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Regulatory roles of SP-A
and exosomes in pneumonia-
induced acute lung and
kidney injuries
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Gautam Vanga1, Tianyi Liu1, Wanwen Xu1, Yunhe Xiong1,
Weichuan Xiong1, Osama Abdel-Razek1 and Guirong Wang1,3*

1Department of Surgery, SUNY Upstate Medical University, Syracuse, NY, United States, 2Department
of Nephrology, Wuhan University, Renmin Hospital, Wuhan, Hubei, China, 3Department of
Microbiology and Immunology, SUNY Upstate Medical University, Syracuse, NY, United States
Introduction: Pneumonia-induced sepsis can cause multiple organ dysfunction

including acute lung and kidney injury (ALI and AKI). Surfactant protein A (SP-A), a

critical innate immune molecule, is expressed in the lung and kidney.

Extracellular vesicles like exosomes are involved in the processes of

pathophysiology. Here we tested one hypothesis that SP-A regulates

pneumonia-induced AKI through the modulation of exosomes and cell death.

Methods: Wild-type (WT), SP-A knockout (KO), and humanized SP-A transgenic

(hTG, lung-specific SP-A expression) mice were used in this study.

Results: After intratracheal infection with Pseudomonas aeruginosa, KO mice

showed increased mortality, higher injury scores, more severe inflammation in

the lung and kidney, and increased serum TNF-a, IL-1b, and IL-6 levels

compared to WT and hTG mice. Infected hTG mice exhibited similar lung

injury but more severe kidney injury than infected WT mice. Increased renal

tubular apoptosis and pyroptosis in the kidney of KO mice were found when

compared with WT and hTG mice. We found that serum exosomes from septic

mice cause ALI and AKI through mediating apoptosis and proptosis when mice

were injected intravenously. Furthermore, primary proximal tubular epithelial

cells isolated from KO mice showed more sensitivity than those from WT mice

after exposure to septic serum exosomes.

Discussion: Collectively, SP-A attenuates pneumonia-induced ALI and AKI by

regulating inflammation, apoptosis and pyroptosis; serum exosomes are

important mediators in the pathogenesis of AKI.

KEYWORDS

acute kidney injury (AKI), exosomes, innate immunity, renal tubular epithelial cells,
surfactant protein A (SP-A)
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1 Introduction

Acute kidney injury (AKI) is the most common complication in

septic patients, affecting more than half of the intensive care unit

(ICU) patients with high morbidity and mortality rates (1–3).

Kidney is one of the most common organs affected by sepsis,

causing in sepsis-associated AKI. The annual global incidence of

sepsis-induced AKI might be approximately 6 million cases or

nearly 1 per 1000 population (4). AKI occurs in 40-50% of septic

patients and increases the mortality and morbidity six to eight-fold

(5, 6). Sepsis-associated AKI patients have a significantly increased

mortality relative to those with AKI of other etiologies (7).

Pneumonia is one of the most common reasons inducing sepsis.

Our previous studies demonstrated that Pseudomonas aeruginosa

can induce sepsis and AKI in pneumonia murine model (8, 9).

Understanding the cellular and molecular mechanisms of septic

AKI is important for the development of new therapeutic approaches

for patients with septic AKI. Recently, several animal models have

shown that inflammation, apoptosis, and pyroptosis play a role in the

septic AKI (10, 11). AKI itself can regulate the immune response during

inflammation; recent evidence indicates that both innate and adaptive

immune responses are involved in renal tubular cell damages in AKI

and recovery from it (12, 13). Surfactant protein A (SP-A), a member of

the C-type lectin family, is primarily expressed in the lung (14), and also

in the urinary tract tissues (including the kidney, urethra, bladder, and

urethra) (15). We have previously found that septic SP-A/D KO mice

suffered from more severe kidney injury and excessive apoptotic cells

compared with septic wild-type mice in sepsis-induced AKI (16).

Extracellular vesicles (EVs) are membranous vesicles that

contain active proteins, lipids, and several types of genetic

materials such as miRNAs, mRNAs, and DNAs related to the

characteristics of the originating cells. Small-size EVs, also called

exosomes, are vesicles between 30 to 100 nm (17). EVs play a vital

role in both the physiological and pathological states, and the

evidence from studies also shows that exosomes play a role in the

injury and repair of AKI (17, 18). Exosomes have recently emerged

as critical cargos that contain multiple mediators critical for the

pathogenesis of sepsis-associated organ dysfunctions (19).

Cytokines and chemokines play essential roles in the progression

of sepsis (20), and Gao et al. (21) found that cytokines/chemokines

from blood existed in both the soluble and insoluble exosomes,

exosomes enriched with cytokines/chemokines have a critical role

in T cell proliferation, differentiation, and chemotaxis during the

sepsis process.

In this study, we used wild-type (WT), SP-A knockout (KO)

mice, and humanized SP-A transgenic (hTG) mice with lung-

specific SP-A expression to study the mechanistic roles of organ-

specific SP-A in the pneumonia-induced Acute Lung Injury (ALI)

and AKI. We found that the exosomes in the septic mouse serum

are one of the major factors to induce Kidney injury, however, the

SP-A is a proactive factor against it. Furthermore, the results from

In vivo study are confirmed by In vitro study with primary renal

proximal tubular epithelial cells (RTECs) isolated fromWT and SP-

A KOmice. The results revealed that the pulmonary and renal SP-A

have protective roles in sepsis-induced AKI and the exosomes

involved in the processes of AKI.
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2 Results

2.1 SP-A expression in the lung and kidney
of WT, SP-A KO, and hTG SP-A2 (1A0)

Three genotypes of mice (WT, SP-A KO, and hTG SP-A2

(1A0)) were used for the study. The hSP-A and mSP-A genotypes of

WT, KO, and hTG mice are represented in Figure 1A. The

expression of SP-A protein was analyzed using Western blotting

analysis (Figure 1B) against the SP-A antibody. SP-A expression in

the lung and kidney of WT mice but only in the lung of hTG mice.

No SP-A protein, as expected, was expressed in SP-A KO mice.

Quantitative analysis of SP-A expression indicated similar SP-A

level in the lungs of WT and hTG mice (Figure 1C).
2.2 Decreased bacterial clearance and
animal survival in infected SP-A KO mice

To examine the role of SP-A in pneumonia-induced sepsis,

bacterial dynamic changes were compared in the lungs of WT, KO,

and hTG mice at 0, 12, 24, 36, and 48h after intratracheal

inoculation of bioluminescent P. aeruginosa by In vivo imaging

method (Figure 2A). The results indicated that infected KO mice

showed significantly higher levels of bioluminescence than the

infected WT and hTG mice at 24 h, 36h and 48h after infection

(p<0.05), but no difference was found between infected WT and

hTG mice (Figure 2B). Furthermore, a higher rate of mortality in

infected KO mice was also detected when compared with infected

WT (p<0.05), but no difference was found between infected hTG

and WT mice (Figure 2C).
2.3 Decreased SP-A level in the lung and
kidney of septic SP-A KO mice

SP-A expression in the lung and kidney of infected WT and

hTG mice were examined by immunofluorescence (IF) and

Western blotting analyses. The results showed that SP-A level in

the lung reduced significantly 48 hours after infection in both WT

and hTG mice when compared with their respective sham controls,

but no difference was found between infected WT and hTG mice 48

hours post-infection (p<0.01) (Figures 3A–C). In addition, SP-A

expression in the kidney of infected WT mice decreased when

compared to sham controls (p<0.05) (Figures 3D–F). The IF

analys i s with the SP-A ant ibody indicated that the

immunoreactivity for SP-A was predominantly present in the

proximal tubules of the kidney (Figure 3D).
2.4 Deteriorated lung injury in septic SP-A
KO mice

Alveolar macrophages were observed the predominant cells in

the bronchoalveolar lavage fluid (BALF) of all sham groups. No

difference in macrophages was observed in three sham groups of
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A
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FIGURE 1

