity of lung edema in
wild-type mice with or without recombinant ACE2 was
determined by lung tissue wet/dry ratio measurement.
(D) Protein levels in BALF from mice with or without
rhACE2 was determined. (E) Bacterial load in BALF
from mice of the individual experimental group was
determined as CFU per milliliter. (F) The effect of
recombinant ACE2 that was given after initial in-
flammatory process on the neutrophil accumulation in
bacterially infected mouse lung was measured by flow
cytometry as indicated as live Ly-6G*CD11b* cells in
BALF. (G and H) Active ACE2 enhancement led to
reduced proinflammatory cytokine (Mip2 and KC)
levels in BALF determined by ELISA. (I) Represen-
tative H&E staining micrographs are revealing histo-
pathology in mouse lungs from respective experiment
groups as indicated. (J and K) Representative immu-
nofluorescence images from an indicated experimental
group of mice for iNOS (J) and a marker of inflam-
mation and neutrophil marker myeloperoxidase (MPO)
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(K). (L) Pathological scores of mouse lungs with or
without recombinant ACE2 treatment after initial
inflammation. Data were analyzed for statistical
significance by two-tailed Student ¢ test using Prism
software (GraphPad). For each experimental group,
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n = 4. Scale bar, 50 pm. *p < 0.05, **p < 0.01,
iy < 0.001.
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inflammation in bacterial lung infection. To test this hypothe-
sis, we first measured IL-17A content in BALF from wild-type
mice with or without P. aeruginosa instillation for 24 h. As
shown in Fig. 8A, bacterial lung infection did induce IL-17A
in mouse lung. Next, we administered the wild-type mice an
ACE2-inhibitor MLN4760, and an IL-17A-neutralizing Ab by
inhalation 2 h before and 24 h after P. aeruginosa inoculation.
As indicated in Fig. 8B, ablating IL-17A in the lung precluded
P. aeruginosa infection mediated neutrophil infiltration even
in the presence of ACE2 inhibitor MLN4760, suggesting that
ACE2 modulated neutrophil infiltration is, at least in part, through
its effects on IL-17 signaling. Indeed, IL-17A induces more neu-
trophil infiltration in ACE2-deficient mice, and recombinant ACE2
significantly reduces IL-17A-mediated neutrophil infiltration
(Fig. 8C). The results depicted in Fig. 8D, 8E indicated that
recombinant ACE?2 alleviated IL-17A-induced chemokine and
cytokine levels in mouse lung BALF. To dissect how ACE2
affects IL-17 signaling, we first measured IL-17A levels in
BALF from bacterially infected wild-type mice with manipu-
lated ACE2 activity and from ACE2-deficient mice. As shown
in Fig. 8F, IL-17A levels are not different in BALF from the
mice in which pulmonary ACE2 were varied, indicating that
the effect of ACE2 on IL-17-mediated neutrophil recruitment
is not due to the impaired IL-17 production. Instead, it may be

due to altered IL-17 signaling. To confirm this possibility, we
detected a significant signaling molecule for IL-17-mediated
neutrophil infiltration (46-50), STAT3, by Western blotting. As
demonstrated, thACE2 inhibited IL-17A—induced STAT3 phos-
phorylation both in vitro (cultured mouse lung organoids; Fig. 8G)
and in vivo (mouse lung; Fig. 8H).

Moreover, we found that thACE2 reduces STAT3 phosphory-
lation in the lung of wild-type and ACE2-deficient mice that un-
derwent bacterial lung infection (Fig. 8I). Even more importantly,
blocking STAT3 signaling by WP1066, a STAT3 inhibitor, resul-
ted in the reduced neutrophil infiltration induced by a bacterial
lung infection in the presence of ACE2-inhibitor MLN4760
(Fig. 8J). All the above observations suggest that ACE2 modulates
neutrophil infiltration induced by a bacterial lung infection, in
part, through regulating IL-17-mediated STAT3 signaling (Fig. 9).

