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Abstract
The removal of dead cells (efferocytosis) contributes to the resolution of the infection and preservation of the tissue. 
Depending on the environment milieu, macrophages may show inflammatory (M1) or anti-inflammatory (M2) phenotypes. 
Inflammatory leukocytes are recruited during infection, followed by the accumulation of infected and non-infected apoptotic 
cells (AC). Efferocytosis of non-infected AC promotes TGF-β, IL-10, and PGE2 production and the polarization of anti-
inflammatory macrophages. These M2 macrophages acquire an efficient ability to remove apoptotic cells that are involved 
in tissue repair and resolution of inflammation. On the other hand, the impact of efferocytosis of infected apoptotic cells on 
macrophage activation profile remains unknown. Here, we are showing that the efferocytosis of gram-positive Streptococ-
cus pneumoniae-AC (Sp-AC) or gram-negative Klebsiella pneumoniae-AC (Kp-AC) promotes distinct gene expression and 
cytokine signature in macrophages. Whereas the efferocytosis of Kp-AC triggered a predominant M1 phenotype in vitro and 
in vivo, the efferocytosis of Sp-AC promoted a mixed M1/M2 activation in vitro and in vivo in a model of allergic asthma. 
Together, these findings suggest that the nature of the pathogen and antigen load into AC may have different impacts on 
inducing macrophage polarization.
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Introduction

Apoptotic cell (AC) clearance, termed efferocytosis, is a 
multi-step process crucial to maintaining physiological tis-
sue integrity and restoring tissue homeostasis after microbial 
infection or chronic inflammatory disorder [1]. Cell death 
is a common consequence of infections, and efferocytosis 
of dying infected cells can either contribute to prevent the 
spread of infections or benefit the pathogen dissemination 
using Trojan-horse-type mechanisms [2]. We and others have 
demonstrated that recognizing Escherichia coli–infected 
apoptotic neutrophils by bone marrow–derived dendritic 
cells (BMDCs) leads to a cytokine milieu that favors Th17 
cell differentiation [3, 4]. Conversely, BMDC-mediated effe-
rocytosis of Streptococcus pneumoniae–infected apoptotic 
cells (Sp-AC) induces the differentiation and expansion of 
Th1 lymphocytes [5]. Whereas TLR4 and MyD88 mole-
cules are necessary for recognizing of gram-negative bacte-
ria inside the AC [6, 7], the response of BMDC towards S. 
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pneumoniae, a gram-positive bacterium, depends on bacteria 
recognition by the adaptor protein RIP2 [5].

Macrophages are immune cells that originate from 
embryonic progenitors or recruited monocytes. Tissue-res-
ident macrophages compose a diverse population strategi-
cally distributed throughout every organ and are amongst 
the first cells to respond to infection [8]. These cells are 
highly plastic and equipped with a vast repertoire of pattern 
recognition and cytokine/chemokine receptors that enable 
macrophages to respond to environmental cues and acquire 
an inflammatory or pro-resolution phenotype [9]. The pro-
inflammatory phenotype of macrophages is characterized 
by high production of reactive nitrogen and oxygen species 
and pro-inflammatory cytokines. Therefore, these cells par-
ticipate in the acute response to infection and tissue injury. 
In contrast, the pro-resolving programming in macrophages 
mediates tissue repair and the re-establishment of homeosta-
sis. These cells have robust production of TGF-β and IL-10 
and are an abundant source of polyamines. The clearance 
of AC is often associated with acquiring a pro-resolution 
phenotype of macrophages, and those macrophages acquire 
a higher ability to phagocyte AC than the pro-inflammatory 
macrophages. However, the effect of recognition of AC 
infected with gram-positive or gram-negative bacteria on 
the phenotype acquired by macrophages remains elusive.

