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A B S T R A C T   

Alveolar macrophages (AM) and monocytes (MO) are myeloid cells that play a substantial role in 
the development and establishment of the innate and adaptive immune response. These cells are 
crucial for host defense against various pathogens, but their role in malaria is poorly understood. 
Here, we characterize the dynamics of AMs and recruited leukocytes subpopulations in the air
ways during experimental Plasmodium berghei NK65-NY (PbNK65). We show that PbNK65 
infection induces an increased pulmonary vascular permeability that provides Ly6Clow MOs, 
neutrophils (NEU), CD4+ and CD8+ lymphocytes in the airways. This inflammatory environment 
resulted in an increase in the population and alteration of the activation state of the AMs. Taken 
together, the data presented provide new insights into airway inflammation associated with 
pulmonary malaria.   

1. Introduction 

Malaria remains a significant global health problem. In 2022, there were an estimated 249 million cases of malaria that resulted in 
608,000 deaths worldwide [1]. Malaria-associated acute lung injury/acute respiratory distress syndrome (MA-ALI/ARDS) is one of the 
main clinical complications of malaria, which predominantly affects adults and often leads to rapid deterioration and poor prognosis 
[2]. 
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The recognition of components released by the parasite, such as hemozoin, induces an intracellular signaling cascade triggering the 
production of inflammatory cytokines such as TNF-α, IL-1β and IL-12, as well as the release of chemokines, which attract leukocytes to 
eliminate the parasite [3–6]. However, the exacerbated pulmonary inflammatory response results in the breakdown of the 
alveolar-capillary membrane integrity with consequent thickening of the interalveolar septum and hypoxemia [7–9]. This intense 
inflammation plays a critical role in ALI development [10,11]. Although CD8+ T cells play a key role in the development of 
MA-ALI/ARDS, the immune response triggered during the infection is quite complex and involves various cell types, including 
monocytes, macrophages and neutrophils [4–6,12,13]. 

Alveolar macrophages (AMs), the lung resident macrophages, are the first-line defenders of the alveoli and airways [14,15]. Under 
homeostatic conditions, AMs continuously regulate the alveolar environment by phagocytosing inhaled particles, pathogens, and 
apoptotic cells. AMs also play a critical role in the maintenance of lung physiology by uptake and recycling of surfactant in alveoli, 
which reduces surface tension at the air-liquid interface and prevents alveolar collapse [16–20]. However, when homeostasis is 
disturbed, AMs can transition to a pro-inflammatory state, secreting inflammatory cytokines and chemokines that attract and recruit 
leukocytes to the lungs [14–16,21]. Nevertheless, the role of AMs in MA-ALI/ARDS remains insufficiently understood [22–25]. 

In this sense, our study aims to investigate the AMs and infiltrated leukocytes dynamics in the airways during the PbNK65-NY 
severe malaria model. Our findings review that PbNK65 infection promotes increased vascular permeability in the lungs, leading to 
transient Ly6C+ MOs accumulation, concomitantly with the influx of CD4+ and CD8+ lymphocytes, as well as increase and alteration of 
activation state of the AMs in the airways. This inflammatory scenario results in severe and irreversible pulmonary dysfunction. 
Collectively, our results offer new insight into understanding lung inflammation in the PbNK65-NY severe malaria model, shedding 
light on the intricate mechanisms underlying this debilitating condition and potentially offering new avenues for therapeutic 
interventions. 

2. Materials and methods 

2.1. Ethical statements 

All experiments conducted in this study were approved by the Ethics Committee for Animal Experimentation (CEUA) of the Federal 
University of Minas Gerais (UFMG), Brazil, under protocol n. 114/2019, according to the Brazilian College of Animal Experimentation 
(COBEA) guidelines and regulations. All efforts were made to minimize animal suffering. 

2.2. Mice, parasites and experimental infections 

Seven-week-old male specific pathogen–free (SPF) C57BL/6j mice were obtained from the Central Animal Facility of the Federal 
University of Minas Gerais, Brazil. During the experimental period, mice were organized into four groups, being: three groups of eight 
animals/group (infected groups) and one group of six animals (control group). All mice were maintained at the Animal Facility of the 
Department of Parasitology of the Federal University of Minas Gerais under controlled temperature conditions (24 ± 1 ◦C) and lighting 
(12-h light-dark cycle), and fed with a commercial chow (Nuvilab Cr-1, Nuvital Nutrients, Brazil) ad libitum and had unrestricted access 

Fig. 1. Clinical parameters and peripheral inflammation profile during P. berghei NK65 infection. (A) Experimental design; C57BL/6j mice were 
infected with the New York line of P. berghei NK65 (inoculum of 104 iRBCs) and euthanized at 7-, 12- and 20-dpi. (B) Parasitemia levels, analyzed 
with stained blood smears from the mice tail vein. (C) Survival rate. (D) Body weight loss. (E) Clinical score (n = 6 for control, and n = 21 for 
infected mice). Gehan-Breslow-Wilcoxon test was used in survival analysis. Two-way ANOVA test followed by multiple comparisons test was used 
on body weight loss data. The data presented here is representative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. 
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to filtered water. 
Cryopreserved stocks of the New York line of PbNK65-iRBCs were thawed, transferred through donor BALB/c mice, and used 

between passages 3–6. Donor mice were monitored daily and exsanguinated for experimental infection in ascending periods of par
asitemia. Mice were infected by intraperitoneal (i.p.) injection with phosphate-buffered saline (PBS) containing 1 × 104 PbNK65 iRBCs 
and euthanized at 7-, 12- and 20-days post-infection (dpi). Non-infected animals were mock inoculated with 100 μL of PBS (Fig. 1A). 
Parasitemia was monitored by stained blood smears from the mice tail vein, and the percentage of iRBC was calculated based on the 
total number of non-infected red blood cells. 

The parasitemia assessment was performed through analysis of air-dried blood smears, fixed with methanol, and stained with 
giemsa. The readings were performed in a specific optic with a comprehension objective (1,000X). Parasitemia was determined by 
counting the number of iRBCs out of 1000 RBCs in total. Parasitemia was expressed as a percentage of infected red blood cells. 