SP-A mRNA and protein expression in KO and hTG mouse. (A) Genotyping analysis of WT, KO, hTG mice by PCR. Recombinant plasmid was used as
positive control and H2O was used instead of DNA template as negative control. The mice were genotyped with primers for hSP-A and mSP-A,
respectively. hSP-A PCR product is 340 bp and mSP-A product is 290 bp. hTG mice carry hSP-A gene (No. 6-8), WT mice have mSP-A (No.1 and 2)
and KO mice with neither hSP-A nor mSP-A (No.3-5). (B) SP-A expression in the lung and kidney tissues from sham WT, KO and hTG mice by
Western blotting analysis using an anti-SP-A antibody. Human BALF was used as positive control. SP-A (33 kDa) was expressed in both the lung and
kidney of WT mice, in neither the lung nor kidney of KO mice and in the lung but not kidney of hTG mice. (C) Quantification of SP-A expression by
Western blot analysis in the lung of sham WT, KO, and hTG mice. The data demonstrate similar SP-A level in the lung tissues of sham WT and hTG
mice (**P<0.01). t-test (n= 6 mice/group).
A B

C

FIGURE 2

Mice lacking pulmonary SP-A are more susceptible to bacterial infection. (A) Representative In Vivo bioluminescence imaging of bacteria following
intratracheal inoculation of P. aeruginosa in WT, KO and hTG mice. After infection, mice were imaged at each time points as listed below. (B) The
bioluminescence signal in three groups of infected mice progressively increased and peaked at 36-48 h after infection. The KO mice showed higher
level of bioluminescence than WT and hTG mice at 24 h after infection and beyond, whereas no significant difference between infected WT and hTG
mice. *P< 0.05 vs. WT or hTG, t test (n= 6 mice/group). (C) The survival curves showed lower survival rate in infected KO mice compared to infected
WT, but no difference between infected hTG and WT mice. *P< 0.05 vs. WT, Log-rank test (n=25 mice/group).
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mice but in the BALF from three infected mice groups, the

neutrophils were the predominant cells (Figure 4A). The

numbers of neutrophils (Figure 4B) and macrophages

(Figure 4C) were significantly higher in the BALF from infected

KO mice compared to infected WT and hTG mice, but no

difference was observed between infected WT and hTG mice

(Figure 4C). Histological analysis of the lung indicated normal

morphology in both sham WT and hTG mice but a slight

enlargement of distal airspaces in sham KO mice (Figure 4D). P.

aeruginosa infection induced severe lung injury. The pathological

changes include diffuse inflammatory cells infiltration in alveoli

and interstitial, protein debris accumulation, and interstitial

edema in the lung, which were similar changes in infected WT

and hTG mice, but more degree of damages in infected KO mice

(Figure 4D). The data of lung injury score indicated that infected
Frontiers in Immunology 04
WT and hTGmice had comparable injury scores, whereas infected

SP-A KO mice had higher score of lung injury compared to

infected WT and hTG mice (Figure 4E).
2.5 Increased levels of serum inflammatory
cytokines in septic SP-A KO mice

The levels of serum TNF-a, IL-6, and IL-1b were analyzed in

both septic and sham mice. The results indicated that the serum

TNF-a, IL-6, and IL-1b levels in three septic mice groups were all

elevated compared to their respective sham groups (**p<0.01). The

levels of TNF-a, IL-6, and IL-1b in septic SP-A KO mice were

higher than those of septic WT and hTG mice (**p<0.01)

(Figures 5A–C).
D
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FIGURE 3

The effect of sepsis on the SP-A expression in the lung and kidney. (A) Immunofluorescence staining for SP-A on representative lung sections of WT
sham and sepsis mice. SP-A (green color for SP-A, blue color for nuclei) is predominantly expressed in the alveolar epithelial cells. (B, C) Western
blot analysis of SP-A expression in the lung tissue of WT and hTG mice from sham and sepsis mice. SP-A expression was significantly reduced at
48 h after infection in both sepsis WT and hTG mice. No difference was observed between WT and hTG mice with or without sepsis. *P < 0.05,
**P < 0.01, (n= 6 mice/group). (D) Immunofluorescence staining for SP-A on representative kidney sections of WT sham and sepsis mice. SP-A is
predominantly expressed in the renal tubular epithelial cells. (E, F) Western blot analysis of SP-A expression in the kidney tissue of WT mice from
sham and sepsis mice. SP-A expression was significantly reduced at 48 h after infection. *P< 0.05, (n=6 mice/group).
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2.6 Increased renal injury in septic
SP-A KO mice

To assess renal injury in septic mice, serum creatinine level was

analyzed, and histological changes of kidney sections stained with

H/E staining were examined by two experienced pathologists blind

to the experimental design. The results showed that serum
Frontiers in Immunology 05
creatinine levels in septic groups were all higher than in the Sham

groups (p<0.01), while septic KO and hTG mice exhibited higher

serum creatinine levels compared to septic WT mice. Septic KO

mice had the highest serum creatinine level among the three septic

mice groups (Figure 6A). Histological analysis showed normal

kidney architecture in all sham controls, suggesting that renal SP-

A deficiency did not result in spontaneous renal injury (Figure 6B).
D

A B

E

C

FIGURE 4

KO mice showed more severe lung injury in bacterial pneumonia compared to WT and hTG mice. (A) Representative BALF cytology of each group
from sham and infected mice. The cell pellets of BALF were mounted on a slide by the cytospin centrifugation. The slides were stained using the
Hema-3 Stain Kit. Morphologically normal macrophages with no neutrophils in sham WT mice and in hTG mice were observed. P. aeruginosa
infection causes predominant neutrophils in the BALF from three groups of infected mice. Scale bars = 200mm. (B, C) Quantification of neutrophils
and macrophages in the BALF. Neutrophils and macrophages per slide were counted at ×400 magnification under light microscopy. There was no
significant difference between sepsis WT and hTG mice, but the quantification was significantly higher in infected KO mice compared to infected WT
and hTG mice (P<0.01). (D) Representative histological sections of lungs from each group. H&E staining indicates normal lung structures in both
sham WT and hTG mice, but occasional slight enlargement of distal airspaces in sham KO mice. P. aeruginosa infection induced severe histological
lung damage, including diffuse inflammatory cells infiltration in alveoli and interstitial, protein debris accumulation and interstitial edema in infected
mice. (E) Semi-quantitative histological lung injury score was assessed. There is no significant difference among sham groups. The lung injury score
is significantly increased after infection compared to sham mice. There is similar lung injury score between infected WT and hTG mice, but infected
KO mice showed higher injury score compared to infected WT and hTG mice. Scale bars = 200 mm; **P< 0.01 (n= 20 mice/group).
A B C

FIGURE 5

Changes of serum cytokines in pneumonia-induced sepsis. Pro-inflammatory cytokines were determined by ELISA assay for TNF-a (A), IL-6 (B) and
IL-b (C) in the serum of infected WT, KO and hTG mice. The results showed significantly elevated levels of IL-6, TNF-a, and IL-b in all infected mice
with an order (KO > WT, KO >hTG) at 48 h after infection, suggesting inhibitory effects of SP-A in the systemic inflammation of pneumonia-induced
sepsis. **P< 0.01.
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However, remarkable pathological changes were observed in the

kidney tissues from septic mice (Figure 6B). Infected SP-A KO and

hTG mice showed more severe kidney damage, which are

characterized by tubular degeneration, loss of brush border, and
Frontiers in Immunology 06
tubular luminal cast formation as well as cell death when compared

to infected WTmice (Figure 6B). We furtherly analyzed renal injury

score, the results showed infected KOmice had higher kidney injury

score compared to infected WT and hTG mice; of interesting, septic
D
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FIGURE 6