Asthma is a chronic inflammatory disease that affects 
approximately 339 million people worldwide. The hall-
mark of allergic asthma, which affects approximately 50% of 
asthmatic people, is the eosinophil recruitment in the bron-
choalveolar fluid (BALF) induced by Th2 CD4+ T cells that 
secrete IL-4, IL-5, and IL-13. This immune response leads 
to excessive mucus production, bronchial airway hyperre-
sponsiveness (AHR), tissue damage, and remodeling [10]. 
Th2-dominant microenvironment with high levels of IL-4 
and IL-13 favors the predominance of the M2 macrophages. 
Asthma is, however, a heterogeneous disease. In non-allergic 
asthma, neutrophil accumulation in the airways releases pro-
teases and extracellular DNA traps that can contribute to 
tissue damage [11]. Asthma severity was associated with 
the increased neutrophil burden [12], and patients with neu-
trophilic asthma are resistant to inhaled corticosteroids, the 
gold standard treatment for asthma [13]. It has been reported 
that asthmatic patients have a higher risk of developing 
pneumonia following infection with S. pneumoniae [14]; 
however, whether efferocytosis of infected cells by resident 
macrophages during asthma could play a role in changing 
the microenvironment of eosinophilic asthma by shifting the 
pro-resolving program of macrophage to an inflammatory 
phenotype is unknown.

Here, we investigated whether pathogen-associated 
molecular patterns (PAMPs) derived from Streptococcus 
pneumoniae or Klebsiella pneumoniae during the efferocy-
tosis of infected apoptotic cells might impact macrophage 

polarization. We observed that efferocytosis of S. pneumo-
niae-infected apoptotic cells (Sp-AC) promoted a mixed 
M1/M2 profile. In contrast, efferocytosis of K. pneumoniae-
infected apoptotic cells (Kp-AC) triggered a predominant 
M1 phenotype that was partially dependent on toll-like 
receptor-4 (TLR4) signaling. Instillation of Kp-AC led to 
proinflammatory cytokine production in the lungs of mice 
as well as a tendency towards the M1 phenotype of lung 
macrophages. In a model of OVA-induced allergic asthma, 
instillation of Sp-AC increased IL-12 levels and reduced 
M2 markers expression, suggesting that efferocytosis of 
Sp-AC might shift macrophage response in allergic asthma 
to produce a cytokine milieu that could antagonize type 2 
responses during asthma.

Results

Efferocytosis of S. pneumoniae or K. 
pneumoniae‑infected apoptotic cells impacts 
macrophage polarization in vitro

Streptococcus pneumoniae  and Klebsiella pneumoniae 
infection induces intense recruitment of neutrophils that 
play an essential role during bacteria clearance, and these 
infected neutrophils become an important source of AC. 
We and other groups have shown that the efferocytosis of 
infected apoptotic cells, such as E. coli and S. pneumoniae, 
by dendritic cells, promotes distinguished CD4+ T cell sub-
set differentiation [4, 5].