2.3. Clinical score and survival 

To evaluate the course of infection, survival, parasitemia and clinical parameters of the animals were evaluated daily. All animals 
were followed for up to 40 days and disease progression was scored, according to a methodology adapted from Ref. [26]: piloerection 
(PE), shivering (Sh), abnormal breathing (AB), trunk curvature (TC), dehydration (D), paralysis (P) to calculate a clinical disease 
severity score. Disease scores were given as 0 (absent) or 1 (present) for PE, Sh, AB and TC and 0 (normal), 1 (intermediate) or 2 (most 
severe) for the other parameters. The total clinical score was calculated using the following formula: (PE + Sh + AB + TC) +3*(D + P). 
The day of spontaneous death for each animal was computed and the survival curve was constructed according to Kaplan-Meyer. For 
comparative analysis between groups, the Log-Rank test was used. 

2.4. Evans blue dye perfusion for vascular leakage 

Vascular leakage in mice was determined using Evans blue dye staining, as previously reported, with minor modifications [27,28]. 
Briefly, mice were intravenously injected with 100 μL of a 2 % solution in PBS of the plasma marker Evans blue. One hour later, mice 
were exsanguinated under anesthesia. The heart left ventricle was perfused with 20 mL of PBS to remove the intravascular-localized 
dye. After lung tissue was excised and cleaned of connective tissue, Evans blue was extracted by incubation in formamide (1 mL 
formamide/100 mg of tissue) at 60 ◦C for 24 h. The samples were centrifuged at 12,000×g, 20 min at 20 ◦C and the supernatants were 
used to quantify the absorbance of Evans blue at a wavelength of 620 nm by a VersaMax ELISA microplate reader (Molecular Devices, 
USA). 

2.5. Bronchoalveolar lavage (BAL) and protein quantification 

The bronchoalveolar lavage was performed as previously described [29]. To quantify the total protein in BAL, the BCA Protein 
Assay kit (Thermo Scientific, USA) was used to measure possible protein leakage into the airways, as previously described [30]. The 
extent of alveolar hemorrhage was assessed by the amount of hemoglobin (Hb) detected in the BAL supernatant using the Drabkin 
method according to the manufacturer’s instructions (Bioclin, Brazil). The hemoglobin concentration in the samples was determined 
spectrophotometrically by measuring absorbance at 540 nm. Hemoglobin content was expressed as g/dL of Hb per mL of BAL. 

2.6. Multiparametric flow cytometry 

Multiparametric flow cytometric analyses were performed in BAL of non-infected and infected mice with 12 and/or 20 dpi to 
characterize myeloid and lymphoid cell populations. Flow cytometry was performed as previously described [29]. Firstly, cells were 
incubated with brefeldin (BD Biosciences®) at a concentration of 1 μg/mL at 5 % CO2 for 4 h at 37 ◦C. After brefeldin incubation, red 
blood cells were lysed with ACK for 5 min (1x, if necessary). After the lysis cycle, cells were washed with PBS and centrifuged at 300×g, 
8 min, 4 ◦C. 

Cells were counted in Neubauer chamber using Trypan blue and incubated with the viability dye (BD Bioscience®, Fixable viability 
stain 700, 1:1000) for 10 min at 4 ◦C. After incubation, and cells were washed by centrifugation at 300×g, 8 min, 4 ◦C with PBS and 
incubated with a 50 μL mix of surface antibodies containing 10 % control mice serum for 15 min at 4 ◦C (Supplementary Table 1) and 
washed with PBS by centrifugation at 300×g, 8 min, 4 ◦C. Samples were then fixed with 2 % of paraformaldehyde (PFA) for 20 min at 
room temperature (RT). After fixation, cells were washed twice with PBS and permeabilized by incubation for 15 min with a 0.5 % 
saponin solution and proceeded to intracellular staining (Supplementary Table 1). 50 μL of intracellular antibody mix were incubated 
for 30 min at RT in the dark. After intracellular staining, cells were washed twice with 0.5 % saponin solution and resuspended in PBS. 
Samples were acquired using the LSR Fortessa (BD Biosciences, USA) and analyzed with FlowJo software (Tree Star, Ashland, OR). 

Data analysis was followed by dimensionality reduction and visualization by t-Distributed Stochastic Neighbor Embedding (tSNE), 
diffusion map and heatmap using Cytofikit 2 [31]. Clustering was performed by guided FlowSom. Each experimental group in tSNE 
analysis represents six mice with the input of the same number of cells. A heatmap of cytokines was made using the ClustVis web tool 
[32]. 
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2.7. Histopathological analysis 

Lungs from infected and non-infected mice were removed and weighed. After, the organs were fixed in 10 % formalin solution, 
gradually dehydrated in ethanol before being diaphanized in xylol, and included in paraffin blocks that were cut at 4 μm thick and 
fixed on the histopathological slides stained with hematoxylin and eosin (HE) for histopathological, semiquantitative morphometric 
analysis. Lesions displayed in lung parenchyma were described in terms of lesion intensity, inflammation, and vascular phenomena. 

For lung lesions score [33], 10 random images were captured per animal with a 20× magnification objective, and perivascular 
and/or peribronchial inflammation, parenchyma injury, and hemorrhage parameters were analyzed as previously described [30]. All 
semiquantitative analysis was examined under a light field optical microscope for a digital image capture system (Motic 2.0). 

The quantification of interalveolar septa thickening and pulmonary inflammation was performed by morphometric analysis of the 
20 random images captured with a 20X magnification objective using a microscope camera (TK-1270/RGB, JVC, Japan), totaling an 
area of 3.2 × 106 mm2 of analyzed parenchyma per animal. Using the KS300 software, all pixels of the lung tissue in the real image was 
selected for the creation of a binary image, digital processing, and calculation of the area in μm2 of the interalveolar septum. The 
analysis of the pulmonary inflammatory infiltrate was performed on the images previously selected to assess the thickening of the 
interalveolar septum. All cells contained in each image were quantified using the Carl Zeiss Image Analyser KS300 software program. 
The inflammatory infiltrate in the lung was quantified by counting the number of nuclei present in the histological sections. 