Effects of pulmonary and/or renal SP-A on sepsis-induced AKI. (A) Quantitative analysis showed that serum creatinine level was significantly higher in
infected KO mice compared to infected WT and hTG mice. Furthermore, when compared to infected WT mice, hTG mice had significantly higher
renal injury score. *P< 0.05, **P<0.01, t test (n= 6 mice/group). (B) Renal histological analysis by H&E staining showed normal kidney architecture in
all sham groups of mice, suggesting that SP-A deficiency in the kidney did not affect kidney development and formation of normal kidney structure.
Sepsis induced AKI was characterized by the presence of vacuolar degeneration of tubular cells (arrows), and brush border loss with tubular lumen
dilatation (stars). Magnification 400×. Scale bars= 50mm. (C) Semi-quantitative analysis demonstrated that renal injury score was significantly higher
in infected KO mice compared to infected WT and hTG mice. Furthermore, when compared to infected WT mice, hTG mice had significantly higher
renal injury score. *P< 0.05, **P<0.01, t test (n= 6 mice/group). (D) Renal NGAL immunofluorescence staining showed sepsis induced AKI was
characterized by the presence of NGAL. Magnification 200×. Scale bars= 100 mm. (E) Semi-quantitative analysis demonstrated that renal NGAL
fluorescence density was significantly higher in infected KO mice compared to infected WT and hTG mice. Furthermore, when compared to
infected WT mice, hTG mice had significantly higher renal injury score. *P< 0.05, **P<0.01, t test (n= 6 mice/group). (F, G) Western blot analysis
demonstrated increased cleaved caspase-3 protein level in infected KO and hTG mice compared to infected WT mice 48 hours after infection,
*P< 0.05. (H, I) Western blot analysis demonstrated increased cleaved caspase-1 protein level in infected KO and hTG mice compared to infected
WT mice 48 hours after infection, *P< 0.05, (n=3 mice/group).
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hTG mice had higher renal injury score than infected WT mice

(Figure 6C), suggesting lacking pulmonary and/or renal SP-A were

more susceptible to sepsis-induced AKI. Furthermore, neutrophil

gelatinase-associated lipocalin (NGAL), one positive AKI

biomarker, was found to be in higher expression after infection

by IF analysis (Figures 6D, E). The order of NGAL level is

KO>hTG>WT in infected mice 48 hours post-infection (Figure 6E).

We further identified cell death types in the kidney of septic

mice by analyzing the activation of two biomarkers of apoptosis and

pyroptosis, i.e., cleaved caspase-3 (17 kDa) and cleaved caspase-1

(22 kDa) respectively. The results from Western blotting analysis

showed that increased both cleaved caspase-3 (17 kDa) and cleaved

caspase-1 (22 kDa) levels in the kidneys of septic mice compared to

sham mice (p<0.05) (Figures 6F–I), indicating that both apoptosis

and pyroptosis are involved in the kidney injury. Furthermore, the

levels of cleaved caspase-3 and cleaved caspase-1 are higher in

infected SP-A KO mice compared to infected WT and hTG mice

(Figures 6G, I).
Frontiers in Immunology 07
2.7 Characteristics of serum exosomes
from septic and sham mice

Exosomes from septic and sham mice serum were isolated and

identified by several methods. As shown in Figures 7A, B, the

particle size ranged between 15 nm and 150 nm, and the principle

peak sizes of the particles were 49.4 and 67.0 nm from sham and

septic mice, respectively. Exosome particles were further verified by

electron microscopy (Figure 7C). The presence of the exosome

markers CD81 (tumor susceptibility gene), TSG101and CD63 was

confirmed in both the sham and sepsis samples by Western blotting

analysis (Figure 7D), indicating the isolated particles were

exosomes. We found the protein concentrations of serum

exosomes are similar between sham and septic mice (Figure 7E).

Moreover, we detected SP-A protein in serum exosomes derived

from septic and shammice, but the SP-A level was lower (p<0.05) in

the septic serum exosomes compared to the sham serum exosomes

(Figures 7F, G).
DA
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FIGURE 7

Identification of exosomes and SP-A expression in exosomes in septic and sham mice. (A, B) Characterization of exosomes sizes. (C) Exosomes
particles were verified by electron microscope. (D) Western blotting analysis of exosome surface markers (CD81, TSG101, and CD63) expression.
(E) Protein concentration of serum-derived exosomes. (F) Western blotting analysis of SP-A protein expression in exosomes in sham and septic
mice. (G) Quantitative analysis of SP-A protein expression in exosomes. *P<0.05 (n=3 mice/group).
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2.8 Exosomes derived from septic mouse
serum induced mouse RTECs apoptosis
and pyroptosis in vitro

To explore the mechanistic role of SP-A on the renal tubular

injury, RTECs from the kidneys of WT and KO mice were isolated

and used for In vitro study. The isolated primary cells fromWT and

KO mice were confirmed as RTECs by IF staining analysis for

Megalin, a proximal tubular-specific biomarker. The results showed

that more than 95% of the isolated cells were positive for Megalin

(PTEC biomarker) (Figure 8A), suggesting that these primary

isolated cells contain more than 95% of RTECs, which are

appropriate for the following study. We further identified RTECs

from S1 and S2 segments of the proximal tubule with TLR4 and

TNFR1 biomarkers, respectively (22, 23). The results showed about

10% positive cells for TLR4 and about 90% positive cells in RTECs

for TNFR1 (Figure 8A). The TLR4 and TNFR1 expression was also

detected in renal proximal tubular cells (Figure 8B).

Primary RTECs from WT and KO mice were exposed to 50 µg/

ml of exosomes from either septic or sham mouse serum in serum-

free medium for 24 hours. Several biomarkers of apoptosis and

pyroptosis were examined in treated RTECs by Western blotting.

The results showed that exosomes derived from septic mouse serum

could significantly increase apoptotic (cleaved caspase-3) and

pyroptotic (cleaved caspase-1, NLRP3, ASC, GSDMD) markers

expression in treated KO RTECs compared to the exosomes

derived from sham serum (Figures 8C–H). Furthermore, the

RTECs from WT mice exhibited lower levels of apoptotic and

pyroptotic biomarkers compared to the RTECs from KO mice after

septic exosome treatment (Figures 8C–H). Of interest, RTECs from

KO mice exhibited lower levels of the markers of apoptosis and

pyroptosis in the presence of SP-A protein (Figures 8C–H). These

data indicate that septic serum exosomes induced RTECs death by

both apoptotic and pyroptotic mechanisms, but SP-A could inhibit

exosome-induced RTECs apoptosis and pyroptosis.
2.9 Exosomes from septic mouse serum
could induce kidney injury In vivo

We examined the pathological effect of septic or sham mouse

serum exosomes using In vivo mouse model with injecting

exosomes intravenously. The septic serum exosomes (2 mg of

exosome protein/mouse) could induce mouse AKI 48 hours post-

injection, as evidenced by the presence of renal tubular injury, such

as vacuolar degeneration of tubular cells, brush border loss, tubular

lumen dilatation and cast formation (Figures 9A, B), and by the

increase creatinine level (p<0.05) (Figure 9C). Molecular analysis

revealed that septic serum exosomes induced increased NGAL (a

biomarker of kidney injury), cleaved caspase-3 (apoptosis), cleaved

caspase-1, NLRP3, ASC, and GSDMD (pyroptosis) levels in the

kidney, compared with sham serum exosomes (p<0.05)

(Figures 9D–K). SP-A expression was decreased in the kidneys of

mice with septic serum exosome treatment, compared to those

sham serum exosomes (p<0.05) (Figure 9J).
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2.10 Exosomes from septic mouse serum
could induce lung injury in vivo

We also assessed the effect of the exosomes derived from septic

mouse serum or shammouse serum (control) on lung injury In vivo

mouse model. As shown in Figure 10A, lung histology was almost

normal in the control group (exosomes from sham serum), but

obvious histopathological changes were observed in the treated

group with septic mouse serum-derived exosomes, including

neutrophils in the interstitial space and thicker alveolar septa.