Similarly to dendritic cells, macrophages also play a cru-
cial role in the clearance of infected-AC during infection. 
Given that the cargo inside the apoptotic cell alters dendritic 
cell properties that affect the CD4+ T cell differentiation, 
we hypothesized that the pathogen-associated molecular 
patterns (PAMPs) derived from S. pneumoniae or K. pneu-
moniae during the efferocytosis of infected AC might also 
impact macrophage polarization. HL-60 neutrophil-like 
cells were incubated in the presence of S. pneumoniae or 
K. pneumoniae previously stained with CFSE for 2 h. We 
observed that around 70–90% of cells were CFSE-labeled, 
indicating S. pneumoniae or K. pneumoniae phagocytosis by 
HL-60 cells (Supplemental Data Fig. 1a and b). The infected 
neutrophils were then submitted to UV-irradiation (1 mJ) 
to induce apoptosis (Supplemental Data Fig. 1c). BMDMs 
were incubated for 2 h with non-infected-AC, Sp-AC, or 
Kp-AC stained with CFSE to assess macrophage efferocy-
tosis. After 2 h of incubation, we found that more than 90% 
of BMDM were AC-CFSE+ macrophages (Supplemental 
Data Fig. 1d and e). To determine whether efferocytosis of 
Sp-AC or Kp-AC could impact macrophage polarization, 
BMDMs were incubated with AC, Sp-AC, or Kp-AC for 
2 h and then washed to remove the non-engulfed ACs, and 
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these cells were incubated for another 24 h to evaluate M1 
and M2 macrophage markers. Interestingly, we found that 
the efferocytosis of Sp-AC induced a slight increase of both 
M1 and M2 markers, such as Ccr7 and Fizz1 (Fig. 1b, d), as 
well as a significant increase of NO and IL-1β production 
by BMDM compared to M0 and M0 + AC (Fig. 1f, h). In 
contrast, phagocytosis of Kp-AC led to a slight increase of 
Ccr7 and a minor decrease of Arg1 and Cd206, as well as 
higher levels of nitrite, TNF-α, and IL-1β compared to M0, 
while no significant differences of IL-10 levels were detected 
when comparing the different conditions with AC (Fig. 1b, 
c, e, f, g, h, i). Thus, the presence of S. pneumoniae inside 
the AC resulted in a mixed BMDM phenotype compared to 
Kp-AC recognition, which led to a prominent M1 phenotype.

Efferocytosis of Kp‑AC drives an M1 macrophage 
phenotype partially through TLR4‑mediated 
signaling pathway

Previous studies have shown that the efferocytosis of E. 
coli or C. rodentium-infected apoptotic cells by BMDC 
induces IL-6, IL-1β, and TGF-β production through TLR4 
[6, 7]. Given that K. pneumonia-derived lipopolysaccharide 
is a potential ligand for TLR4, we evaluated whether the 

expression of M1 markers in BMDM and the higher levels of 
inflammatory mediators during the efferocytosis of Kp-AC 
may be partly due to TLR4 activation. BMDMs from WT 
and TLR4 K.O. mice were incubated for 2 h with Kp-AC, 
then washed to remove the non-engulfed ACs, and M1 and 
M2 markers and cytokine production were evaluated. The 
deficiency of TLR4 in BMDMs showed a modest decrease 
in the expression of M1 markers, such as Ccr7, and led to 
a discrete increase in the expression of M2 markers, such 
as Arg1 and Cd206, compared to BMDMs from WT ani-
mals (Fig. 2b, c, e). Furthermore, the absence of TLR4 
modestly inhibited the production of TNF-α and IL-10, and 
significantly reduced the production of IL-1β compared to 
BMDMs from WT animals (Fig. 2g–i). These results sug-
gest that, as previously observed in BMDC, K. pneumonia-
derived lipopolysaccharide recognition via TLR4 seems to 
be a contributing signaling pathway involved in macrophage 
polarization during Kp-AC efferocytosis.

Infected Kp‑AC drives a pro‑inflammatory 
phenotype of macrophages in the lung

Previous studies have shown that the instillation of non-
infected apoptotic cells before the K. pneumoniae-infection 

Fig. 1   Different sources of apoptotic cells phagocytosis modulate 
macrophage phenotype in  vitro. BMDMs were co-cultured with 
AC, Sp-AC, and Kp-AC at a 1:3 ratio for 2  h. Non-engulfed cells 
were removed, and macrophages were incubated for another 24  h. 
Cells were lysed for RNA extraction and RT-qPCR analysis for the 