2.8. Macrophage N-acetylglucosaminidase and neutrophil myeloperoxidase assays 

Activities of macrophage N-acetylglucosaminidase (NAG) and neutrophil myeloperoxidase (MPO) were measured in lung ho
mogenates according to a method previously described [29]. After tissue homogenization (TissueLyser LT - Qiagen, German), the 
homogenate was centrifuged at 8000×g, 10 min at 4 ◦C and the remaining pellet was examined to determine the activity of NAG and 
MPO. 

For NAG assay, the pellet was homogenized in 800 μL of NaCl 0,9 %/Triton 100 0,1 %. The lysate was then centrifuged at 300×g, 
10 min, 4 ◦C and the supernatant was distributed (100 μL/well) into a 96-well microplate (Corning, USA). The reaction was started 
with the addition of 100 μL of the substrate p-nitrophenyl-N-acetyl-β-D-glucosaminide (Sigma Chemical Co., USA) diluted in citrate/ 
phosphate buffer (0.1 M citric acid, 0.1 M Na2 HPO4, pH 4.5) at the final concentration of 2.24 mM and incubation at 37 ◦C for 10 min. 
The reaction was terminated by the addition of 100 μL of 0.2 M glycine buffer (0.8 M glycine, 0.8 M NaCl and NaOH, pH 10.6) and the 
absorbance was determined at 405 nm. The content of macrophages was calculated from a standard curve based on the expression of 
NAG activity made from 3 % thioglycollate stimulated peritoneal macrophages (data not shown). 

For the MPO assay, the pellet was homogenized in 200 μL of buffer 1 solution (0.1 M NaCl, 0.02 M Na3PO4, 0.015 M Na2EDTA, pH 
4.7) followed by centrifugation at 1500×g, 10 min at 4 ◦C. 800 μL of buffer 2 solution (0.05 M NaPO4, 0.5 % hexadecyl
trimethylammonium bromide) was added to the pellet and the mixture was homogenized and then frozen/thawed three times using 
liquid nitrogen. The lysate was centrifuged at 1500×g, 10 min at 4 ◦C and the supernatant was used for the enzymatic assay. 25 μL/well 
were distributed onto 96-well microplates (Corning, USA) followed by the addition of 25 μL of substrate TMB (3.3′-5.5;- tetrame
thylbenzine + 1.6 mM dimethylsulfoxide) and 100 μL of 0.5 M H2O2. After incubation for 5 min at room temperature, the reaction was 
stopped by the addition of 100 μL of sulphuric acid (1 M H2SO4). Absorbance was determined by a VersaMax ELISA microplate reader 
(Molecular Devices, USA) at a wavelength of 450 nm. 

2.9. Measurement of cytokine profiles in lung tissues 

To determine the cytokine profile of the lungs, organs were harvested and homogenized (TissueLyser LT - Qiagen, German) in 
extraction solution (0.4 M NaCl, 0.05 % Tween 20, 0.5 % BSA, 0.1 mM phenylmethylsulphonyl fluoride, 0.1 mM benzethonium 
chloride, 10 mM EDTA and 20 KI units aprotinin) at the rate of 1 mL per 100 mg of tissue. The resulting homogenates were centrifuged 
at 8000×g, 10 min at 4 ◦C, and the collected supernatants were stored at − 80 ◦C. Measurements of IL-1β, IL-12/IL-23p40, IL-33 and 
TGF-β were measured by sandwich ELISA kit (R&D Systems, USA), according to manufacturer’s instructions. The absorbance was 
determined by a VersaMax ELISA microplate reader (Molecular Devices, USA) at a wavelength of 492 nm, and the cytokine con
centration (pg/mL) for each sample was calculated by interpolation from a standard curve. The quantification of IFN-γ, TNF-α, IL-2, IL- 
6, IL-4, IL-17A, and IL-10 was conducted using a cytometry bead array (CBA) (BD Bioscience, USA), according to the manufacturer’s 
instructions. The data were collected using a FACSCalibur™ flow cytometer (BD Biosciences, USA) and the results were analyzed in 
FlowJo software (Tree Star, Ashland, OR). 

2.10. Assessment of respiratory mechanics 

The evaluation of pulmonary function was performed in infected and control mice, as previously described [30]. Briefly, after being 
anesthetized but still able to maintain spontaneous breathing under anesthesia, mice were tracheostomized, placed in a plethysmo
graph and connected to a computer-controlled ventilator (Forced Pulmonary Maneuver System® , Buxco Research Systems, Wil
mington, North Carolina USA). First, an average breathing frequency of 160 breaths/min was imposed on the animal by 
pressure-controlled ventilation. After 3 min, the constant-phase model was used to measure dynamic compliance (Cdyn) and lung 
resistance (RI). A fast-flow volume maneuver was performed, and the lungs were first inflated to +30 cm H2O and immediately af
terward were connected to a highly negative pressure to force expiration until − 30 cm H2O was reached. The forced vital capacity 
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(FVC) forced expiratory volume at 50 ms (FEV50) and Tiffeneau-Pinelli index (FEV50/FVC) were recorded. Each maneuver was 
performed three times for each parameter. Suboptimal maneuvers caused by death or insufficient anesthesia of the animal were 
discarded and at least three acceptable maneuvers were conducted to obtain a reliable mean for all numeric parameters. 

2.11. Statistical analysis 

GraphPad Prism 9.5 (GraphPad Software, Inc., USA) was used for statistical analysis. Grubb’s test was used to detect sample 
outliers. The Shapiro–Wilk normality test was performed to assess the normality of the variables. The evaluation between three or 
more groups was performed using the Analysis of Variance (ANOVA) or Kruskal-Wallis test, followed by Tukey’s or Dunn’s post-test, 
respectively, according to the data distribution. Survival curves were compared using the Gehan–Breslow–Wilcoxon test. All tests were 
considered significant at p ≤ 0.05. 

3. Results 

3.1. MA-ALI/ARDS by P. berghei NK65 infection 

In this work, we investigated AMs and MO kinetics and phenotype in the BAL of C57BL/6j mice infected with 104 iRBCs of PbNK65- 
NY, euthanized at 7, 12 and 20 dpi (Fig. 1A). Firstly, we characterize pathophysiology and inflammation in the lung tissue during 
infection and then, describe immunophenotypes in the airways of infected animals. 