Analysis of lung injury score demonstrated that the mice injected

with septic mouse serum-derived exosomes had significantly higher

lung injury scores compared to the control group with sham mouse

serum-derived exosomes (p<0.01) (Figure 10B). The IF results

showed that the NLRP3 expression in the lung of the treated

group with septic serum exosomes injected groups is significantly

increased, compared to the control group (Figure 10C). Molecular

analyses revealed that the exosomes derived from septic mouse

serum could increase the levels of cell death biomarkers, i.e. cleaved

caspase-3 (apoptosis), cleaved caspase-1, and NLRP3, ASC, and

GSDMD (pyroptosis) in the lung compared to sham serum

exosomes (control) (p<0.01) (Figure 10D–I). SP-A expression was

decreased in the lung of treated mice with septic serum exosomes

compared to sham serum exosomes (control) (p<0.01) (Figure 10J).

These data indicated that exosomes from septic mouse serum could

induce mouse lung injury through a mechanism mediating

apoptosis and pyroptosis.
3 Discussion

To explore the regulating role of SP-A in the sepsis-induced

AKI, we used a bacterial pneumonia-induced sepsis model with

three types of mice i.e., WT, SP-A KO, and hTG mice with lung-

specific SP-A expression. We found that lack of SP-A in the lung

and/or kidney promotes severe lung injury, renal injury, tubular cell

apoptosis, pyroptosis, and inflammation in response to pneumonia

and sepsis In vivo. We also demonstrated that SP-A-deficient

RTECs are more susceptible to apoptosis and pyroptosis after

treatment with septic serum-derived exosomes compared to

treatment with sham serum-derived exosomes.

Severe pneumonia can develop into sepsis (24). P. aeruginosa is

one of the most common cause of healthcare-associated infection,

and in a head-to-head comparison of bloodstream infections

(bacteremia), P. aeruginosa is associated with higher mortality

than other bacteria (25). We devised the pneumonia and sepsis

model by intratracheal injection of P. aeruginosa (9). With the

development of sepsis, the levels of various inflammatory cytokines

in the blood are significantly elevated (26, 27). In this study, we

detected the increased presence of serum cytokines IL-6, TNF-a,
and IL-1b after the infection. This pneumonia model used induce

severe bacteremia, significant septic symptoms and around 50%

mortality of infected mice and remarkable kidney injury at 48h after

infection. Histological and cellular analysis indicated that sepsis-

induced AKI manifested as acute tubular lesions such as brush
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border loss, tubular epithelial cell death, and cast formation. NGAL

has been extensively investigated in various AKI phenotypes, which

is released by activated neutrophils and various epithelial cells,

including RTECs (4). In previous studies, NGAL showed good

sensitivity for the indication of AKI (28). In this study, we found

that kidney NGAL expression was upregulated, and the serum

creatinine levels were increased, which indicated that AKI occurred

after sepsis.
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SP-A provides first-line host defense, surfactant stability, and

lung homeostasis by binding surfactant phospholipids, pathogens,

alveolar macrophages, and epithelial cells. Non-primates have one

SP-A gene, whereas humans and primates express two functional

SP-A1 and SP-A2 peptides with core intra- and inter-species

differences in the collagen-like domain (29). The data from this

study indicated that despite having decreased pulmonary SP-A level

48 hours after infection with P. aeruginosa, both WT and hTG mice
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FIGURE 8

Exosomes from septic mice induced RTECs apoptosis and pyroptosis. (A) IF staining of RTECs from WT and KO by Megalin, TLR4 AND TNFR1. More
than 95% of isolated cells from WT mice showed Megalin positive. And about 50% of cells showed TLR4 positive, 90% of cells showed TNFR1
positive. Magnification 200×. Scale bars= 100mm. (B) IF staining of Kidney tissues from WT and KO mice by TLR4 and TNFR1, about 50% of renal
proximal tubular cells showed TLR4 positive, and more than 50% of renal proximal tubular cells showed TNFR1 positive. (C) Western blot
demonstrated different levels of cleaved caspase-3, cleaved caspase-1, ASC, NLRP3, GSDMD, proteins in sham serum exosomes and sepsis serum
exosomes treated WT and SP-A KO RTECs with or without SP-A protein (10 µg/ml) after 24h. (D–H) Western blot semi-quantitative analysis showed
increased levels of cleaved caspase-3, cleaved caspase-1, ASC, NLRP3, and GSDMD proteins in sepsis serum exosomes treated group, compared to
the sham serum treated group, *P< 0.05, (n=3 mice/group).
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FIGURE 9

Septic serum exosomes-induced mouse kidney injury. Exosomes from septic mice induced kidney injury (A) Representative histological sections of
kidneys from sham and septic exosomes groups. H&E staining indicates normal kidney structures in sham exosomes treated WT mice, but injection
of septic exosomes causes obvious renal tubular histological damage, including vacuolar degeneration of tubular cells (arrows), and brush border
loss with tubular lumen dilatation (stars). (B) Semi-quantitative renal tubular injury score was assessed. The renal tubular injury score is significantly
increased after septic exosomes injection compared to sham exosomes injected mice. **P< 0.01 (n = 5 mice/group). (C) Septic serum exosomes
induced mouse serum creatinine changes. It showed that serum creatinine level was significantly higher in septic serum exosomes treated WT mice
compared to sham exosomes treated WT mice. **P< 0.01, t test (n= 6 mice/group). (D) Western blot demonstrated different levels of cleaved
caspase-3, cleaved caspase-1, ASC, NLRP3, GSDMD, and SP-A protein in sham and septic serum exosomes treated mice after 48h. (E–K) Western
blot semi-quantitative analysis showed increased levels of cleaved caspase-3, cleaved caspase-1, ASC, NLRP3, GSDMD protein, and decreased SP-A
protein level in septic serum exosomes treated group, compared to the sham serum treated group, *P< 0.05, **P< 0.01, (n=3 mice/group).
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showed increased clearance of bacteria, decreased pulmonary

inflammation, and lower lung injury scores compared with

infected SP-A KO mice, and sepsis can down-regulated lung SP-A

expression. However, hTG mice carrying and expressing human

SP-A gene cleared bacteria as efficiently as WT mice in their lungs,

where they had similar levels of SP-A expression, thus resulting in

decreased levels of lung injury compared to SP-A KO mice. These

results indicated that the decreased clearance of P. aeruginosa and

increase in lung injury observed in the SP-A KO mice is due to the

absence of pulmonary SP-A, suggesting that SP-A plays a critical
Frontiers in Immunology 11
role in the innate host defense and bacteria clearance (30). The

survival rate in SP-A KO mice after the infection was, therefore,

significantly decreased when compared with WT mice. Mikerov

et al. (31) also reported that SP-A KOmice were more susceptible to

pneumonia than wild-type mice. Since interactions between SP-A

and TLR4 play critical roles in host defense, SP-A peptide is able to

control Pseudomonas aeruginosa lung infection (32); the

therapeutic administration of SP-A peptide reduces the bacterial

burden, inflammatory cytokines and chemokines production, lung

edema, and tissue damage in P. aeruginosa-infected mice (32).
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FIGURE 10