gene expression of a  Cd86, b  Ccr7, c  Arg1, d  Fizz1, and e  Cd206. 
Supernatant was collected to quantify f  nitrite, g  TNF-α, h  IL-1β, 
and i IL-10 by ELISA. Data represent mean ± SEM of at least seven 
independent experiments. *P < 0.05 compared with M0, M0 + AC, 
M0 + Sp-AC, M0 + Kp-AC
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increases CFU and promotes bacteremia [15]. Given that 
Sp-AC efferocytosis by M0 had a modest impact on M1/
M2 expression markers and inflammatory cytokine pro-
duction, we sought to evaluate whether the efferocytosis of 
Kp-AC could also activate alveolar and lung macrophages 
and promote polarization to pro-inflammatory macrophages 
in a similar manner observed for BMDM. For this pur-
pose, the animals were instilled with 107Kp-AC, and, 24 h 
later, macrophages were isolated from lungs using F4/80-
magnetic beads. As we observed in vitro, the lung mac-
rophages isolated from mice receiving Kp-AC expressed 
higher pro-inflammatory markers, such as Cd86 and Nos2, 
and lower Cd206 than PBS-treated control mice (Fig. 3a). 
Also, lung homogenate from Kp-AC mice had high levels 
of inflammatory cytokines, such as IL-β, IL-6, TNF-α, and 
a slight increase of IL-12 (Fig. 3b). Alveolar macrophages 
obtained in the bronchoalveolar lavage from mice instilled 
with Kp-AC expressed slightly higher levels of Cd86 and 
lower Cd206 and Ymz1 gene expression (Fig. 3c). We also 
detected increased IL-1β, IL-6, TNF-α, and IL-10 produc-
tion in the bronchoalveolar lavage fluid (BALF) compared 
to PBS-treated control mice (Fig. 3d). These results suggest 

that the efferocytosis of Kp-AC during the infection drives 
pro-inflammatory macrophage polarization and directly or 
indirectly impacts the lung microenvironment.

Impact of AC or Sp‑AC in lung inflammation 
in OVA‑induced murine allergic asthma

Asthma severity is associated with M2 macrophages known to 
have a higher ability to remove AC. Apoptosis of eosinophils 
decreases allergic lung inflammation in mice [16]; however, 
it is still unknown whether this attenuation of inflammation 
could be related to the clearance of apoptotic eosinophils by 
macrophages. We next investigate whether efferocytosis in an 
OVA-induced murine allergic asthma model could alter the 
pulmonary microenvironment of Th2 cytokines responsible 
for maintaining the M2 profile of macrophages. For that, WT 
mice were sensitized and challenged with OVA, and after 3 
days, the mice were instilled with non-infected AC (AC) or 
S. pneumoniae-infected apoptotic cells (Sp-AC). After 24 h, 
the expression of M1 and M2 markers and the production 
of cytokines were evaluated in the cells and supernatants 
of BALF, respectively. Lung histology confirmed asthma 

Fig. 2   Kp-AC triggers TLR4 engagement on BMDM and to promote 
M1 polarization in vitro. BMDMs from WT or TLR4 K.O. mice were 
co-cultured with Kp-AC at a 1:3 ratio for 2  h. Non-engulfed cells 
were removed, and macrophages were incubated for another 24  h. 
Cells were lysed for RNA extraction and RT-qPCR analysis for the 

gene expression of a Cd86, b Ccr7, c Arg1, d Fizz1, e Cd206, and the 
supernatant was collected for the quantification of f nitrite, g TNF-α, 
h  IL-1β, and i  IL-10 by ELISA. Data represent the mean ± SEM of 
four independent experiments. *P < 0.05 compared with WT
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induction, which showed a discrete peribronchial inflamma-
tion in the PBS-OVA group, while AC and Sp-AC exhibited 
similar lung inflammation (Supplemental Data Fig. 2). As 
expected, BALF cells from OVA-sensitized and challenged 
mice increased the M2 markers compared to non-sensitized 
and non-challenged mice (PBS group). The presence of S. 
pneumoniae inside the apoptotic cell (Sp-AC group) reduced 
the expression of Arg1, Cd206, and Ymz1 and increased the 
expression of Fizz1 and Nos2 compared to the group receiv-
ing AC (Fig. 4a–f). In the BALF, AC instillation resulted in 
the inhibition of IL-1β and IL-12 compared to the BALF of 
PBS-OVA animals, whereas the presence of the bacteria inside 
the AC led to an increase in IL-12 and IL-10 levels compared 
to the group AC (Fig. 4h, i, k). These findings show that Sp-
AC in a microenvironment of type 2 inflammation induces a 
mixed M1/M2 pattern of macrophages and cytokines that may 
negatively modulate the lung inflammation in asthmatic mice.