Discussion

As summarized in Fig. 9, our current study reveals that the dynamic
variation of pulmonary ACE2 is required to control the neutrophilic
inflammation of the host in response to bacterial lung infection.
Specifically, the initial reduction of pulmonary ACE2 while the
host encounters a bacterial lung infection is crucial for recruiting
the inflammatory neutrophils into the lung to combat the infection.
However, the subsequent recovery of pulmonary ACE2 is equally
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FIGURE 7. Pulmonary epithelial ACE2 is required to buffer exuberant neutrophilic lung inflammation in response to bacterial lung infection. (A)
Representative images immunofluorescent staining for foxjl (red) and ACE2 (green), demonstrating ACE2 is predominantly expressed in foxj1* cells
(upper panel), and the expression is reduced 48 h after bacterial infection (lower panel). (B) ACE2291! mice demonstrated more severe mortality in
bacterial pneumonia (C). ACE24%! mice exhibited more weight loss in bacterial pneumonia in comparison with wild-type counterpart. (D and E)
Bacterially infected ACE22% %! mouse demonstrated an increased permeability as evidenced by elevated wet/dry ratio (D) and protein levels in BALF (E).
(F) Neutrophil accumulation in ACE2*™9! mouse lung infected by Pseudomonas bacteria was exacerbated as manifested by increased Ly-6G"CD11b* live
cells in BALF using flow cytometry. (G) Bacterial load in BALF from ACE229! mouse lung infected by Pseudomonas bacteria was NS in comparison
with that in the wild-type counterparts. (H and I) Excising ACE2 gene from foxj1* cells led to enhanced proinflammatory cytokine production (KC and
Mip2) as measured by ELISA. (J) Representative micrograph showing histology of lungs of ACE24%%! mice with Pseudomonas bacterial infection. (K and L)
Immunofluorescent images of inflammation marker iNOS (green) (K) and neutrophil marker myeloperoxidase (MPO; red) (L) in ACE24™4! mice with a
bacterial lung infection. (M) Pathological scores of mouse lungs from wild type and were calculated. Data were analyzed for statistical significance by two-
tailed Student ¢ test using Prism software (GraphPad). In all experimental groups, n = 4. Scale bar, 50 pwm. *p < 0.05, **p < 0.01, ***p < 0.001.

critical to prohibit exuberant neutrophil accumulation and to safe-
guard the resolving process of lung inflammation. Confounding
factors that either prevent the ACE2 dynamic from occurring or
disrupt the dynamic are detrimental to the host, resulting in either
compromised host-defense capability or heightened inflammatory
response. These findings are significant to understand the biology
of pulmonary ACE2 further and delineate the therapeutic potential
of active ACE2 in infectious and inflammatory lung diseases.
Bacterial infections cause acute lung injury not only because of
bacterial virulence but also because of the exaggerated inflamma-
tory response of the susceptible host (28, 29). One of the essential
initial components of the innate immune response against bacterial
infection is the vigorous recruitment of neutrophils into the lungs
(51, 52). Insufficient neutrophil recruitment will reduce bacte-
rial clearance and result in more severe lung infection and higher
mortality (30, 31). However, several life-threatening bacterial
lung diseases are caused by excessive neutrophil-mediated in-
flammation (32, 33). Our results indicate that disrupting the
ACE2 dynamic by keeping the active ACE2 level unchanged or
even higher in bacterial lung infection impairs neutrophil influx

and compromises host-defense capacity, leading to more severe
lung infection and higher mortality (Fig. 5).