In accordance with previous studies [3,30], our results showed that the parasitemia raised gradually from the 4th dpi onwards until 
hyperparasitemia at 24 dpi (Fig. 1B), where most of the mice succumbed to systemic damage (Fig. 1C). Sickness-related changes began 
to be observed from the 14th dpi, when infected animals showed a percentage of body weight loss of around 3 %, a total clinical score 
of 3.3, and parasitemia of around 20 %. The worsening of the clinical conditions of the infected animals occurred from the 16th dpi 
onwards, when the majority had reduced motility and abnormal breathing, with a percentage of body weight loss of around 10 %, an 
average clinical score of 7.7, and parasitemia around 40 % (Fig. 1D and E) [26,34]. 

Histopathological analysis of the pulmonary parenchyma allowed the observation and description of lesions caused by PbNK65 
infection. In the microscopical analysis of lung parenchyma, moderate diffuse mononuclear inflammatory infiltrate, and perivascular 
edema were observed in infected mice at 7 dpi (Fig. 2A, upper right). These findings were even more pronounced at 12 dpi (Fig. 2A, 
lower left), in which moderate to intense hemorrhagic areas were also present in infected mice compared to their non-infected con
trols. Brownish pigment was also frequently found, suggesting deposition of hemosiderin and/or hemozoin malarial pigment (Fig. 2A, 
lower right, blue arrowheads). Subsequently, at 20 dpi, the inflammatory infiltrate was higher than at other times points, but hem
orrhage and perivascular edema was reduced (Fig. 2A, lower right). All these injury phenomena were macroscopically observed in 
infected mice, where PbNK65-infected mice presented reddish areas in the lungs at 12 dpi, which were suggestive of lesions caused by 
the large hemorrhage area in this group (Fig. 2B), that reflects on the lung weight (Fig. 2C) and increased vascular permeability in the 
lung parenchyma (Fig. 2D). Corroborating with this data, semiquantitative histopathologic analysis of the lung shows a high hem
orrhage score at 12 dpi and progressive increase of inflammation (Fig. 2E). These exudative events in the lung parenchyma led to 
increased influx of leukocytes, followed by progressive thickening of the interalveolar septa (Fig. 2F). Interestingly, NAG and MPO 
activity significantly increased in lung tissue at 12 dpi compared to the other groups, despite decreasing at 20 dpi (Fig. 2G). A similar 
profile was observed when analyzing the contents of the airways with a significant increase in hemoglobin and total protein levels in 
infected animals compared to the control group, especially at 12 dpi (Fig. 2H). Macrophages with parasites and malarial pigment 
phagocytosed in the cytoplasm were commonly found in the airways of animals infected with 12 dpi (Fig. 2I). 

The large hemorrhagic areas in the lungs tissue and the high content of hemoglobin and proteins in the airways resulting from the 
increased pulmonary vascular permeability, added to the increased leukocyte influx over the course of the infection, may act as a 
contributing factor to the impairment of lung function. PbNK65-infected animals showed a decrease in dynamic compliance, and an 
increase in lung resistance. In addition, the infection implies a drop in the relation between the FEV50/FVC volumes at 20 dpi 

Fig. 2. Lung injury and inflammation during P. berghei NK65-NY infection. (A) Representative hematoxylin and eosin staining of lung sections. 
Interalveolar septum thickening at the expense of inflammatory infiltration (black arrowheads at 7-, 12- and 20 dpi), perivascular edema (arrow at 7 
dpi). Area of hemorrhage (asterisk at 12 dpi), interstitial deposit of malarial pigment (blue arrowheads at 20 dpi). Inserts showing details of the 
inflammatory infiltrate (at 7-, 12- and 20 dpi). Lowest magnification scale bar = 100 μm. Scale bar of highest magnification = 10 μm. (B) Mac
roscopy of non-perfused lungs of P. berghei NK65-infected mice (Ni: non-infected control; P12: PbNK65-infected mice at 12dpi; P20: PbNK65- 
infected mice at 20dpi). (C) Lung weight. (D) Evans blue dye vascular permeability evaluation. (E) Lung injury and inflammation score. First 
graph: Hemorrhage score; second graph: Peribronchial inflammation score; third graph: Perivascular score; fourth graph: Parenchymal inflam
mation score; fifth graph: Total score. (F) Lung morphometry. First graph: Cellularity; second graph: Septum thickness. (G) Cellular activity. First 
graph: macrophage activity (NAG); second graph: neutrophils activity (MPO). (H) BAL analysis. First graph: Hemoglobin levels; second graph: Total 
protein levels. (I) Alveolar macrophages of P. berghei NK65-infected at 20 dpi phagocytize parasites (arrow) and malaria pigment inside the cells 
(arrowhead). (J) Pulmonary mechanics. First graph: Dynamic compliance; second graph: Lung resistance; third graph: Tiffeneau-Pinelli index. 
Kruskal–Wallis test followed by Dunn’s test was used on score data. One-way ANOVA test followed by Tukey’s multiple comparisons was used on 
morphometry, NAG and MPO activity and BAL data to compare the variances between the groups (n = 6 for control and n = 8 for infected mice per 
group). The data presented here is representative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Tiffeneau-Pinelli index), configuring a restrictive pathology (Fig. 4J). 

3.2. Inflammatory cytokines profile in the lung tissue during PbNK65-NY infection 

Regarding cytokine production in lung tissue, increased levels of cytokines IFN-γ, TNF-α and IL-1β were observed at 7 dpi. Cytokine 
levels remained elevated at 12 dpi, with even higher levels of TNF-α compared to other cytokines, although this trend was not sus
tained thereafter. However, IL-1β levels continued to increase up to 20 dpi. In contrast, IL-12/IL-23p40 and IL-2 increased only at 12 
dpi and remained relatively stable until day 20, when IL-6 and IL-4 levels increased. Interestingly, only at 12 dpi was found a sig
nificant increase in IL-33 production. Increased levels of IL-17A were observed at later times, while IL-10 production showed an early 
reduction at 7 dpi, returning to baseline levels at 12 dpi. TGF-β was found to progressively decrease during infection, up to 12 dpi and 
remained low thereafter (Fig. 3A and B). 