Discussion

Microenvironment milieu, pathogens and apoptotic cells 
influence macrophage polarization and function [1, 2]. 
In the early stages of infection, PRR-mediated recogni-
tion of Gram-positive or Gram-negative bacteria triggers 

inflammation and expression of M1 or M2 markers [17–19]. 
Also, cell death is frequent in the infection process, and 
the clearance of AC may affect the macrophage activation 
profile. Recognition of non-infected apoptotic cells favors 
macrophage secretion of IL-10, TGF-β, and PGE2, lead-
ing to a pro-resolving phenotype [20]. However, the impact 
of efferocytosis of infected apoptotic cells on macrophage 
activation profile remains elusive. Here, we determined the 
expression of M1 and M2 markers and cytokine production 
during efferocytosis of S. pneumoniae or K. pneumoniae-
infected HL-60 neutrophil-like cells. We showed that the 
efferocytosis of Kp-AC and Sp-AC promoted distinct gene 
expression and cytokine signature in macrophages. Effero-
cytosis of Sp-AC promoted a mixed expression of M1/M2 
markers, Ccr7, and Fizz1 and induced IL-1β and NO produc-
tion in vitro. In contrast, efferocytosis of Kp-AC triggered a 
predominant M1 phenotype, partially through TLR4 path-
way, with higher Ccr7, lower Fizz1, and Cd206 expression 
and enhanced TNF-α, IL-1β, and NO production by BMDM.

During an infection, neutrophils are recruited to the 
affected tissue to clear pathogens. Host and pathogen prod-
ucts affect neutrophils’ lifespan, causing neutrophil apopto-
sis [21, 22]. In this regard, we previously demonstrated that 
efferocytosis of E. coli-infected cells enhances dendritic cell 
maturation [3] and the generation of cytokines that trigger 

Fig. 3   Efferocytosis of  Kp-AC in the lungs drives inflammation. 
C57BL/6 mice were inoculated with 107Kp-AC in 30 µL of PBS (i.n.) 
(n = 7 mice/group). Control mice were inoculated with PBS alone by 
the same route (n = 5 mice/group). 24 h later, the animals were eutha-
nized, lungs were digested with collagenase D, and macrophages 
were isolated for RT-qPCR analysis (a) and cytokine quantification 

(b). Cells in the bronchoalveolar lavage fluid (BALF) were collected 
for gene expression analysis by RT-qPCR (c), and cytokine quantifi-
cation was performed in BALF by ELISA (d). Data were pooled from 
two independent experiments and are mean ± SEM. *P < 0.05 com-
pared with PBS and AC
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Th17 cell differentiation [4]. In contrast, efferocytosis of S. 
pneumoniae-infected cells creates a microenvironment that 
favors Th1 expansion [5]. As observed in BMDC activa-
tion, macrophages also polarized into different subsets in the 
presence of Kp-AC or Sp-AC, suggesting that AC-carrying 
other bacterial products modulate macrophage activation. 
Although previous studies have shown that S. pneumoniae 
infection can trigger an intense inflammatory response with 
predominant polarization of macrophages to an M1 pattern 
by the recognition of lipoteichoic acid, a membrane bacterial 
component, and pneumolysin toxin via TLR2 and TLR4, 
respectively [23], Goldman et al. have shown that peritoneal 
macrophages infected with S. pyogenes resulted in mixed 
M1/M2 polarized macrophages, consistent with our results 
[24]. Furthermore, S. pneumoniae components may have 
a potential strategy to suppress macrophage polarization 
toward an M1 profile. Also, during Sp-AC efferocytosis, 
ligands from the apoptotic body that induce a non-inflam-
matory signal may inhibit the activation in response to TLR 
ligands from S. pneumoniae, and our findings demonstrated 
that TLR ligands from S. pneumoniae seem less potent than 
LPS in driving macrophage polarization.

