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Introduction

Lung alveolar homeostasis is maintained by multiple resident 
cell types including the epithelial, endothelial, mesenchy-
mal, and immune cells.1,2 Recent data from single-cell RNA 
sequencing, indicates the presence of robust intercellular 
communication between these cell types during homeostasis 

as well as in disease conditions.2,3 In uninjured lungs, the 
alveolar compartment is mostly quiescent, with slow turno-
ver.1,4 On the contrary, injury activates multiple alveolar cell 
types to proliferate and differentiate into more mature cells 
that can affect repair by secreting surfactants or cytokines.1,5 
The alveolar epithelium consists primarily of the alveolar 
type 1 epithelial (AT-1) and type 2 cells (AT-2).1,2,6 AT-1 cells 
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Abstract
The lung microenvironment plays a crucial role in maintaining lung homeostasis 
as well as the initiation and resolution of both acute and chronic lung injury. Acute 
chest syndrome (ACS) is a complication of sickle cell disease (SCD) like acute 
lung injury. Both the endothelial cells and peripheral blood mononuclear cells 
are known to secrete proinflammatory cytokines elevated during ACS episodes. 
However, in SCD, the lung microenvironment that may favor excessive production 
of proinflammatory cytokines and the contribution of other lung resident cells, 
such as alveolar macrophages and alveolar type 2 epithelial (AT-2) cells, to ACS 
pathogenesis is not completely understood. Here, we sought to understand the 
pulmonary microenvironment and the proinflammatory profile of lung alveolar 
macrophages (LAMs) and AT-2 cells at steady state in Townes sickle cell (SS) 
mice compared to control mice (AA). In addition, we examined lung function and 
micromechanics molecules essential for pulmonary epithelial barrier function in 
these mice. Our results showed that bronchoalveolar lavage (BAL) fluid in SS mice 
had elevated protein levels of pro-inflammatory cytokines interleukin (IL)-1β and 
IL-12 (p ⩽ 0.05) compared to AA controls. We showed for the first time, significantly 
increased protein levels of inflammatory mediators (Human antigen R (HuR), Toll-
like receptor 4 (TLR4), MyD88, and PU.1) in AT-2 cells (1.4 to 2.2-fold) and LAM 
(17-21%) isolated from SS mice compared to AA control mice at steady state. There 
were also low levels of anti-inflammatory transcription factors (Nrf2 and PPARy) 
in SS mice compared to AA controls (p ⩽ 0.05). Finally, we found impaired lung 
function and a dysregulated composition of surfactant proteins (B and C). Our results 

demonstrate that SS mice at steady state had a compromised lung microenvironment with elevated expression of proinflammatory 
cytokines by AT-2 cells and LAM, as well as dysregulated expression of surfactant proteins necessary for maintaining the alveolar 
barrier integrity and lung function.
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Impact statement

Inflammation can trigger acute chest syndrome 
(ACS), a leading cause of mortality in sickle cell dis-
ease (SCD). Existing studies on mechanism of ACS 
and attendant lung inflammation in SCD have not 
examined the alveolar epithelium and lung resident 
macrophages. In this study, we show evidence that 
lung alveolar macrophages (LAMs) and alveolar 
type 2 epithelial (AT-2) cells have a proinflammatory 
profile at “steady state” in Townes sickle cell (SS) 
mice, concomitant with low levels of anti-inflamma-
tory and antioxidant transcription factors. Levels 
of surfactant proteins that protect the alveolar 
surfaces and decrease surface tension were also 
significantly lower in SS compared to AA (control) 
mice. These molecular changes in SS mice were 
also associated with an impairment in lung func-
tion. We conclude that the lung microenvironment 
in the SS mouse seemed primed for inflammation, 
thus tipping the balance toward a hyperinflamma-
tory response and thus ACS when exposed to ACS 
triggers such as heme from hemolysis.
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are thin and flat, cover 95% of the alveolar surface area, and 
specialized mainly in gas exchange.1,4 AT-2 cells are cuboidal, 
and though they cover about 5% of the alveolar surface area, 
they represent 60% of alveolar epithelial cells by number.6 
AT-2 cells also self-renew to generate new AT-1 cells to repair 
acute injury in the postnatal lung tissue.1,7 They also secrete 
pulmonary surfactant that reduces the surface tension of 
the alveolar air–liquid interface, thereby preventing alveo-
lar collapse.1,7 Pulmonary surfactants also have antimicro-
bial and anti-inflammatory properties which are important 
for protecting the lungs from inhaled microorganisms and 
potentially damaging inflammatory stimuli.8 Pulmonary 
surfactants are composed mainly of phospholipids, neutral 
lipids, and four associated proteins categorized as SP-A, 
SP-B, SP-C, and SP-D.8,9 SP-A and SP-D are hydrophilic, 
collectively referred to as collectins (collagen-lectin) while 
SP-B and SP-C are hydrophobic.8,10,11 SP-A and SP-D interact 
with immune cells such as macrophages by associating with 
cell surface pattern-recognition receptors including Toll-like 
receptor (TLR) and CD14, thereby modulating phagocytosis 
and inflammatory cellular responses.11,12 Likewise, studies in 
humans have shown that the bronchoalveolar lavage (BAL) 
fluid concentrations of SP-A and SP-B were low in patients 
who are at risk for developing acute respiratory distress syn-
drome/acute lung injury and those with clinical lung injury, 
while the concentration of SP-D was normal.13,14 Also, stud-
ies of acute lung injury in mice have shown an abnormal 
surfactant function with reduced SP-B expression.15