3.3. PbNK65-NY infection induces increased alveolar macrophage cellularity, CD11b + Ly6Clow monocytes and CD8+ T cells accumulation 
in the airways 

Subsequently, our investigation delved into characterizing cell populations in BAL (Supplementary Fig. S1) during MA-ALI/ARDS. 
We focused on time points 12 and 20 dpi, as alterations at 7 dpi were subtle. The decision was driven by the prominent peak in 
hemorrhagic score, NAG, MPO production, and proinflammatory cytokines at 12 dpi, suggesting a progression worth exploring up to 
20 dpi. A significantly increased number of AMs was found at 20 dpi, and AMs populations were found to be expressing high levels of 
TNF-α, followed by lower expression intensity of MHC-II at 12 dpi (Fig. 4A). Furthermore, PbNK65-infected mice showed significant 
MOs infiltration in the airways. These MOs displayed increased expression intensity of TNF-α, MHC-II, and Ly6C at 12 dpi, however the 
expression of TNF-α and Ly6C was found to be slightly decreased at 20 dpi (Fig. 4B). NEUs infiltration peaking at 20 dpi with high 
expression intensity of TNF-α and MHC-II (Fig. 4C). CD4+ T lymphocytes were recruited to the alveolar compartment peaking at 12 
dpi, while CD8+ T lymphocytes reached the peak at 20 dpi (Fig. 4D). 

Clustering tSNE analysis was applied to further characterize the immune cell population throughout the infection. tSNE is an 
unbiased dimensionality reduction analysis that clusters similar cell phenotypes according to the marker’s expressions. The results 
show three major myeloid cells populations in this model: LiveSiglec− F+CD11c+ AM, LiveSiglec− F-Ly6C+ MOs, and Live
Siglec− F-Ly6C− Ly6G+ NEUs, with different profiles of distribution in each group (Fig. 4E). As expected, non-infected mice showed AM 
as the predominant population, unlike infected animals that had, in addition to these cells, MO and NEU infiltrate. When analyzing the 
distribution of AM populations by tSNE-followed rPhenograph cluster identification, we found that the AMs were grouped into three 
different clusters: AM1, the main representative of Ni group; AM2, the majority indicative of Pb12 group and AM3, as the main 
representative of Pb20 group. (Fig. 4F). To characterize these populations, their expression of relevant markers was compared by 
representing the tSNE output as an expression heatmap. The infection led to higher expression of Siglec-F and MHC-II markers, 
especially at 20 dpi (Fig. 4G). The increased expression of these markers indicates the activation of AMs throughout infection. No 
significant differences were found regarding the distribution of MO populations in the airways according to the parameters used. 

4. Discussion 

MA-ALI/ARDS represents a severe manifestation of Plasmodium sp. infection with poor prognostic outcomes, high fatality rate, and 
limited therapeutic interventions [2,35]. MA-ALI/ARDS cases have been reported in infection with all human malaria parasites, 
although the greatest number of cases is caused by P. falciparum and P. vivax [36–38]. Given the challenges in studying malaria in 
humans, the use of experimental models has facilitated the comprehension of MA-ALI/ARDS. As a result, animal models of 
MA-ALI/ARDS play a crucial role in conducting mechanistic investigations, identifying potential interventions, and validating hy
potheses derived from clinical studies [39–41]. Here, we used the severe malaria experimental model of C57BL/6j mice infected with 
PbNK65-NY to understand the pathophysiology associated with the dynamics of AMs and infiltrating leukocytes subpopulations in the 
airways in pulmonary malaria. As expected, our results show that PbNK65-infected animals had high morbidity and mortality with 
increasing parasitemia. MA-ALI/ARDS is usually associated with increased vascular permeability, edema, hemorrhage and inflam
mation in the lungs, characteristics found in our model [2,30]. 

Alveolar macrophages (AM) play a crucial role in host defense, tissue homeostasis, pathogen recognition, initiation and resolution 
of lung inflammation, and repair of damaged tissue. Under homeostatic conditions, AMs play a pivotal role in maintaining lung 
physiology, particularly in the uptake and regulation of surfactant within the alveoli [13]. Perturbations in the surfactant composition 

Fig. 3. Pulmonary cytokine levels induced during P. berghei NK65-NY infection. Supernatants of lung homogenates were used to measure the levels 
of cytokines by ELISA or CBA technique. (A) IFN-γ, TNF-α, IL-1β, IL-12/IL-23p40, IL-2, IL-6, IL-4, IL-17A, IL-10 and TGF-β, respectively. (B) Heatmap 
of the lung inflammatory profile during severe P. berghei NK65-NY malaria, evidencing the cytokine profile and NAG and MPO activity of lung tissue 
from Non-infected (Ni – white color) and PbNK65-NY-infected mice at 7 (P7 – yellow color), P12 (orange color) and P20 dpi (magenta color). n = 6 
animals per group were used. Each column represents an animal, and each line represents a variable of one of the analyzed parameters. The scale 
presented refers to the variance values for each parameter. The Kruskal–Wallis test followed by Dunn’s test was used on IL-2 and IL-6 data. One-Way 
ANOVA test followed by multiple comparisons test were used on the other data to compare the variances between the groups (n = 6 for control and 
n = 8 for infected mice, per group). The data presented here is representative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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can lead to respiratory distress, as observed in ALI/ARDS [42,43]. Studies have demonstrated increased expression levels of surfactant 
protein-D (SP-D) and altered profile of lipids in lung tissues and elevated plasma SP-D levels in malaria-infected mice with 
MA-ALI/ARDS [44,45]. These findings suggest a potential link between AMs dysfunction, surfactant regulation, and the pathogenesis 
of ALI/ARDS in the context of malaria infection. Nevertheless, the role of AMs in MA-ALI/ARDS remains insufficiently understood [24, 
25,46,47]. 