Considering that Kp-AC triggered proinflammatory 
macrophage activation, we evaluated whether TLR4 signal-
ing could be involved in M1 polarization by efferocytosis 

of Kp-AC. An elegant study by Torchinsky et al. demon-
strated that efferocytosis of LPS-blasts by TLR4−/− or 
MyD88−/−Trif−/− BMDCs did not induce Th17 cell differen-
tiation as observed for BMDC from WT mice [7]. The lack 
of TLR4 in macrophages during the efferocytosis of Kp-AC 
partially inhibited M1 polarization but, instead, drove M2 
phenotype. The absence of TLR4 signaling showed sig-
nificant inhibition of IL-1β production, a modest inhibition 
of TNF-α, and IL-10, as well as Ccr7, Arg1, and Cd206 
expression, compared to BMDM from WT animals. Thus, 
TLR4-ligands from K. pneumoniae can drive M1-polarized 
macrophages during the efferocytosis of Kp-AC. Interest-
ingly, although previous studies have shown that efferocy-
tosis of non-infected cells induce M2 phenotype and IL-10 
production by alveolar and peritoneal macrophages [25, 26], 
efferocytosis of non-infected HL-60 apoptotic cells did not 
alter Arg1, Fizz1, and Cd206 mRNA expression, as well 
as IL-10 production by BMDM. This finding suggests that 
the source of apoptotic cells and the type of macrophage 
might be important factors driving the M2 phenotype dur-
ing efferocytosis.

Efferocytosis in pulmonary tissue controls inflamma-
tion and maintains lung homeostasis [27]. Previous reports 
have shown that apoptotic cell instillation improves pulmo-
nary inflammation resolution in LPS-stimulated lungs [28]. 

Fig. 4   Efferocytosis of  Sp-AC affects macrophage phenotype and 
cytokine microenvironment in the lung of asthmatic mice. C57BL/6 
mice were sensitized 3 times with 10 µg of ovalbumin (OVA) Grade-
VI emulsified in 2  mg of aluminum hydroxide by intraperitoneal 
route with 7-day intervals between injections. Animals were chal-
lenged intranasally for 3 consecutive days with 30 µg of OVA Grade 
V 7 days after the third sensitization. Mice were intranasally inocu-
lated with 107Sp-AC or AC in 30 µL of PBS. Control mice were inoc-

ulated with PBS alone by the same route. 24 h later, the animals were 
euthanized, and bronchoalveolar lavage fluid (BALF) was collected. 
Cells in the BALF were collected for RT-qPCR analysis of the gene 
expression of a Arg1, b Cd206, c Fizz1, d Cd86, e Ymz1, and f Nos2, 
and cytokine quantification of g TNF-α, h IL-1β, i Il-12, j IL-6, and 
k IL-10 was performed on BALF by ELISA. Data were pooled from 
two independent experiments and are mean ± SEM. *P < 0.05 com-
pared with PBS and AC
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Non-infected AC or Kp-AC was instilled in mice to evaluate 
the impact of recognizing different sources of apoptotic cells 
in lung inflammation and macrophage polarization. Consist-
ent with previous findings, the instillation of non-infected-
AC in vivo led to a modest increase in the expression of 
M2 markers, Cd206 and Ymz1. On the other hand, the 
instillation of Kp-AC caused prominent pro-inflammatory 
cytokine production in the lungs of mice, as well as a trend 
towards increasing M1 markers mainly in F4/80 cells from 
lung homogenate, confirming the in vitro results. Indeed, 
efferocytosis of Kp-AC decreased the expression of the M2 
marker Cd206 and enhanced iNOS abundance and IL-6 pro-
duction, similar to Li et al. findings in mice infected with K. 
pneumoniae [18].