Macrophages are another cell type in the lung vital for 
maintaining homeostasis, initiation and resolution of inflam-
mation, and tissue repair. There are two distinct populations 
of macrophages in the lungs: LAMs that are in contact with 
the AT-1 and AT-2 cells and the interstitial macrophages 
resident in the parenchyma space adjacent to the microvas-
cular endothelium and alveolar epithelium.16,17 LAM acts 
as the first line of cellular defense against foreign invad-
ers in the lower airways by scavenging and phagocytos-
ing pathogens and recognizing microbial patterns via TLRs, 
NOD-like receptors (NODs) and other pattern-recognition 
pathways.18,19 Activated LAM release cytokines including 
type 1 interferon, tissue necrosis factor-α (TNF-α), interleu-
kin (IL)-1β, and transforming growth factor (TGF) β family in 
either an NF-κB-dependent or independent pathway, stimu-
lating complex crosstalk with neighboring epithelial cells 
in order to initiate or resolve lung inflammation and tissue 
repair via various processes.17–19 The LAM is equipped with 
receptors to function as either pro- or anti-inflammatory, and 
the functional immune phenotype exhibited depends solely 
on the lung microenvironment.1,2

Maintaining the balance between pro- and anti-inflam-
matory states by alveolar epithelial cells and LAM is vital 
to pulmonary function and to preserving epithelial barrier 
integrity. This is evident in the damage to both endothe-
lial and epithelial cell barriers leading to increased vascular 
permeability reported during acute lung injury, a disorder 
with a phenotype similar to acute chest syndrome (ACS) in 
SCD.20 Notably, exaggerated vascular permeability has been 
shown to contribute to pulmonary edema, development 
of ACS, and pulmonary endothelial barrier dysfunction in 
SCD.21,22 In addition, pulmonary endothelial cells in contact 

with alveolar epithelial cells form a tight barrier character-
ized by adherens or tight junction proteins. This controls 
immune cell trafficking and the flux of liquid and solutes 
between the blood and surrounding tissue to maintain fluid 
homeostasis.23,24 Furthermore, serum from SCD patients 
and exosomes isolated from SCD patients who experienced 
one or more episodes of ACS contain biomarkers that reflect 
endothelial dysfunction with disrupted gap junction struc-
tures in vitro.25–27

Still, the effect of alveolar epithelial cells, LAM, and the 
chronic proinflammatory cytokine status on maintaining 
optimal vascular barrier integrity during ACS in SCD are not 
clear. Understanding the steady-state profiles of pulmonary 
alveolar macrophages and AT-2 cells in SCD could help in 
elucidating the pathogenesis of ACS. Since most studies on 
mechanisms involved in the pathogenesis of ACS have been 
mostly on endothelial cells and monocytes,28–31 in this study, 
we sought to gain better insights into the profiles of AT-2 and 
LAM by analyzing them at “steady-state” in SCD, allowing us 
to better delineate the impact of a perturbation in future exper-
iments/studies. Broadening our understanding of the role 
of these cells may provide opportunities for identifying new 
therapeutic targets and/or intervention in acute and chronic 
lung injury that can restore the alveolar barrier integrity.