Acute inflammation or severe infections can result in the loss of AMs population [19–21]. In order to preserve lung function and 
respiratory exchange caused by these insults, the alveolar niche can be recomposed through self-renewal of the remaining AMs, or 
through partial or total occupancy of recruited MOs that later differentiate into MO-DCs or MO-Macs similar to AMs [48–50]. It has 
been reported that AMs can be at least partially depleted in inflammatory processes such as influenza infection [19], pneumonitis [20], 
COVID-19 [21], and pulmonary fibrosis [22]. In malaria, some studies have shown that lung-resident macrophage populations may not 
change during experimental P. berghei ANKA infection [23–25]. On the other hand, Lai and colleagues show that AMs depletion is 
related to malaria infection, but that these cells self-renew after resolution without the need for replacement via circulating MOs on 
non-lethal P. yoelii infection [46]. Interestingly, we found a delayed increase in the number of AMs in the airways of PbNK65-infected 
animals. The proliferation of AMs was demonstrated by Oliveira et al. (2022) in an LPS-induced ARDS model in CCR2− /− mice [51]. 
The authors showed that the recovery of the niche of these cells occurs through self-renewal in the absence of the receptor, indicating 
that the migration of CCR2+ MOs from the marrow does not interfere with the development of the disease [51]. 

Constitutively, AMs express high levels of CD11c and Siglec-F, which allows the separation of long-lived AMs (cells that have 
adapted to the local microenvironment) and transient MO-derived cells that have been recruited into the alveolar space during 
inflammation [13,52].In this work, we show that AMs populations can vary during infection based on different levels of Siglec-F and 
MHC-II expression, although the role of Siglec-F in AMs is not clear [53,54], we suggest that the modulation of this marker is involved 
in the activation state alterations of AMs during PbNK65 infection [55,56]. This modulation of AM populations may be a reflection of 
disruption of the blood-alveolar barrier. In our model, we observed an increase in exudative phenomena mainly at 12 dpil. This process 
involves the production of chemokines, such as CCL2, CCL5, CXCL10, CXCL8, which promote the influx of leukocytes into the alveolar 
environment. While iRBC are not typically found within the pulmonary alveoli, it is noteworthy that certain immune cells can become 
activated in the lung tissue and subsequently migrate to the alveolar space. Our research has focused on precisely this phenomenon, 
examining the cellular composition of the bronchoalveolar space. Our findings revealed the presence of MOs, NEUs, CD4+ and CD8+

lymphocytes, within this compartment. The presence of NEUs expressing MHC-II, found in our study, is important to highlight how 
acute infections can induce phenotype changes in immune cells. NEUs were shown to start expressing antigen-presenting molecules 
(specifically MHC-II) and costimulatory molecules, in the context of infection with high levels of inflammatory cytokines. Previous 
studies have shown that NEUs can be converted into antigen-presenting cells, after acquiring dendritic cells (DCs) surface markers such 
as CD11c+ MHCII+, in addition to the expression of the costimulatory molecules CD80 and CD86 [57]. Recently, NEUs were found to 
be expressing MHC II molecules during bovine mastitis caused by bacterial infection [58]. It was also shown the role of NEUs in 
phagocytosis of erythrocytes, and subsequently, NEUs start expressing MHC-II, CD40 and CD80, displaying ability to elicit 
antigen-specific T cell response [59]. These findings highlight the plasticity ability of immune cells to respond against foreign stimuli. 
In our case, considering that malaria is an infection with powerful inflammatory stimulation, it can contribute to changes in NEUs 
phenotype leading to increased MHC-II expression and, possibly, to develop antigen-presenting characteristics. Notably, these infil
trating immune cells possess the capacity to further stimulate AMs, thereby modulating their functional state. This interplay between 
immune cells in the bronchoalveolar space and AMs highlights the intricate orchestration of immune responses within the pulmonary 
microenvironment. 

MOs play an important role in homeostasis and innate and adaptive immunity during inflammatory processes but can also 
contribute to several pathologies [60–63]. The involvement of Ly6C+ MOs subpopulations has been discussed in various infections, 
such as Toxoplasma gondii [64–66], Leishmania major [67,68], and Schistosoma mansoni [69,70]. Nevertheless, the dynamics of these 
MOs subpopulations in malaria remain a subject of ongoing debate and lack of consensus [71]. Consistent with previous findings [24, 
72], our data reveal an accumulation of Ly6Clow MOs in the lungs. However, in our model, this accumulation occurred at a later stage 
in the airways. In contrast, Lai et al. demonstrated a distinct pattern in the P. yoelii infection model, where the prevalence of Ly6Chi 

MOs in the lungs persisted throughout the infection [46]. On the other hand, studies have demonstrated that experimental PbANKA 

Fig. 4. Flow cytometry analysis of myeloid and lymphoid BAL cells during P. berghei NK65-NY infection. (A) Alveolar macrophages. First graph: 
Total alveolar macrophages count; second graph: Frequency of TNF-α in alveolar macrophages; third graph: mean intensity of fluorescence (MFI) of 
MHC-II in alveolar macrophages. (B) Monocytes. First graph: Total monocytes count; second graph: MFI of TNF- α in monocytes; third graph: MFI of 
MHC-II in monocytes; fourth graph: MFI of LY6C in monocytes. (C) Neutrophils. First graph: Total neutrophil count; second graph: MFI of TNF- α in 
neutrophil; third graph: MFI of MHC-II in neutrophils. (D) Lymphocytes. First graph: Total CD4+ T lymphocyte count; second graph: Total CD8+ T 
lymphocyte count. (E) Unbiased high dimensional analysis of flow cytometry data (tSNE) of BAL cells: Alveolar macrophages “AM”, monocytes 
“MO”, and neutrophils “NEU”. (F) Unbiased high dimensional analysis of flow cytometry data (tSNE) of BAL. AM cells for all groups, indicating 3 a. 
m. subpopulations based on the expression of surface markers, each cluster indicated by a number and color. (G) Heatmap evidencing the expression 
level of surface markers (Siglec-F and MHC-II) within each AM subpolulations. Kruskal–Wallis test followed by Dunn’s test was used on MFI of TNF- 
α, in MOs, and neutrophils data. One-way ANOVA test followed by Tukey’s multiple comparisons was used on alveolar macrophages, and lym
phocytes, to compare the variances between the groups (n = 6 for control and n = 8 for infected mice, per group). An average of 5.2 × 104 events 
was acquired for BAL flow cytometry analyses. The data presented here is representative of two independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001. Cell clusters and the signature scores are indicated at the x- and y-axis, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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infection, does not alter AM populations, despite the increased accumulation of Ly6Chigh MOs in the lungs [23–25]. Nevertheless, 
Pollenus et al. show that Ly6Chigh inflammatory MOs accumulate in the lungs after infection and remain increased even after treatment 
with antimalarial drugs, in which the number of non-classical Ly6Clow MOs and DCs is increased. These results may explain the dy
namics of accumulation in transient MOs Ly6Chigh to Ly6Clow also found in our model, since Ly6Clow MO plays a role in tissue 
remodeling and, as well as Ly6Chigh MOs, can differentiate into monocyte-derived dendritic cells (MO-DC) capable of performing 
antigen presentation [25]. 