Inversely, altering the ACE2 dynamic by keeping the active
pulmonary ACE2 at low levels led to exuberant neutrophilic ac-
cumulation in the lung, more severe lung injury, and worsened
outcome (Fig. 2). More importantly, such an outcome is not due
to compromised host-defense capacity, because the lack of active
ACE2 reduced the bacterial burden in mouse lungs 48 h postin-
oculation. Instead, it results from exacerbated neutrophil infiltra-
tion and heightened inflammation. It is conceivable that a lack
of active ACE2 mediated excessive accumulation of neutrophils
in mouse lungs in response to a bacterial infection will enhance
antimicrobial capacity if the bacterial killing capability of the ac-
cumulated neutrophils is not perturbed. However, exuberant neu-
trophilic infiltration will lead to heightened inflammatory response,
more severe lung injury, and worsened outcome. Pre-existing and
persistent deficiency of active ACE2 could happen in many physi-
ological and pathological scenarios. For instance, it is reported that
the expression of ACE2 gene is variable in the developing and aging
lungs in comparison with mature adult lungs (33, 34). Many studies
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FIGURE 8. ACE?2 regulates IL-17-mediated neutrophil infiltration by modulating STAT3 signaling. (A) IL-17A concentration in BALF from mice with
or without P. aeruginosa lung infection was determined by ELISA. (B) Neutrophil counts in BALF from wild-type mice with P. aeruginosa lung infection
with or without pre-existing reduced ACE?2 and in the presence or absence of (A) IL-17A—neutralizing Ab. The neutrophils were detected by flow cytometry
gated as Ly-6G"CD11b" live cells. The counts were normalized with the volume of BALF in the individual experimental group of mice. (C) rIL-17A
(100 ng/ml; 30 wl intranasal instillation) induces neutrophil infiltration in wild-type mice lungs, and the induction is more potent in ACE2-deficient mice.
rhACE2 inhibits the IL-17A-induced neutrophil infiltration in mice (D and E). thACE2 alleviates rIL-17-mediated cytokine and chemokine production in
BALF. (F) IL-17A production in BALF from mice in which ACE2 activity was manipulated either by pharmacological reagents or by genetic modification.
IL-17A concentration was determined by ELISA and normalized with respective BALF volume. (G and H) rhACE2 inhibited IL-17A-induced STAT3
phosphorylation in vitro (mouse lung organoids) (G) and in vivo (mouse lung) (H). (I) hACE2 represses bacterial lung infection—induced STAT3 activation
in both wild-type and ACE2-deficient mice. (J) Blocking STAT3 signaling alleviates the lack of pulmonary ACE2-induced exuberant neutrophil infiltration
in bacterially infected mouse lung as manifested by Western blot for phosphorylated STAT3. WP1066, a STAT3 antagonist. Data were analyzed for
statistical significance by two-tailed Student ¢ test or ANOVA (ordinary one-way ANOVA multiple comparisons) using Prism software (GraphPad). In all

experimental groups, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.

revealed that viral infection could inhibit ACE2 gene expres-
sion in the lung. Thus, the state of active ACE2 at the time of
subsequent bacterial lung infection might, in part, determine
the disease outcome.

The balance between pro- and anti-inflammatory signals will
determine whether recovery or deterioration will occur after ex-
posure to pathogenic insults. Our findings show that interruption
of the active ACE2 recovery after bacterial lung infection delays
the resolving process of lung inflammation (Fig. 4); therefore, it
has significant clinical relevance because bacterial lung infec-
tion could be a symbiotic disease associated with smoking,
combined viral-bacterial lung infection and trauma (38-41),
conditions that may attenuate ACE2 recovery and perturb the
resolution of lung inflammation, all of which lead to chronic
lung inflammation and injury.

Interestingly, we found a therapeutic window for primary bac-
terial pneumonia by enhancing pulmonary ACE2 activity using
recombinant ACE2. Our findings indicate that recombinant ACE2
could be used to treat bacterial pneumonia after an initial inflammatory

response has occurred to alleviate lung inflammation and injury while
keeping the host-defense capability uncompromised (Fig. 6). A few
reports demonstrated the beneficial effect of enhancing ACE2
activity either by recombinant ACE2 or by an ACE2 activator,
such as diminazene aceturate, in a variety of disease models
(39, 53-56). For instance, thACE2 has been tested in a clin-
ical trial to treat adult respiratory distress syndrome patients.
However, preliminary results from the trial showed only a minimal
beneficial effect of such a strategy on the outcome of adult re-
spiratory distress syndrome patients despite significant surfactant
D increase and trend of IL-6 decrease in plasma (57). According
to our current study, future clinical trials need to consider both
the state of ACE2 activity and the state of inflammation at the
time of intervention to achieve optimal beneficial therapy and to
avoid detrimental side effects.