Materials and methods

Mice

All experiments with mice were conducted according to 
the protocol approved by Emory University’s Institutional 
Animal Care and Use Committee. Male and female Townes’ 
knock-in (B6;129-Hbbtm2(HBG1,HBB*)Tow/Hbbtm3(HBG1, HBB)Tow 
Hbatm1(HBA)Tow/J) humanized SS mouse and strain controls 
expressing normal human Hb (AA mice) were obtained from 
a colony maintained by our laboratory using the Emory 
University managed breeding service. All mice strains were 
24 weeks old at the start of experimentation. Mouse geno-
types were confirmed by polymerase chain reaction (PCR).

BAL fluid collection and processing

Mice were euthanized using an overdose of pentobarbital. 
An incision was made in the muscle around the trachea to 
expose the trachea, then a catheter was inserted into the tra-
chea. Using a 1-ml syringe, phosphate-buffered saline (PBS, 
0.9 ml) was slowly injected into the lung via the catheter and 
aspirated to recover the lavage fluid for a total of three times. 
Recovered BAL fluid placed in Eppendorf tubes was kept 
on ice followed by centrifugation at 400 × g for 8 min at 4°C 
to separate cellular content and BAL fluid. Recovered BAL 
fluid was either used immediately for surfactant or cytokines 
quantification or kept at −80°C for further analysis.

Isolation of AT-2 cells

Isolated lungs were perfused with PBS via catheterization 
of the pulmonary artery.15 Digestion solution of Dispase 
was delivered via trachea catheter followed by 0.45 ml of 
low melt agarose (1%) to block the trachea and the airways. 
Lungs were transferred into a tube containing 2 ml Dispase 
and incubated for 45 min at room temperature. Lungs were 
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then placed in a petri dish containing 0.01% DNase 1 in 
DMEM. Digested tissue was disrupted with fine-tipped for-
ceps with gentle swirling for 5–10 min. Lung cells were sus-
pended in newborn calf serum (NCS) and filtered through 
a 100 µm nylon cell strainer, then through a 20 µm nylon 
mesh. The filtered cells were pelleted by centrifugation at 
300 × g at 4°C for 8 minutes. The supernatant was discarded, 
and cells were resuspended in DMEM without fetal bovine 
serum (FBS). Resuspended cells were plated onto IgG coated 
plates and incubated for 1 h at 37°C, to remove macrophages. 
Non-adherent cells (AT-2 cells) were removed from plates 
and centrifuged at 300 × g for 8 min. Recovered cell pellet 
was resuspended in complete culture media (DMEM, 1% 
Penicillin/Streptomycin, 20 mg Gentamicin Sulfate, 0.6 g 
Sodium Bicarbonate, and 0.18 g L-Glutamine) and used for 
subsequent assays.

Isolation of LAMs

LAM was isolated by a modified method previously 
described by Joshi et al.32 Briefly, isolated lungs were lav-
aged twice with 1 ml of sterile cold PBS (pH 7.4). The recov-
ered lavage fluid was centrifuged at 300 × g for 7 min. Cell 
pellet was resuspended in 400 µl of Ammonium-chloride-
potassium red blood cell lysis buffer and incubated for 2 min 
at room temperature. Cold PBS (1 ml) was added to stop 
the lysis reaction and dilute the lysing buffer followed by 
centrifugation at 800 × g for 5 min at 4°C. Cell pellet was 
resuspended in PBS for downstream analysis. This proce-
dure consistently produces cells that are greater than 98% 
viable by the Trypan blue exclusion test (DiffQuick, IMEB, 
Inc., San Marcos, CA). As previously published by others, 
CD32 staining showed that over 95% of cells recovered were 
alveolar macrophages.32,33

Cytokine and pulmonary surfactant quantification

BAL fluid cytokine concentrations were quantified using 
the Milliplex MAP magnetic bead panel kit (EMD Millipore, 
#MCYTOMAG-70K) following the manufacturer’s instruc-
tions. Total protein was quantified in the BAL fluid using 
the Pierce™ Coomassie (Bradford) Protein Assay Kit 
(ThermoFisher Scientific, #23200). Measured BAL cytokine 
levels were normalized to total BAL protein levels. Similarly, 
BAL fluid surfactant protein concentration was determined 
using enzyme-linked immunosorbent assay (ELISA) kit 
(Antibodies-online, Limerick, PA), according to the man-
ufacturer’s protocols. The BAL fluid used for this part of 
the assay, was divided into four aliquots, each was used for 
the quantification of one surfactant protein. Measured BAL 
surfactant protein levels were also normalized to total BAL 
protein levels. Due to an unexpected assay contamination, 
we were not able to complete the assay for surfactant protein 
A and thus did not present the result of that assay as part of 
this report.