CD8+ T cells play a crucial role in the pathogenesis of MA-ARDS both in experimental models and in humans [3,7,9,73]. Although 
our results showed a delayed accumulation of CD4+ and CD8+ lymphocytes in relation to the findings from other groups [25,74], it is 
important to emphasize that differences between each infection model (species, strain, inoculum, host), target study environment 
(lung, airways) can interfere with the outcome and dynamics of the infection pathology. In this sense, the previous absence of infil
trated leukocytes in the alveolar space does not necessarily exclude the possibility of these cells’ presence in the tissue and vice versa 
[39,41,75,76]. 

Nevertheless, we show that PbNK65 infection induces a lethal course, marked by hemorrhagic events and intense inflammation, 
mediated by increased levels of IFN-γ, TNF-α, IL-1β, IL-12, IL-2 and IL-33, and downregulation of TGF-β and IL-10. This polarized 
inflammation supports a sepsis-like process marked by the general deterioration of the health of infected mice throughout the course of 
infection, as observed in some human cases of P. vivax and P. falciparum malaria [77–85]. Interestingly, we found increased levels of 
the cytokine IL-33 only at 12 dpi. In fact, some studies have shown that elevated levels of IL-33 and MPO are associated with worsening 
inflammation in LPS-induced ALI [86], IL-1β production in gouty arthritis [87], in addition to stimulating the formation of neutrophil 
extracellular traps (NETs), oxidative stress and the secretion of proatherogenic factors in advanced atherosclerosis [88]. Despite all 
these phenomena at 12 dpi, animal mortality was observed only after 20 dpi, when pulmonary hemorrhage and NAG and MPO activity 
decreased. This inflammatory environment could be a contributing factor to the breakdown of the blood-alveolar barrier, which 
resulted in an increase the population and activation phenotype of the AMs, as well as the accumulation of Ly6Clow MOs, NEUs and 
CD4+ and CD8+ lymphocytes in the airways. 

However, it is important to note that, despite the absence of apparent hemorrhage and the decrease in NAG and MPO activity on 
day 20, the constant inflammation caused by the presence of the parasite was a decisive factor for the worsening of the disease, which 
could be detrimental to the respiratory function and, consequently, the mortality of the animals. It is important to note that NAG and 
MPO activity, and the cytokines levels were measured in the lung tissue and not in the bronchoalveolar lavage. These represent two 
distinct compartments, and this limitation should be considered when interpreting the results in our study. Taken together, our study 
provides new insights into the alveoli pathophysiology of MA-ALI/ARDS, highlighting potential targets for therapeutic interventions. 
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[44] D. Scaccabarozzi, K. Deroost, N. Lays, F.O. Salè, P.E. Van Den Steen, D. Taramelli, Altered lipid composition of surfactant and lung tissue in murine experimental 
malaria-associated acute respiratory distress syndrome, PLoS One 10 (2015) 1–16, https://doi.org/10.1371/journal.pone.0143195. 

[45] C. Punsawad, P. Viriyavejakul, Expression of sphingosine kinase 1 and sphingosine 1-phosphate receptor 3 in malaria-associated acute lung injury/acute 
respiratory distress syndrome in a mouse model, PLoS One 14 (2019) 1–17, https://doi.org/10.1371/journal.pone.0222098. 

[46] S.M. Lai, J. Sheng, P. Gupta, L. Renia, K. Duan, F. Zolezzi, K. Karjalainen, E.W. Newell, C. Ruedl, Organ-specific fate, recruitment, and refilling dynamics of 
tissue-resident macrophages during blood-stage malaria, Cell Rep. 25 (2018) 3099–3109.e3, https://doi.org/10.1016/j.celrep.2018.11.059. 

[47] P. Gupta, S.M. Lai, J. Sheng, P. Tetlak, A. Balachander, C. Claser, L. Renia, K. Karjalainen, C. Ruedl, Tissue-resident CD169+ macrophages form a crucial front 
line against plasmodium infection, Cell Rep. 16 (2016) 1749–1761, https://doi.org/10.1016/j.celrep.2016.07.010. 

[48] AB Khan, CS Robbins, Macrophage niche availability enables local monocyte proliferation in peripheral tissues, Nat Immunol 24 (2023) 743–745, https://doi. 
org/10.1038/s41590-023-01482-5. 

[49] FP Martin, C Jacqueline, J Poschmann, A Roquilly, Alveolar Macrophages: Adaptation to Their Anatomic Niche during and after Inflammation, Cells 10 (2020) 
2720, https://doi.org/10.3390/cells10102720. 

[50] A Rigamonti, J Villar, E Segura, Monocyte differentiation within tissues: a renewed outlook, Trends Immunol 44 (2023) 999–1013, https://doi.org/10.1016/j. 
it.2023.10.005. 

[51] VLS Oliveira, E Pollenus, N Berghmans, CM Queiroz-Junior, M Blanter, MS Mattos, et al., Absence of CCR2 Promotes Proliferation of Alveolar Macrophages That 
Control Lung Inflammation in Acute Respiratory Distress Syndrome in Mice, Int J Mol Sci 23 (2022) 12920, https://doi.org/10.3390/ijms232112920. 

[52] A.V. Misharin, L. Morales-Nebreda, G.M. Mutlu, G.R.S. Budinger, H. Perlman, Flow cytometric analysis of macrophages and dendritic cell subsets in the mouse 
lung, Am. J. Respir. Cell Mol. Biol. 49 (2013) 503–510, https://doi.org/10.1165/rcmb.2013-0086MA. 

[53] Y.H. Feng, H. Mao, Expression and preliminary functional analysis of Siglec-F on mouse macrophages, J. Zhejiang Univ. - Sci. B. 13 (2012) 386–394, https://doi. 
org/10.1631/jzus.B1100218. 