Previously, we reported that ACE2 is predominantly expressed
in mature, ciliated-airway epithelia in humans, which are foxjl
transcription factor—expressing cells (42). Our immunofluores-
cence staining result indicated that ACE2 is also expressed in
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FIGURE 9. Schematic of the working hypothesis delineating the role of
ACE2 to modulate neutrophilic inflammation in a bacterial pneumonia
mouse model. Bacterial lung infection leads to pulmonary dynamic vari-
ation, which is required to modulate neutrophil influx. Pre-existing and
persistent enhanced or reduced levels of active ACE2 that disrupts ACE2
dynamic during bacterial pneumonia results in a worsened outcome. Also,
interrupted ACE2 recovery delays the resolution process of neutrophilia
and lung inflammation in bacterial pneumonia. However, a therapeutic
window for the improved outcome using active ACE2 is tangible.

the foxj1* cells of airway epithelia in mouse (Supplemental
Fig. 1). Deleting the ACE2 gene from mouse lung foxj1™ cell
resulted in reduced ACE2 activity in BALF (Supplemental Fig. 2),
and the mice exhibited enhanced inflammatory response to
bacterial lung infection, which resembles the inflammatory
response in bacterially infected mouse lungs we observed in
global ACE2-deficient mice, confirming that the pulmonary
epithelial ACE2 played critical role in this disease setting
(Fig. 7). Of note, the active ACE2 we measured in the current
study reflects only the soluble form of ACE2, which is produced
by ACE2 sheddase, namely ADAMI17, from ACE2-expressing
cells (34, 58). The dynamic change and role of cell membrane—
bound versus soluble ACE2 in the pathogenesis of bacterial
pneumonia needs to be further investigated to understand ACE2
biology in the lung better.

IL-17 is produced by several innate and adaptive immune cells,
including Th17 cells, NKT cells, CD8" T cells, y3 T cells, and
innate lymphoid three cells (ILC3) (59-63). It has been report-
ed that IL-17 plays a pivotal role in recruiting neutrophils via the
CXC chemokine to induce the chemotaxis and accumulation of
inflammatory cells, such as neutrophils, to the sites of inflammation
(64-67). Accumulating evidence indicated that Gram-negative
bacteria appear to induce the expression of IL-17 via IL-23 and
TLR4 (68). However, IL-17 does not directly promote chemotaxis.
Instead, it promotes the release of recruitment factors from the
inflamed microenvironment (69, 70). Our novel observation that
ACE2 modulates P. aeruginosa—induced neutrophil infiltration in
mouse lung through regulating the IL-17 signaling is thus in
agreement with those previous studies. To the best of our knowledge,
the current study is the first to link pulmonary ACE2, IL-17, and
neutrophil accumulation in bacterial lung infection setting. Remark-
ably, we demonstrated that ACE2 does not affect the production of
IL-17 but rather that ACE2 regulates IL-17 signaling. The activation
of STAT3 signaling is crucial to induce CD4" T cell differentiation
toward Th17 lineage (71); however, many IL-17-mediated effects
depend on STAT3 activity (72-74). Thus, our observation suggests
that ACE2 has little or no effects on CD4* T cell polarization
toward the Th17 subset. Instead, ACE2 might influence IL-17
signaling through its impact on STAT3 activation. Studies have
shown that inhibitors of STAT3 can be effective in the treatment of

inflammatory diseases. Our results indicate that ACE2 suppresses
neutrophilic inflammation by inhibiting IL-17 responses and that
STAT3 signaling is associated with this process. Although our
current study confirmed several previous reports that suggested
that STAT3 signaling is proinflammatory, few studies indicated
that inhibiting STAT3 pathway amplifies the inflammatory re-
sponse in a sepsis mouse model (75). The discrepancy might be
attributed to the distinct animal strains and variable inducers of
inflammation in different models.

We acknowledge that the current study has limitations. First, we
only used a single strain of bacteria in our model. The role of ACE2
in other infectious lung disease models (such as a porcine model
of Staphylococcus bacterial lung infection) needs to be verified.
Second, mouse lung is quite different from human lung, and a
mouse model of a bacterial lung infection cannot fully mimic the
state of bacterial lung infection in human. Our results need to
be tested in more clinically relevant animal models, such as pig
bacterial lung infection models.

Taken together, our current study demonstrates a critical role of
active ACE2 in modulating the innate immune response to bacterial
lung infection by regulating proinflammatory neutrophil influx.
Importantly, our study highlights several therapeutic windows and
strategies by manipulating active ACE2 to optimize the host-defense
capability and to alleviate inflammatory lung disease and injury in
the setting of bacterial lung infection.
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