Allergic asthma is a chronic inflammatory disease char-
acterized by eosinophilic airway inflammation, type 2 
cytokines, and enhanced levels of IgE specific to allergens 
[29]. However, the heterogeneity of asthma also includes a 
non-allergic form of the disease, in which neutrophilic or 
granulocytic inflammation prevails in the lung [30]. While 
M1 is related to neutrophil infiltration, M2 response in 
asthma involves eosinophil recruitment into the lungs [31]. 
Patients with asthma have an increased risk of pulmonary 
infections, such as invasive pneumococcal disease [30, 32]. 
S. pneumoniae infection may attenuate allergic lung inflam-
mation by damping the Th2 response [33] or even driving 
severe asthma by promoting Th17 responses, neutrophil 
infiltration, lung inflammation, and airway hyperrespon-
siveness [34]. Consistent with our findings, the instillation 
of Sp-AC increased IL-12 and IL-10 levels and reduced 
M2 markers expression, suggesting that efferocytosis of S. 
pneumoniae-infected cells modulates macrophage response 
in allergic asthma and produces a cytokine milieu that may 
antagonize Th2 inflammation. The presence of S. pneumo-
niae inside of apoptotic cells might be a determinant fac-
tor to increase IL-12 production, a Th1-inducing cytokine, 
and decrease M2 markers during efferocytosis, while IL-10 
induced by efferocytosis of Sp-AC may be essential to limit 
lung inflammation. Indeed, the lungs of animals exposed to 
the allergen followed by instillation Sp-AC showed a reduc-
tion of pulmonary inflammation, suggesting that IL-10 could 
negatively modulate allergic asthma.

In summary, our data suggest that the bacterial cargo 
in AC affects macrophage activation during efferocytosis. 
Recognition of K. pneumoniae-infected cells induced a 
pro-inflammatory response in vitro and in vivo, whereas S. 
pneumoniae-infected cells promoted mixed expression of 
activation markers by macrophages and a cytokine milieu 
that may modulate inflammation in the lung of mice exposed 
to the allergen. We focused on investigating the production 
of cytokines and macrophage markers in a short time after 
AC instillation. Thus, further studies are necessary to deter-
mine whether late effects of efferocytosis of S. pneumoniae 

infected cells could promote Th1/Treg induction in allergic 
asthma to dampen Th2 response and the outcome of bacteria 
recognition in shifting eosinophilic asthma to neutrophilic 
asthma through macrophage plasticity.

Materials and methods

Animals

C57BL/6 mice were purchased from the Animal Facility 
of the Multidisciplinary Center for Biological Research 
(CEMIB/UNICAMP), the Biotério Geral (FMRP/USP), 
and from the Centro de Pesquisa e Produção de Animais 
(CPPA/UNESP). Toll-like receptor-4 knockout animals 
(B6.129-Tlr4tm1Kir/J) were purchased from Biotério Geral 
(FMRP/USP). The animals were maintained with controlled 
temperature, humidity, airflow, and dark/light cycle with free 
access to sterilized water and food. Animals were housed 
and bred under specific pathogen-free conditions. All ani-
mal experiments were carried out under ethical guidelines 
and approved by the Institutional Animal Care and Commit-
tee from the School of Pharmaceutical Sciences, São Paulo 
State University.

Bacterial strains

Streptococcus pneumoniae strain ATCC 49,619 and Kleb-
siella pneumoniae (clinical isolate) were donated by Prof. 
Dr. Ana Gales. Both bacteria were maintained at − 80 °C and 
reactivated by culturing in Tryptic Soy Broth (TSB) at 37 °C 
with shaking for 6 h for S. pneumoniae or overnight for K. 
pneumoniae. After reactivation, subcultures were grown in 
TSB medium at 37 °C with shaking. To determine the bacte-
rial concentration, S. pneumoniae and K. pneumoniae were 
plated in Blood Agar or McConkey Agar, respectively, using 
serial dilution. The bacteria were maintained at 4 °C and 
used the next day according to the CFU obtained the day 
before. When indicated, bacteria were stained with 5 μm 
of CFSE (Invitrogen) according to manufacturer’s protocol.