[54] A.L. McCubbrey, L. Barthel, M.P. Mohning, E.F. Redente, K.J. Mould, S.M. Thomas, S.M. Leach, T. Danhorn, S.L. Gibbings, C.V. Jakubzick, P.M. Henson, W. 
J. Janssen, Deletion of c-FLIP from CD11bhi macrophages prevents development of bleomycin-induced lung fibrosis, Am. J. Respir. Cell Mol. Biol. 58 (2018) 
66–78, https://doi.org/10.1165/rcmb.2017-0154OC. 

[55] EY Bissonnette, JF Lauzon-Joset, JS Debley, SF Ziegler, Cross-Talk Between Alveolar Macrophages and Lung Epithelial Cells is Essential to Maintain Lung 
Homeostasis, Front Immunol 11 (2020) 583042, https://doi.org/10.3389/fimmu.2020.583042. 

[56] H Tao, Y Xu, S Zhang, The Role of Macrophages and Alveolar Epithelial Cells in the Development of ARDS, Inflammation 46 (2023) 47–55, https://doi.org/ 
10.1007/s10753-022-01726-w. 

[57] V Mysore, X Cullere, J Mears, F Rosetti, K Okubo, PX Liew, et al., FcγR engagement reprograms neutrophils into antigen cross-presenting cells that elicit 
acquired anti-tumor immunity, Nat Commun 12 (2021) 4791, https://doi.org/10.1038/s41467-021-24591-x. 

[58] M Rambault, FB Gilbert, P Roussel, A Tessier, V David, P Germon, et al., Neutrophils expressing major histocompatibility complex class II molecules circulate in 
blood and milk during mastitis and show high microbicidal activity, J Dairy Sci 106 (2023) 4245–4256, https://doi.org/10.3168/jds.2022-22728. 

[59] SM Meinderts, G Baker, S van Wijk, BM Beuger, J Geissler, MH Jansen, et al., Neutrophils acquire antigen-presenting cell features after phagocytosis of IgG- 
opsonized erythrocytes, Blood Adv 3 (2019) 1761–1773, https://doi.org/10.1182/bloodadvances.2018028753. 

[60] C. Nathan, A. Ding, Nonresolving inflammation, Cell. 140 (2010) 871–882, https://doi.org/10.1016/j.cell.2010.02.029. 
[61] P.J. Murray, T.A. Wynn, Protective and pathogenic functions of macrophage subsets, Nat. Rev. Immunol. 11 (2011) 723–737, https://doi.org/10.1038/nri3073. 
[62] F. Geissmann, S. Jung, D.R. Littman, Blood monocytes consist of two principal subsets with distinct migratory properties, Immunity 19 (2003) 71–82, https:// 

doi.org/10.1016/S1074-7613(03)00174-2. 

F. Vieira-Santos et al.                                                                                                                                                                                                 

https://doi.org/10.1038/s41598-017-14288-x
https://doi.org/10.1038/s41598-017-14288-x
https://doi.org/10.1016/S0006-8993(96)00815-3
https://doi.org/10.1016/j.trsl.2007.03.013
https://doi.org/10.3389/fimmu.2022.864632
https://doi.org/10.1186/s12936-021-03824-w
https://doi.org/10.1371/journal.pcbi.1005112
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1164/rccm.200607-1005OC
https://doi.org/10.1164/rccm.200607-1005OC
https://doi.org/10.1371/journal.pone.0013124
https://doi.org/10.1378/chest.11-2655
https://doi.org/10.1378/chest.11-2655
https://doi.org/10.4269/ajtmh.17-0131
https://doi.org/10.4269/ajtmh.17-0131
https://doi.org/10.1146/annurev-pathmechdis-012419-032640
https://doi.org/10.1371/journal.pmed.1003890
https://doi.org/10.1371/journal.pmed.1003890
https://doi.org/10.1371/journal.ppat.1002401
https://doi.org/10.3389/fcimb.2022.899581
https://doi.org/10.3390/vaccines10091525
https://doi.org/10.3390/vaccines10091525
https://doi.org/10.4046/trd.2016.79.2.53
https://doi.org/10.4046/trd.2016.79.2.53
https://doi.org/10.1186/s12944-020-01278-8
https://doi.org/10.1186/s12944-020-01278-8
https://doi.org/10.1371/journal.pone.0143195
https://doi.org/10.1371/journal.pone.0222098
https://doi.org/10.1016/j.celrep.2018.11.059
https://doi.org/10.1016/j.celrep.2016.07.010
https://doi.org/10.1038/s41590-023-01482-5
https://doi.org/10.1038/s41590-023-01482-5
https://doi.org/10.3390/cells10102720
https://doi.org/10.1016/j.it.2023.10.005
https://doi.org/10.1016/j.it.2023.10.005
https://doi.org/10.3390/ijms232112920
https://doi.org/10.1165/rcmb.2013-0086MA
https://doi.org/10.1631/jzus.B1100218
https://doi.org/10.1631/jzus.B1100218
https://doi.org/10.1165/rcmb.2017-0154OC
https://doi.org/10.3389/fimmu.2020.583042
https://doi.org/10.1007/s10753-022-01726-w
https://doi.org/10.1007/s10753-022-01726-w
https://doi.org/10.1038/s41467-021-24591-x
https://doi.org/10.3168/jds.2022-22728
https://doi.org/10.1182/bloodadvances.2018028753
https://doi.org/10.1016/j.cell.2010.02.029
https://doi.org/10.1038/nri3073
https://doi.org/10.1016/S1074-7613(03)00174-2
https://doi.org/10.1016/S1074-7613(03)00174-2


Heliyon 10 (2024) e33739

14

[63] F. Ginhoux, S. Jung, Monocytes and macrophages: developmental pathways and tissue homeostasis, Nat. Rev. Immunol. 14 (2014) 392–404, https://doi.org/ 
10.1038/nri3671. 

[64] A. Biswas, D. Bruder, S.A. Wolf, A. Jeron, M. Mack, M.M. Heimesaat, I.R. Dunay, Ly6Chigh monocytes control cerebral toxoplasmosis, J. Immunol. 194 (2015) 
3223–3235, https://doi.org/10.4049/jimmunol.1402037. 
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