Measurement of lung mechanics

Lung function and mechanical properties such as lung 
elastance and inspiratory capacity (IC) were determined 
using the Flexivent system and FlexiWare software (SCIREQ, 
Montreal, Canada) in anesthetized and tracheotomized mice 

as described here.34–36 Both open- and closed-chest condi-
tions were evaluated.

Immunohistochemistry

Paraffin-embedded lung sections (4-5μm thickness) were 
de-waxed and rehydrated. Antigen retrieval was performed 
using a microwave, by heating the sections in 10mM citrate 
buffer (pH=6.0). We  blocked endogenous peroxidase activ-
ity by incubating the sections in PBS buffer containing 0.3% 
hydrogen peroxidase for 30min. To block nonspecific bind-
ing, we incubated the tissue sections in 5% normal horse 
serum for one hour at room temperature. The tissue sections 
were sequentially incubated with primary antibodies at opti-
mal dilutions (anti-HuR at 1:100, anti-TLR4 at 1:100) at 4°C 
overnight, and then proper secondary antibodies for 30min 
at room temperature (ImmPRESS REAGENT, VECTOR Lab, 
USA). The color was developed with the ImmPACT DAB kit 
(VECTOR Lab, USA). The tissue sections were then coun-
terstained with hematoxylin and mounted using Permount 
medium (Fisher Scientific, #SP15-100). Two negative con-
trols were included: (1) control slides stained without pri-
mary antibodies; (2) control slides incubated with specific 
blocking peptides (Santa Cruz, USA) prior to the primary 
antibody incubations. Images were captured using a 40X 
water dipping objective on an upright Olympus fluorescent 
microscope. 

Immunocytochemistry

AT-2 cells plated in dishes were treated as described above 
under immunohistochemistry. HuR, TLR4, MyD88, PU.1, 
NRF2, and PPAR-γ, all purchased from Abcam were used as 
primary antibodies. Protein levels were measured as relative 
fluorescence units (RFUs) per cell.

Statistical analysis

GraphPad Prism 9 software was used for all statistical analy-
ses. Results are reported as mean ± SEM. Group means were 
compared using parametric tests, such as the Mann–Whitney 
test or unpaired Student’s t-test. Statistical significance was 
set at p values of <0.05.

Results

Lung function and baseline surfactant proteins 
essential for pulmonary epithelial barrier function 
are dysregulated in SS mice

Lung function and mechanical properties such as lung 
elastance and IC were determined using the Flexivent system 
in tracheotomized mice. Both tissue elastance and change in 
IC have been used to measure pulmonary compliance; the 
ability of the lungs to stretch and expand during inflation.37 
Pulmonary compliance is altered by pathological changes in 
lung elastin fibers and the absence of surfactant that lowers 
alveolar surface tension.38,39 In our study, lung function and 
mechanics testing showed significant differences between 
SS and AA control mice. The change in IC was higher in 
AA control mice compared with SS mice (Figure 1(A)) 
Correspondingly, tissue elastance was significantly lower 
in SS compared to AA control mice (Figure 1(B), p ⩽ 0.05). 
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Pulmonary surfactants are secreted into the alveolar space by 
epithelial (AT-2) cells to reduce surface tension and act as host 
defense against inhaled pathogens.40 Furthermore, abnormal 
surfactant function caused by inflammatory cytokines plays a 
role in the pathogenesis of acute lung injury,41 with alterations 
in lung function closely associated with the development of 
surfactant dysfunction and elevated expression of inflamma-
tory cytokines including IL-1β.15 Surfactant proteins B and C 
were significantly decreased in BAL fluid obtained from SS 
mice compared to AA controls (Figure 1(C) and (D)) while no 
differences were observed in the levels of surfactant protein 
D (Figure 1(E)). We also measured the levels of paraoxonase 
1 (PON1), a hydrolytic antioxidant enzyme with the capabil-
ity to protect against lipid oxidation. 42 The levels of PON1 
were significantly reduced by about 66% in SS mice com-
pared to AA controls (Figure 1(F)), suggesting that decreased 
protection against lipid oxidation by high circulating inflam-
matory cytokines in the lung of SS mice may contribute to 
lower surfactant B level seen in these mice at steady state. 
Overall, these results showed a decrease in lung function and 
mechanical properties implying a decreased ability to stretch 
during inflation while low levels of surfactant proteins in SS 
mice compared to AA mice controls may imply an abnormal 
alveolar surface tension.