Septic serum exosomes induced mouse lung injury. Exosomes from septic mice induced lung injury (A) Representative histological sections of lungs
from sham and septic exosomes groups. H&E staining indicates normal lung structures in sham exosomes-treated WT mice, but injection of septic
exosomes causes obvious lung histological damage, including inflammatory cells infiltration in interstitial, and alveolar septal thickening. (B) Semi-
quantitative histological lung injury score was assessed. The lung injury score is significantly increased after septic exosomes injection compared to
sham exosomes injected mice. **P< 0.01 (n=5 mice/group). (C) The immunofluorescence results showed the NLRP3 expression in septic exosomes
injected groups is increased, compared to sham group exosomes injected mice. (D) Western blot demonstrated different levels of cleaved caspase-
3, cleaved caspase-1, ASC, NLRP3, GSDMD, and SP-A protein in sham and septic serum exosomes treated mice after 48h. (E–J) Western blot semi-
quantitative analysis showed increased levels of cleaved caspase-3, cleaved caspase-1, ASC, NLRP3, and GSDMD protein, and decreased SP-A
protein level in sepsis serum exosomes treated group, compared to the sham serum treated group, *P< 0.05, **P< 0.01 (n=3 mice/group).
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Renal tubules of the kidney play an essential physiological role

but are also vulnerable to a variety of injuries like hypoxia,

proteinuria, toxins, metabolic disorders, and senescence (33). And

renal tubular epithelial damage has long been noted to be the major

pathological event in AKI (34). In this study, we observed that

sepsis-induced kidney SP-A expression is down-regulated, and

infected KO mice showed a significantly severe kidney lesion,

especially renal tubules injury, compared to the infected WT and

hTG mice. In the previous studies from the mouse unilateral

urethra obstruction model, SP-A deficiency aggravated

kidney structural damage, macrophage accumulation, and

tubulointerstitial fibrosis (35). Renal biopsy in patients with sepsis

showed tubular necrosis and epithelial cell apoptosis; the cultured

tubular cells, when treated with plasma from sepsis patients,

undergo more apoptosis (36). We also found more severe renal

tubular cell apoptosis in sepsis groups, and more severe apoptosis in

the KO group, compared to the apoptosis in the WT group.

Pyroptosis and apoptosis are two types of programmed

mechanisms of cell death; but pyroptosis results in cell lysis and

release of pro-inflammatory cytokines, including interleukin (IL)-

1b and IL-18, into the extracellular space (37, 38). Ye et al. (39)

reported that pyroptosis of renal tubular epithelial cells is a key

event during septic AKI, and Wang et al. (10) revealed that

pyroptosis of renal tubular epithelial cells is a major cause of

septic AKI in the zebrafish crispant In vivo analysis model. Miao

et al. (40) found that tubule cell pyroptosis plays a significant role in

initiating tubular cell damage and renal functional deterioration in

acute kidney injury. We also found that caspase-1 induced

pyroptosis and inflammation in sepsis-induced AKI in this study.

The KO group showed more severe renal tubular cell pyroptosis

than the WT group.

Extracellular vesicles (EVs) contain active proteins, lipids, and

several types of genetic materials such as miRNAs, mRNAs, and

DNAs related to the characteristics of their originating cells

and play a vital role in both physiological and pathological

conditions. Small-size EVs, also called exosomes, are vesicles

between 30 to 100 nm (17), and exosomes play a role in the

injury and repair of AKI (17, 18). To study the role of exosomes

derived from septic mouse serum in AKI and acute lung injury, and

the effect of SP-A with regards to the exosomes’ function, exogenous

exosomes were intravenously injected intoWTmice. We found that

septic mouse serum-derived exosomes can induce mouse AKI and

acute lung injury. Park et al. (41) observed that nano sized EVs from

feces have the capacity to induce local and systemic inflammation

when they are introduced into the peritoneum, and thus they

concluded that bacterial EVs in feces might contribute partly to

the pathology of sepsis. Of interesting, Gao et al. (21) found that

pre-administration of exosomes from septic mice can suppressed

cytokine production and alleviated tissue injury and also prolonged

the survival of Cecal-ligation puncture (CLP) mice. They use a

relatively lower dose of exosomes (100 µg/mouse); in this study, we

use exosomes in a higher dose (1 mg/mouse), from nearly 2 ml

septic mouse serum. Perhaps, different doses of exosomes from the

septic mouse serum can induce a different effect. Sepsis-induced

AKI may be partly due to the serum exosomes; the role of exosomes

may be the important mechanism between different organ injuries
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as observed previously in a study, plasma-derived exosomes

contributed to pancreatitis-associated lung injury (42). We also

found that septic mouse serum-derived exosomes can induce mouse

kidney inflammatory molecule NLRP3, apoptosis, and pyroptosis

markers up-regulation. Kim et al. (43) also found that hypoxia

induced a significant increase of NLRP3 in the kidney, and in

response to the unilateral ureteral obstruction (UUO), NLRP3 KO

mice showed less fibrosis and apoptosis in renal tubular cells than

WTmice. Gambim et al. (44) showed that in sepsis, platelet-derived

exosomes induced endothelial cell caspase-3 activation and

apoptosis through peroxynitrite generation. The serum-derived

exosomes could be released from multiple cells such as platelets,

leukocytes, endothelial cells, and other cells under both

physiological or pathological conditions (45). Therefore, we

speculate that the origin of exosomes in the animals with sepsis

in the present study is a mixture of several cells, including

neutrophils, macrophages, lymphocytes, endothelial cells. It is

interesting to identify the exosome-specific component(s) and

their origins that induce cell death and activate relevant cell-death

molecular signaling pathways in our future study.

At the same time, we found that septic mouse serum-derived

exosomes can induce both mouse kidney and lung SP-A down-

regulation, and SP-A was expressed in exosomes, the SP-A

expression was different in sham group mouse serum-derived

exosomes and septic serum-derived exosomes. So, we can

speculate that SP-A may play a protective function in exosomes

and exosomes-treated mice. It is unclear how SP-A is involved in

the modulations of sepsis-induced cell death and organ injury/

dysfunction i.e. AKI. SP-A may play its protective effects through

several different levels such as interactions with pathogens,

regulating inflammatory cells as well as modulating inflammatory

mediators like exosomes. To explore the role of SP-A and exosomes

in the sepsis-induced AKI, we used exosomes to treat WT and KO

primary renal tubular epithelial cells (RTECs), and we found that

the septic serum-derived exosomes can induce the RTECs

apoptosis, pyroptosis, and SP-A down-regulation, and the cell

damage was more serious in the KO group. When SP-A protein

was pre-added to RTECs, SP-A protein can attenuate the RTECs

injury by septic serum exosomes treatment.

This study has some limitations. First, we observed the cell

apoptosis and pyroptosis, and we didn’t evaluate cell death types by

the proportion in the kidney. Thus, further studies are needed to

explore which cell damage is principal. Secondly, we observed the

exosome function in this experimental sepsis, but we didn’t explore

which content in exosomes would play a role in mediating AKI.

Therefore, it is necessary to continue to explore the molecular

mechanisms of exosomes on the cell death of AKI in experimental

sepsis and in vitro RTECs.

In summary, in this study we found that renal tubular death

(apoptosis and pyroptosis), and inflammatory responses are

important mechanisms in the sepsis-induced AKI, in which both

pulmonary and renal SP-A involved in the lung-kidney crosstalk

and directly or indirectly modulate lung and kidney inflammatory

responses and renal tubular apoptosis, pyroptosis. These findings

indicated that both pulmonary and renal SP-A protein are

important for regulating cellular and molecular signaling and
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pathogenesis of bacterial pneumonia-induced AKI. Therefore,

based on previous and present discoveries, SP-A protein may be

an interesting component in the exogenous surfactant replacement

therapy in clinical sepsis and AKI.
4 Materials and methods

4.1 Animals

The original SP-A KO mice (C57BL/6 background) used were

obtained courtesy of Dr. Hawgood (University of California, San

Francisco), and C57BL/6 WT mice were obtained from Jackson

Laboratories (Bar Harbor, ME). The hTG SP-A mice carrying hSP-

A2-1A0 allele without mouse SP-A gene background were generated

in our previous works (46). The hTG mice expressed SP-A in the

lung but not in kidney. There were no significant phenotypic

differences among SP-A KO, hTG SP-A, and matched WT mice.

The WT, SP-A KO, and hTG SP-A mice were divided into two

groups: the pneumonia/sepsis group (infected with P. aeruginosa

Xen5 strain) and the control group (the sham group with same

surgery and the same volume of the sterile vehicle given). The mice

used for this study were bred and kept in the animal core facility at

SUNY Upstate Medical University. Mice were housed in specific

pathogen-free conditions in a temperature-controlled room at 22°C.