Steady state profile of cytokines in 
BAL from SS mice

BAL fluid was collected from SS mice and AA control mice 
as described above. We first determined the total concen-
trations of markers of inflammation in BAL fluid using a 
multiplex bead assay. Compared with AA mice, the BAL 
fluid from SS mice showed significantly increased levels of 
pro-inflammatory cytokines IL-1β and IL-12 (Figure 2(A) 
and (B), p ⩽ 0.05). In contrast, levels of IL-9 and CXCL1 
were decreased (Figure 2(D) and (C), p ⩽ 0.05). Similarly, we 
observed a significantly higher levels of HuR and TLR4 lev-
els in AT-2 cells in SS mice (1.4- and 2.2-fold, respectively) 
compared to AA controls (Figure 3(A) and (B)). LAM from 
SS mice also have significantly higher expression of HuR 
and TLR4 compared to AA controls (Figure 3(E) and (F), 
p ⩽ 0.05). In addition, we quantified the expression of other 
associated markers of inflammation in isolated AT-2 cells 
and LAM. Myeloid differentiation primary response protein 
88 (MyD88) is an important Toll-like and IL-1 receptor fam-
ily signaling adaptor protein involved in innate immune 
response, chronic lung inflammation and fibrosis.43,44 PU.1 
is a transcription factor required for NF-κB activation, neu-
trophilic lung inflammation, and pathological macrophage 

Figure 1. Lung function and surfactant protein expression in AA and SS mice at steady state. Lung function measured as (A) Change in IC (B) Tissue elastance. 
Quantification of relative protein content of surfactant proteins in BAL fluid collected from 24 weeks old mice. (C) SP-B, (D) SP-C and (E) SP-D. (F) Protein content of 
paraoxonase1 BAL fluid. Levels of surfactant proteins and paraoxonase1 were normalized to total protein in BAL fluid. Unpaired Student’s t-test (n = 6–15). Error bars 
indicate SEM. *p ⩽ 0.05, **p ⩽ 0.01. IC- inspiratory capacity.
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polarization in asthmatic airway inflammation.45,46 MyD88 
and PU.1 level were unchanged in AT-2 cells (Figure 3(C) 
and (D)) while their levels were about 17% and 21% higher, 
respectively (p < 0.05 and 0.001) in LAM isolated from 
SS mice compared to AA controls (Figure 3(G) and (h)).  
These results were also confirmed with immunohistochemistry  
of the whole lung tissue where TLR4 and HuR were sig-
nificantly elevated (Figure 4). These results are consistent 
with the observed elevated levels of proinflammatory IL-1β 
and IL-12 and decreased levels of pleiotropic cytokines (IL-9 
and CXCL1) that regulate airway inflammation and hyper-
responsiveness at steady state, in BAL from SS mice com-
pared to AA controls (Figure 2). Taken together, these finding 
suggest that in the “steady state,” the lung microenviron-
ment in SCD is already pro-inflammatory, and this might 
account for the hyper-responsiveness to heme that have been 
documented in prior studies.

Expression of PPAR-γ and Nrf2 was 
significantly lower in AT-2 cells and 
LAM from SS mice

Our results above showed elevated expression of inflam-
matory markers in BAL fluid, AT-2 cells, LAM, and whole 
lung tissue from SS mice at steady-state. The major cellular 
defense mechanisms against inflammatory cytokines are 
the transcriptional regulators, nuclear factor (erythroid-
derived 2)-like 2 (Nfe2L2 or Nrf2) and Peroxisome prolifera-
tor activated receptor gamma (PPAR-γ). Nrf2 is the master 

Figure 2. Lung BAL fluid expression of pro-inflammatory cytokines in SS and 
AA mice. BAL fluid protein levels of (A) IL-1β, (B) IL-9, (C) IL-12(p40), and (E) 
CXCL1 in naïve in 24-week-old SS mice compared to age-matched AA mice 
(n = 5–13). Individual cytokine levels measured were normalized to total protein 
in lavage fluid. Unpaired Student’s t-test. Error bars indicate SEM. *p ⩽ 0.05; 
**p ⩽ 0.01.

Figure 3. Inflammatory mediators’ protein levels in lung epithelial cells and macrophages are elevated in SS mice compared to AA controls. AT-2 cells protein 
levels of (A) HuR, (B) TLR4, (C) MyD88, and (E) PU.1. LAM protein levels of (D) HuR, (E) TLR4, (F) MyD88, and (G) PU.1. Protein levels were detected using 
immunofluorescence and then quantified using image J and expressed in relative fluorescence units (RFU) per cell. Mann–Whitney test or Unpaired Student’s t-test. 
Error bars indicate SEM. *p ⩽ 0.05, ****p ⩽ 0.0001. AT-2: alveolar type 2 cells, LAM: lung alveolar macrophage.
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regulator of the cellular oxidative defense system.47,48 PPAR-
γ is a ligand-dependent transcription factor that exerts anti-
inflammatory properties by inhibiting the expression of 
inflammatory cytokines and modulates the immune cells’ 
differentiation toward anti-inflammatory phenotypes.49,50 
Both antioxidant transcription factors Nrf2 and PPAR-γ 
proteins were significantly reduced in AT-2 cells and LAM 
from SS mice compared to AA controls (Figure 5, p ⩽ 0.05 
to 0.0001). This suggests that dysregulation of the antioxi-
dant pathway in non-endothelial cells in the lungs of SS mice 
may have a role in the pathobiology of the acute lung injury 
described by other investigators.

Discussion

Our study examines the profile of AT-2, LAM, and the com-
position of surfactant proteins at steady-state in SS mice 
compared to AA controls. First, we found impaired lung 
function and dysregulated composition of surfactant pro-
teins necessary for maintaining alveolar barrier integrity in 
SS mice. Second, we showed that BAL fluid from SS mice 
has elevated levels of inflammatory cytokines. Finally, we 
showed for the first time that lung epithelial cells from SS 
mice at steady state have high protein levels of inflammatory 
mediators (HuR, TLR4, MyD88, and PU.1) with low levels 
of transcription factors that mediate antioxidant responses 
(Nrf2 and PPARy). Thus, in the “steady state” in SCD mice, 
the delicate balance between pro- and anti-inflammatory 

states in the lung microenvironment appears to be tipped 
toward inflammation and an impaired ability to respond to 
further oxidant stress.

Lung function measured as change in IC and tissue 
elastance were significantly diminished in SS mice lungs 
compared to AA controls. This agrees with previous stud-
ies showing reduced lung function in SS mice at steady-
state which was exacerbated during heme-induced ACS.29 
Elevated levels of inflammatory mediators and low anti-
oxidant levels in LAM and AT-2 cells reported in our study 
may contribute to the reduced lung function seen here. 
Reduced lung elastance has been shown to be mediated via 
TLR4 activation through MyD88-dependent or independent 
pathway in LPS and acid-induced acute lung injury model 
in mice.51 Also, heme is a ligand for TLR4 expression in pul-
monary endothelial cells during ACS and vaso-occlusive 
events resulting in reduced lung function.28,29 This reduction 
in lung function in the setting of elevated levels of inflamma-
tory mediators at baseline reported in our study provides a 
unique insight into the rich source of cytokines in the alveolar 
epithelium in sickle mice that may significantly contribute to 
leakage of the alveolar barrier during ACS. In future studies, 
we will explore the interplay between elevated inflamma-
tory cytokines and low levels of antioxidants in LAM and 
AT-2 cells and their effect on alveolar barrier integrity during 
ACS in SCD.

Furthermore, our study showed decreased levels of 
SP-B and C, while SP-D remained unchanged. We did not 

Figure 4. Immunohistochemical detection of HuR and TLR4 in the lung. Fluorescent (Olympus) microscopy images (magnification ×40) of lung sections stained with 
an antibody against HuR and TLR4. (A and C) AA mice and (B and D) SS mice. Staining was carried out in different lung sections of untreated 24-week-old mice 
(n = 4 per group). Scale bars = 30 µm. Blue staining represents nuclei with hematoxylin.
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quantify SP-A in BAL fluid due to unexpected assay con-
tamination. Several factors may be responsible for the sur-
factant dysregulation in SS mice reported here. The low 
levels of SP-B and C could be a direct result of the oxidative 
microenvironment in SS mice leading to degradation of the 
surfactant lipid and protein components by the abundance 
of free radicals generated by heme-bound iron, reactive oxy-
gen species (ROS) released by activated immune cells, and 
chronic inflammation in SCD.52–56 In addition to low levels 
of surfactants, our analysis of BAL fluid revealed low levels 
of PON1, an enzyme that protects against lipid oxidation. 
Although this significance was driven by an outlier, we will 
investigate this further in our next study. This strengthens 
our conclusion that decreased lung function in the lungs of 
SS mice is a feature of degradation of critical surfactant com-
ponents in addition to oxidative modification. In addition, 
dysregulation in surfactants in SS mice reported in our study 
may result in increased exposure to pathogens and allergens.