The mice used in this study were 8 to 10-week-old male and female

mice and experiments were approved by the Institutional Animal

Care and Use Committee of the SUNY Upstate Medical University

with protocol #380. Additionally, they were performed in line with

the National Institute of Health and ARRIVE guidelines on the use

of laboratory animals.
4.2 P. aeruginosa-induced pneumonia and
sepsis model

In the initial stage of the project, we performed pilot

experiments using different doses of P. aeruginosa Xen5 in KO

andWTmice to determine appropriate doses of bacteria for use in

the experimental sepsis model. We found that A dosage of 1×105

CFU/mouse in 50ml of bioluminescent P. aeruginosa Xen5 (a

higher toxic strain) bacterial solution was suitable for generating

an optimal bioluminescent signal in the lungs for detection by the

in-vivo imaging system as well as showing significant

characteristics of septicemia. These include a remarkable

mortality (about 40-60%) 48 h after infection, severe bacteremia

as well as multiple organ injury e.g. ALI and AKI. Consequently,

all experiments in the study were performed at a dosage of 1×105

CFU/50ml/mouse via intratracheal inoculation to induce

pneumonial sepsis. In brief, mice were anesthetized with

intraperitoneal ketamine/xylazine (90 mg/kg ketamine, 10 mg/

kg xylazine) injection, which was followed by a 0.5 cm midline

neck incision to expose the trachea. Bacterial solution was

intratracheally inoculated into the lungs of mice in pneumonia/

sepsis group, while 50ml of sterile saline was used for the sham

group as a control. At 48 h post-infection, the mice were
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anesthetized to obtain blood samples, then sacrificed for BALF,

lungs, and kidneys, which were harvested for further analyses.
4.3 In vivo bioluminescence imaging of
P. aeruginosa after infection

Three types of infected mice were monitored post-infection for

48 hours. Mice were then anesthetized with 2.0% isoflurane to

acquire a whole-body image after an exposure to 3 min via an in

vivo Imaging System (IVIS-200, Caliper Life Sciences, Hopkinton,

MA). Additionally, the bioluminescence signal from infected mice

was measured at various time points like 0, 12 h, 24 h, 36 h, and 48 h

after infection. The signal of bioluminescence was quantified using

Living Image software, version 4.1 (Caliper Life Sciences). Data are

shown as physical units of radiance in photons/sec per cm2

per steradian.
4.4 Cytology analysis in BALF

As previously described, the lungs of each mouse were lavaged

with 3×0.5 ml of sterile saline. The BALF was then centrifuged for

10 min at 250×g. The pellet was resuspended with 1 ml of sterile

saline, and cells in the 0.2 ml resuspended fluid were mounted onto

a slide by cytospin centrifuge (Hettich ROTOFIX32 A) at 1000 rpm

for 3 min. After that, slides were air-dried and stained with Hema-3

Stain Kit (Fisher Scientific Company, Kalamazoo, MI). The cells

were examined with a Nikon Eclipse TE2000-U research

microscope (Nikon, Melville, NY).
4.5 Kidney functional analysis

Blood samples were collected and then centrifuged at 3,000 rpm

for 15 min at 4°C to obtain serum. Serum creatinine level was

determined by a commercial assay kit (Thermo Scientific,

Middletown, VA) as described previously (8).
4.6 Kidney and lung H&E staining

Tracheal injection of 0.5mL of neutral formalin was performed

to ensure the inflation fixation of the lungs. The fixed lung and

kidney tissues were then embedded in paraffin as previously

described (8). Lung and kidney tissues were cut into 5mm and

4mm sections respectively and mounted into the slides, which are

then manually stained with Hematoxylin and Eosin (H&E) staining.

Histopathology was evaluated by two independent pathologists who

did not know the experimental design. Lung injury was evaluated

with a 0-2 scale, while kidney injury was semi-quantified by

identifying the percent of tubules displaying tubule dilation, cast

formation, loss of brush border, and cell necrosis as follows: 0 =

none, 1 <10%, 2 = 11-25%, 3 = 26-45%, 4 = 46-75%, and 5 = >76%,

as previously stated (8).
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4.7 Immunofluorescence

Paraffin-embedded lung and kidney tissue sections were

deparaffinized, and then immersed in 0.2% Triton X-100 for

45 min as described previously (8). Following blocking with 10%

donkey serum (ab7475, Abcam Inc, Cambridge, MA) in PBS for 1 h,

slides were immunostained with rabbit anti-SP-A antibody, anti-

TLR-4 (ab13556, Abcam Inc, Cambridge, MA), anti-TNFR1(sc-

374186, Santa Cruz Biotechnology, Dallas, Texas). For cell IF

analysis, the cells were fixed with 4% paraformaldehyde, and

examined with anti-TLR-4(ab13556, Abcam Inc, Cambridge,

MA), anti-TNFR1(sc-374186, Santa Cruz Biotechnology, Dallas,

Texas) and anti-Megalin antibody (sc-16478, Santa Cruz

Biotechnology, Dallas, Texas) to confirm the types of cultured

cells and to determine the purity and quantity of proximal

tubular epithelial cells. Slides were stained using Alexa 488

(ab150073, Abcam Inc, Cambridge, MA) and/or Alexa 594-

conjugated secondary antibodies (A11058, Life Technologies,

Eugene, OR) at room temperature for 1 h for fluorescence

visualization of primary antibodies.
4.8 Western blotting analysis

Western blot analysis was performed in line with our previous

works (8). In brief, lung, kidney tissues, and proximal renal

tubular epithelial cells were homogenized in RIPA buffer

comprised of a mixture of protease and phosphatase inhibitors

(Roche, Indianapolis, IN) in addition to aprotinin (MP

Biomedicals, LLC, Illkirch, France). The supernatants were

harvested for Western blot analysis following centrifugation at

12000 rpm for 10 min. Total protein concentrations of the lung,

kidney samples, proximal renal tubular epithelial cells, and

exosomes were determined using a BCA protein assay kit

(Thermo Scientific, Rockford, IL). 50mg of total proteins from

each sample were resolved through reducing and electrophoresis

on 10% or 12% SDS-polyacrylamide gel, followed by transfer onto

PVDF membranes (Bio-Rad, Hercules, USA). The blot was

blocked using tris-buffered saline containing 5% non-fat milk

for 1h and then incubated at 4°C overnight, with a primary

antibody against SP-A, or cleaved caspase-3 (#9661, Cell

Signaling Technology), or NGAL(sc-515876, Santa Cruz

Biotechnology, Dallas, Texas), or cleaved caspase-1(#89332, Cell

Signaling Technology), or NLRP3 (# PA5-20838, Thermo

Scientific, Rockford, IL), or GSDMD (ab209845, Abcam Inc,

Cambridge, MA), or ASC (#67824, Cell Signaling Technology)

at 4°C overnight. In this study, b-actin antibody (sc-130657, Santa

Cruz Biotech, Dallas, Texas) was used as internal control. The

membranes were then incubated using an HRP-conjugated

secondary antibody (Bio-Rad, Hercules, CA) and detected with

Pierce ECL Western Blotting Substrate (Thermo Scientific,

Rockford, IL) and then exposure to X-ray film (Pierce

Biochemicals, FL). The expression of the protein was quantified

by ImageJ software version 1.48 (Wayne Rasband, NIH, Bethesda,

MA). In some experiments, blots were stripped to remove
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antibodies, through incubation in 2% SDS, 0.06M Tris/HCl (pH

7.0), and 0.72 M 2-mercaptoethanol for 30 min at 25°C, and then

reprobed with another primary antibody.
4.9 ELISA assay for cytokines

Serum IL-6, TNF-a, and IL-1b levels were assayed with

commercially mouse ELISA kits following manufacturer

instructions (KMC0061 and KMC3011, Life Technologies,

Frederick, MD) (8).
4.10 Primary proximal tubular epithelial
cells isolation and culture

Primary RTECs from WT and KO mice were isolated in sterile

conditions according to previously stated methods with slight

modifications (8, 47, 48). Renal cortices were dissected in ice-cold

HBSS and sliced into small fragments and then digested in PBS buffer

with 1 mg/ml type I collagenase (Worthington, Lakewood, NJ) and

125 mg/ml defined trypsin inhibitor (Gibco) at 37°C for 30 min. The

resulting supernatant was sieved through two nylon sieves (pore size:

200 um and 70 mm) and tubular fragments caught by the sieve were

flushed in the reverse direction with PBS and centrifuged at 200×g for

5 min. The resulting pellet was resuspended and kept in DMEM/F12

medium containing 5% FBS, 100 IU/ml penicillin, and 100 mg/ml

streptomycin, 1×insulin-transferrin-selenium, and 1× MEM

nonessential amino acids. Incubation of the plate was done in a

humidified incubator under 5% CO2 at 37°C and the medium was

changed every other day until 90% of cell cultures had been organized

as a confluent monolayer.
4.11 Isolation, characterization of
exosomes from serum

Exosomes were isolated from mouse serum using the Total

Exosome Isolation solution (Invitrogen, USA), according to the

manufacturer’s instructions. Each serum sample was briefly

centrifuged at 2,000×g for 30 min to remove cells and debris.