Our results on elevated inflammatory immune cell profile 
and impaired lung function confirm and extend the findings 
of other groups showing that inflammatory mechanisms 
via increased circulating oxidative mediators or deficiency 
in antioxidants contribute to ACS and vaso-occlusion in 
SCD.28,29,31,57–66 This dysregulated expression of inflammatory 
and antioxidant proteins in AT-2 and LAM at steady-state 
may contribute to the exaggerated response documented 
in SS mice when exposed to inflammatory stimuli. The ele-
vated IL-1β and IL-12 proteins in BAL fluid, with low levels 

of IL-9 and CXCL1 we found in SS mice compared to AA 
controls could pose a supercharged microenvironment that 
may interfere with immune cells’ phenotype and response 
during initiation and resolution of ACS, alter the composi-
tion of the microbial flora, and affect other mechanisms that 
maintain homeostasis in healthy lungs. It is also possible 
that the highly inflammatory BAL fluid is not totally due to 
cytokines secreted in the alveolar cells, but also reflects, in 
part the systemic chronic inflammation found in SCD.63,67

Mechanistically, PU.1 and NLRP3 inflammasome path-
ways have been shown to regulate IL-9 production in T-cells 
and allergic airway inflammation in humans,68 and lung 
injury in mice.68,69 In our study, IL-9 protein was significantly 
decreased in BAL fluid from SS mice compared to AA con-
trols. Concurrently, PU.1 protein was significantly elevated 
in LAM isolated from these mice. Our results are consistent 
with the study by Chang et al.68 where modulation of IL-9 
levels resulted in high PU.1 expression in wild-type mice. 
The precise contribution of low protein levels of IL-9 and 
high PU.1 to the development of lung inflammation/injury 
and ACS in SS mice warrants further study.

Several cell types in the lung including LAM, endothe-
lial, and epithelial cells are known to produce CXCL1, a 
chemokine that mediates neutrophil recruitment in acute 
lung inflammation.70–73 Previous publications have shown 
that neutrophils are activated in SCD and their interaction 
with other blood cells and the endothelium initiate and 
propagate vaso-occlusion and inflammatory pathways.74–76 
Surprisingly, our data showed reduced protein levels of both 
IL-9 and CXCL1 in BAL fluid from SS mice compared to AA 
control mice. This reduction in CXCL1 and IL-9 protein in the 
BAL fluid of SS mice compared to AA controls may not be 
enough to protect the lung against injury in SCD since neu-
trophils interaction with the endothelium and other blood 
cells has been shown to induce vaso-occlusion in SCD.65,77,78 
This suggests that lung dysfunction in SCD is due to mul-
ticellular pathological processes. Besides, proinflammatory 
cytokines and chemokines cellular signaling transduction 
networks are complex with the possibility of crosstalk and/
or convergence of individual pathways through common 
stimuli or downstream receptors further complicated by the 
inflamed and deranged vascular bed in SCD.

Our study showed for the first time that other cell types 
in the lung of SS mice, specifically the AT-2 cells and LAM, 
express significantly higher levels of TLR4 and MyD88 
compared to controls at steady-state. This was in agree-
ment with other studies outside of SCD that reported the 
expression of TLR4 in lung alveolar and bronchial epithelial 
cells.79,80 TLR4 signaling in endothelial cells and monocytes 
has been linked to heme-induced ACS and vaso-occlusive 
crisis in past publications on SCD.28,29,31 This was reported 
to occur via the interaction of TLR4 with heme, a damage-
associated molecular pattern molecule (DAMP), resulting in 
activation of endothelial Nuclear factor kappaB (NF-κB).28 
Furthermore, the molecular mechanisms that initiate inflam-
matory responses in acute lung injury require both TLR4 
signaling and its adaptor protein, MyD88 for effective tran-
sepithelial migration of immune cells to the injury site for 
the repair of damaged tissues.81 TLR4 activation transduced 
transmembrane signaling in a MyD88-dependent manner, 
thereby activating NF-κB and triggering the subsequent 