Then 200 ml of total Exosome Isolation solution was added to the

1ml serum, mixed the serum/reagent mixture well by vortexing, and

incubated at 4°C for 30min. After centrifugation at 10,000 ×g for

10 min at room temperature, the supernatant was discarded. The

pellets containing the exosomes were resuspended in 120ml PBS and
then several exosomal surface markers (CD81, CD63, and TSG101)

were analyzed by Western blotting. The protein content of

exosomes was determined by the Micro-BCA assay kit (Pierce

Biotechnology, Rockford, IL, USA). Exosomes diameter detection

was performed using a Zetatrac (Microtrac Inc.) instrument, and

the area-based mean particle sizes were presented. Zeta potential

measurements were carried out on a Malvern Nano-ZS zeta sizer at

room temperature (49). The size of the EVs was characterized by

scanning electron microscopy.
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4.12 In vivo study of exosomes in WT mice

To evaluate the role of exosomes in the development of AKI, the

serum exosomes were used from WT sepsis and sham group mice at

24h after, respectively. In brief,WTmice were injected with exosomes

2 mg/mouse (from about 2ml mouse serum) into the tail vein. The

kidney and lung tissues were collected 48 h after the injection. The

size of the EVs was characterized by scanning electron microscopy.
4.13 Treatment of exosomes in RTECs

RTECs extracted from WT and KO mice were either treated

with 50 mg/ml septic-serum exosomes or sham exosomes in serum-

free medium for 24 hours. Cells and medium were subsequently

harvested for further analysis. RTECs from SP-A KO mice were

treated with 50 mg/ml exosomes with or without exogenous SP-A

protein (10 mg/ml) for 24 hours. Thereafter, the conditioned media

from cultured cells was harvested for the further analysis.
4.14 Statistical analysis

Statistical analysis of the data was made using GraphPad Prism

software (version 5.0) and presented as mean ± SEM. Comparison

among groups was completed by One-way ANOVA or t-test. Animal

survival was determined through the Kaplan-Meier survival analysis. For

the sake of comparison, p< 0.05 was considered statistically significant.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was reviewed and approved by The Institutional

Animal Care and Use Committee of the SUNY Upstate Medical

University with protocol #380. Written informed consent was obtained

from the owners for the participation of their animals in this study.
Frontiers in Immunology 15
Author contributions

XC performed experiments, analyzed data, interpreted

results, and drafted the manuscript. JG, SM, GV, TL, WWX, YX,

WCX, OA-R performed partial experiments and editing. GW

conceived the study and designed experiments, interpreted

results, and wrote the manuscript. All authors contributed to the

article and approved the submitted version.
Funding

This study is supported t by NIH R01HL136706, R21AI171574

and National NSF research award (1722630) to GW.
Acknowledgments

The authors thank Dr. S. Hawgood of the University of

California, San Francisco, CA, for kindly providing SP-A KO

mice. We would like to appreciate Dr. Joanna Floros of The

Pennsylvania State University College of Medicine, PA for her

generous support to this project. They also thank all members of

Profs. Cooney and Nieman groups for their kind support to

this project.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al.
Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI
study. Intensive Care Med (2015) 41(8):1411–23. doi: 10.1007/s00134-015-3934-7

2. Negi S, Koreeda D, Kobayashi S, Yano T, Tatsuta K, Mima T, et al. Acute kidney
injury: epidemiology, outcomes, complications, and therapeutic strategies. Semin Dial
(2018) 31(5):519–27. doi: 10.1111/sdi.12705

3. Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet (2019) 394
(10212):1949–64. doi: 10.1016/S0140-6736(19)32563-2

4. Peerapornratana S, Manrique-Caballero CL, Gomez H, Kellum JA. Acute kidney
injury from sepsis: current concepts, epidemiology, pathophysiology, prevention and
treatment. Kidney Int (2019) 96(5):1083–99. doi: 10.1016/j.kint.2019.05.026
5. Kellum JA, Prowle JR. Paradigms of acute kidney injury in the intensive care
setting. Nat Rev Nephrol (2018) 14(4):217–30. doi: 10.1038/nrneph.2017.184

6. Gomez H, Kellum JA. Sepsis-induced acute kidney injury. Curr Opin Crit Care
(2016) 22(6):546–53. doi: 10.1097/MCC.0000000000000356

7. Bagshaw SM, Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, et al.
Septic acute kidney injury in critically ill patients: clinical characteristics and outcomes.
Clin J Am Soc Nephrol (2007) 2(3):431–9. doi: 10.2215/CJN.03681106

8. Du J, Abdel-Razek O, Shi Q, Hu F, Ding G, Cooney RN, et al. Surfactant protein d
attenuates acute lung and kidney injuries in pneumonia-induced sepsis through
modulating apoptosis, inflammation and NF-kappaB signaling. Sci Rep (2018) 8
(1):15393. doi: 10.1038/s41598-018-33828-7
frontiersin.org

https://doi.org/10.1007/s00134-015-3934-7
https://doi.org/10.1111/sdi.12705
https://doi.org/10.1016/S0140-6736(19)32563-2
https://doi.org/10.1016/j.kint.2019.05.026
https://doi.org/10.1038/nrneph.2017.184
https://doi.org/10.1097/MCC.0000000000000356
https://doi.org/10.2215/CJN.03681106
https://doi.org/10.1038/s41598-018-33828-7
https://doi.org/10.3389/fimmu.2023.1188023
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1188023
9. Yang F, Zhang J, Yang Y, Ruan F, Chen X, Guo J, et al. Regulatory roles of human
surfactant protein b variants on genetic susceptibility to pseudomonas aeruginosa
pneumonia-induced sepsis. Shock (2020) 54(4):507–19. doi : 10.1097/
SHK.0000000000001494

10. Wang Z, Gu Z, Hou Q, Chen W, Mu D, Zhang Y, et al. Zebrafish GSDMEb
cleavage-gated pyroptosis drives septic acute kidney injury in vivo. J Immunol (2020)
204(7):1929–42. doi: 10.4049/jimmunol.1901456

11. Poston JT, Koyner JL. Sepsis associated acute kidney injury. BMJ (2019) 364:
k4891. doi: 10.1136/bmj.k4891

12. Bonavia A, Singbartl K. A review of the role of immune cells in acute kidney
injury. Pediatr Nephrol (Berlin Germany) (2018) 33(10):1629–39. doi: 10.1007/s00467-
017-3774-5

13. Goncalves GM, Zamboni DS, Camara NO. The role of innate immunity in septic
acute kidney injuries . Shock (2010) 34(Suppl 1) :22–6. doi : 10.1097/
SHK.0b013e3181e7e69e

14. Wright JR. Immunoregulatory functions of surfactant proteins. Nat Rev
Immunol (2005) 5(1):58–68. doi: 10.1038/nri1528

15. Qin Y, Liu J, Liu J, Hu F. Collectins in urinary tract and kidney diseases. Int Urol
Nephrol (2018) 50(4):695–703. doi: 10.1007/s11255-017-1728-2

16. Liu J, Abdel-Razek O, Liu Z, Hu F, Zhou Q, Cooney RN, et al. Role of surfactant
proteins a and d in sepsis-induced acute kidney injury. Shock (2015) 43(1):31–8. doi:
10.1097/SHK.0000000000000270

17. Grange C, Skovronova R, Marabese F, Bussolati B. Stem cell-derived
extracellular vesicles and kidney regeneration. Cells (2019) 8(10):1240. doi: 10.3390/
cells8101240

18. Pan T, Jia P, Chen N, Fang Y, Liang Y, Guo M, et al. Delayed remote ischemic
preconditioning ConfersRenoprotection against septic acute kidney injury via
exosomal miR-21. Theranostics (2019) 9(2):405–23. doi: 10.7150/thno.29832

19. Park EJ, Appiah MG, Myint PK, Gaowa A, Kawamoto E, Shimaoka M.
Exosomes in sepsis and inflammatory tissue injury. Curr Pharm Des (2019) 25
(42):4486–95. doi: 10.2174/1381612825666191116125525

20. Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Turnbull IR, Vincent JL.
Sepsis and septic shock. Nat Rev Dis primers (2016) 2:16045. doi: 10.1038/nrdp.2016.45

21. Gao K, Jin J, Huang C, Li J, Luo H, Li L, et al. Exosomes derived from septic
mouse serum modulate immune responses via exosome-associated cytokines. Front
Immunol (2019) 10:1560. doi: 10.3389/fimmu.2019.01560

22. Kalakeche R, Hato T, Rhodes G, Dunn KW, El-Achkar TM, Plotkin Z, et al.
Endotoxin uptake by S1 proximal tubular segment causes oxidative stress in the
downstream S2 segment. J Am Soc Nephrol (2011) 22(8):1505–16. doi: 10.1681/
ASN.2011020203

23. El-Achkar TM, Dagher PC. Tubular cross talk in acute kidney injury: a story of
sense and sensibility. Am J Physiol Renal Physiol (2015) 308(12):F1317–1323. doi:
10.1152/ajprenal.00030.2015

24. Feldman C, Anderson R. Pneumonia as a systemic illness. Curr Opin pulmonary
Med (2018) 24(3):237–43. doi: 10.1097/MCP.0000000000000466

25. Thaden JT, Park LP, Maskarinec SA, Ruffin F, Fowler VGJr., van Duin D. Results
from a 13-year prospective cohort study show increased mortality associated with
bloodstream infections caused by pseudomonas aeruginosa compared to other bacteria.
Antimicrob Agents chemother (2017) 61(6):e02671–16. doi: 10.1128/AAC.02671-16

26. Vincent JL, Opal SM, Marshall JC, Tracey KJ. Sepsis definitions: time for change.
Lancet (London England) (2013) 381(9868):774–5. doi: 10.1016/S0140-6736(12)61815-7

27. Mera S, Tatulescu D, Cismaru C, Bondor C, Slavcovici A, Zanc V, et al.
Multiplex cytokine profiling in patients with sepsis. APMIS Acta Pathol Microbiol
Immunol Scand (2011) 119(2):155–63. doi: 10.1111/j.1600-0463.2010.02705.x

28. Haase M, Bellomo R, Devarajan P, Schlattmann P, Haase-Fielitz A. Accuracy of
neutrophil gelatinase-associated lipocalin (NGAL) in diagnosis and prognosis in acute
kidney injury: a systematic review and meta-analysis. Am J Kidney Dis (2009) 54
(6):1012–24. doi: 10.1053/j.ajkd.2009.07.020

29. Nalian A, Umstead TM, Yang CH, Silveyra P, Thomas NJ, Floros J, et al.
Structural and functional determinants of rodent and human surfactant protein a: a
synthesis of binding and computational data. Front Immunol (2019) 10:2613. doi:
10.3389/fimmu.2019.02613
Frontiers in Immunology 16
30. Sano H, Kuroki Y. The lung collectins, SP-a and SP-d, modulate pulmonary
innate immunity . Mol Immunol (2005) 42(3) :279–87. doi : 10.1016/
j.molimm.2004.07.014

31. Mikerov AN, Hu S, Durrani F, Gan X, Wang G, Umstead TM, et al. Impact of
sex and ozone exposure on the course of pneumonia in wild type and SP-a (-/-) mice.
Microbial Pathogenesis (2012) 52(4):239–49. doi: 10.1016/j.micpath.2012.01.005

32. Awasthi S, Singh B, Ramani V, Xie J, Kosanke S. TLR4-interacting SPA4 peptide
improves host defense and alleviates tissue injury in a mouse model of pseudomonas
aeruginosa lung infection. PloS One (2019) 14(1):e0210979. doi: 10.1371/
journal.pone.0210979

33. Liu BC, Tang TT, Lv LL, Lan HY. Renal tubule injury: a driving force toward
chronic kidney disease. Kidney Int (2018) 93(3):568–79. doi: 10.1016/j.kint.2017.09.033

34. Linkermann A, Chen G, Dong G, Kunzendorf U, Krautwald S, Dong Z.
Regulated cell death in AKI. J Am Soc Nephrol (2014) 25(12):2689–701. doi: 10.1681/
ASN.2014030262

35. Tian S, Li C, Ran R, Chen SY. Surfactant protein a deficiency exacerbates renal
interstitial fibrosis following obstructive injury in mice. Biochim Biophys Acta Mol Basis
Dis (2017) 1863(2):509–17. doi: 10.1016/j.bbadis.2016.11.032

36. Havasi A, Borkan SC. Apoptosis and acute kidney injury. Kidney Int (2011) 80
(1):29–40. doi: 10.1038/ki.2011.120

37. Yuan J, Najafov A, Py BF. Roles of caspases in necrotic cell death. Cell (2016) 167
(7):1693–704. doi: 10.1016/j.cell.2016.11.047

38. Jorgensen I, Rayamajhi M, Miao EA. Programmed cell death as a defence against
infection. Nat Rev Immunol (2017) 17(3):151–64. doi: 10.1038/nri.2016.147

39. Ye Z, Zhang L, Li R, Dong W, Liu S, Li Z, et al. Caspase-11 mediates pyroptosis
of tubular epithelial cells and septic acute kidney injury. Kidney Blood Pressure Res
(2019) 44(4):465–78. doi: 10.1159/000499685

40. Miao N, Yin F, Xie H, Wang Y, Xu Y, Shen Y, et al. The cleavage of gasdermin d
by caspase-11 promotes tubular epithelial cell pyroptosis and urinary IL-18 excretion in
acute kidney injury. Kidney Int (2019) 96(5):1105–20. doi: 10.1016/j.kint.2019.04.035

41. Park KS, Lee J, Lee C, Park HT, Kim JW, Kim OY, et al. Sepsis-like systemic
inflammation induced by nano-sized extracellular vesicles from feces. Front Microbiol
(2018) 9:1735. doi: 10.3389/fmicb.2018.01735

42. Wu XB, Sun HY, Luo ZL, Cheng L, Duan XM, Ren JD. Plasma-derived
exosomes contribute to pancreatitis-associated lung injury by triggering NLRP3-
dependent pyroptosis in alveolar macrophages. Biochim Biophys Acta Mol Basis Dis
(2020) 1866(5):165685. doi: 10.1016/j.bbadis.2020.165685

43. Kim SM, Kim YG, Kim DJ, Park SH, Jeong KH, Lee YH, et al. Inflammasome-
independent role of NLRP3 mediates mitochondrial regulation in renal injury. Front
Immunol (2018) 9:2563. doi: 10.3389/fimmu.2018.02563

44. Gambim MH, do Carmo Ade O, Marti L, Verıśsimo-Filho S, Lopes LR,
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