Figure 5. Protein levels of transcription factors involved in the regulation of 
antioxidant gene expression in the lungs are low in SS mice at steady state. 
Protein levels of AT-2 cells (A) Nrf2 and (B) PPAR-γ. Protein levels of LAM (C) 
Nrf2 and (D) PPAR-γ. Protein levels were detected using immunofluorescence 
and then quantifies using image J and expressed in relative fluorescence units 
(RFU) per cell. Unpaired Student’s t-test. Error bars indicate SEM. *p ⩽ 0.05, 
****p < 0.0001. AT-2: alveolar type 2 cells, LAM: lung alveolar macrophage.
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release of downstream inflammatory cytokines during 
inflammation.82,83 Although we did not verify the specific 
activation of NF-κB in AT-2 cells and LAM in our study, it 
has been previously shown that NF-κB is activated in the 
lungs of SS mice.84 Nevertheless, the mechanisms involved 
in ACS and dysfunctional vascular permeability in SCD 
are not totally understood. It is possible that TLR4-MyD88 
signaling pathway in AT-2 cells and LAM may contribute to 
the pathology of ACS in SCD, possibly via the activation of 
NF-κB, secretion of pro-inflammatory cytokines, and disrup-
tion of the pulmonary epithelial barrier.

Antioxidant levels are low in individuals with SCD and 
in SS mice due to the imbalance between excessive ROS gen-
eration and antioxidant levels.85 Our results showing low 
levels of Nrf2 expression in LAM and AT-2 cells isolated 
from SS mice support and extend the works of Ghosh et al., 
2016 and 2018 who reported that nonhematopoietic Nrf2 
protects against tissue damage in SCD mouse model. Also, 
it has been shown that activation of Nrf2 by 3H-1,2-dithiole-
3-thione (D3T) leads to increased heme-oxygenase 1 expres-
sion, resulting in less-severe lung damage and improved 
survival upon exposure to heme.58,59 Our results provide 
evidence that other alveolar cell types apart from the exten-
sively studied endothelial cells may play a significant role in 
pulmonary inflammation and ACS pathology in SCD.

Our results showing a reduction in LAM and AT-2 cells 
PPAR-γ at baseline in SS mice support and extend previous 
publications on PPAR-γ expression in SCD.86–90 However, 
it differs from these publications by documenting PPAR-γ 
expression in non-endothelial cells in the lung, suggesting 
that derangement of PPAR-γ in other alveolar cell types may 
contribute to pulmonary dysfunction in SCD. Peroxisome 
Proliferator Activated Receptors (PPARs) belong to the 
nuclear hormone receptor superfamily with three isoforms 
encoded by separate genes: PPAR-γ, PPARα, and PPARδ.91 
PPARs are ligand-activated transcription factors that regulate 
important genes involved in cell differentiation, apoptosis, 
and metabolic processes including lipid and glucose homeo-
stasis.91,92 The low levels of PPARy protein that we found in 
both LAM and AT-2 cells may be due to heme released dur-
ing hemolysis, a chronic feature of SCD, because heme has 
been shown to upregulate the expression of miRNAs (such 
as miR-27a) that negatively regulate PPARγ expression.90 
This low PPARy protein could predispose the alveolar milieu 
to be more sensitive to oxidative stress. Still, there is the pos-
sibility that low levels of antioxidant transcription factors 
such as PPARy in alveolar cells such as LAM and AT-2 may 
either prolong the initiation phase of the inflammatory pro-
cess during acute lung injury on exposure to DAMPs such 
as heme or delay the resolution of the initial inflammatory 
reaction initiated by the presence of DAMPs.

In conclusion, our study suggests a role for LAM and 
AT-2 cells in alveolar epithelium pathology and possibly 
ACS in SCD. Such a role was previously undescribed in 
SCD. The LAM-epithelial cells-cytokines interaction is an 
important area that requires well-designed and detailed 
research and could have applications in developing new 
therapies or repurposing of existing therapies for ACS in 
SCD. In addition, our data showed a baseline reduction in 
transcription factors that regulate antioxidant molecules in 

LAMs and AT-2 cells in the lungs of SS mice compared with 
AA controls. Our future work will examine whether these 
findings correspond with a higher level of oxidative stress 
in the lungs or lower levels of antioxidant mediators such as 
glutathione in the lungs’ tissue and/or cells.
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