Generation of infected apoptotic cells

HL-60 cells (BCRJ Code: 0104) were differentiated into 
neutrophil-like cells with 1.2% DMSO for 72 h. Then, 
cells were incubated with S. pneumoniae or K. pneumo-
niae at a ratio of 1:30 for 2 h to allow phagocytosis and 
infection. Cells were extensively washed with PBS to 
remove bacteria and cellular debris. To induce apoptosis, 
infected cells were exposed to 1 mJ of UV-irradiation in 
a UV Crosslinker 365 nm and maintained in a humidified 
37 °C 5% CO2 incubator for 4 h. Cell death was confirmed 
by annexin-V and 7-aminoactinomycin D staining (BD 
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Biosciences, Mountain View, CA). Cells were acquired 
on a FACSVerse (BD Biosciences) and data analysis was 
performed using FlowJo 10 software (Tree Star, San Carlo, 
CA, USA).

Generation of bone‑marrow‑derived‑macrophages

BMDMs were differentiated from bone marrow precur-
sor cells of 6–8 weeks old C57BL/6 mice. Cells were cul-
tured in 100 × 20-mm tissue culture plates (Falcon; BD 
Biosciences, Mountain View, CA) with 10 ml of complete 
DMEM medium (Lonza Walkersville, Rockville, MD) sup-
plemented with sodium pyruvate, non-essential amino acids, 
10% of fetal bovine serum, 10 µg/ml gentamicin (Life Tech-
nologies, Grand Island, NY), 60 ng/ml of M-CSF, and 20 
ng/ml of GM-CSF (PeproTech, Rocky Hill, NJ). 10 ml of 
supplemented DMEM medium were added on the third and 
replaced on the 6th day. On the 7th day, non-adherent cells 
were discarded, and adherent macrophages were collected.

Efferocytosis and macrophage polarization assay

After induction of apoptosis, Sp-AC and Kp-AC were 
stained with CFSE (Invitrogen) and cultured with BMDMs 
for 2 h at a 3:1 AC: macrophage ratio. After 2 h, unbound 
ACs were removed by vigorous rinsing of the monolayer, 
and cells were incubated for 24 h in a humidified 37 °C, 
5% CO2 incubator. To determine the efferocytosis rate, Sp-
AC, and Kp-AC were stained with CFSE according to the 
manufacturer’s protocol, and the percentage of efferocytosis 
by BMDM was determined by Flow Cytometry. Cells were 
acquired on a FACSVerse (BD Biosciences), and data analy-
sis was performed using FlowJo 10 software (Tree Star, San 
Carlo, CA, USA).

RNA from BMDM or tissue cells

BMDM or lung macrophage RNA was isolated using 
RNAspin Mini Kit (GE) according to the manufacturer’s 
instructions (GE Healthcare) and reverse-transcribed into 
cDNA using the iScript cDNA Synthesis Kit (BioRad). The 
purity and concentration of the RNA were determined using 
a spectrophotometer. Gene expression was determined by 
amplification with specific primers and quantification by 
SybrGreen (Life Technologies, Grand Island, NY) on a 7500 
Real-Time PCR system (Applied Biosystems). The relative 
gene expression was calculated by the 2−ΔCt method. Expres-
sion of genes of interest was normalized to the expression of 
the housekeeping gene Gapdh. Primer sequences are listed 
in Supplementary Table 1.

Enzyme‑linked immunosorbent assay (ELISA)

The supernatant following efferocytosis in vitro, the tissue 
homogenate, and BALF were quantified for the presence of 
IL-6, IL-1β, IL-10, TNF-α, IL-12 (p40/p70), and TGF-β. 
The minimum detectable concentrations are 62.5 pg/ml for 
IL-12; 31.25 pg/ml for IL-10 (BD Pharmingen); 15.6 pg/
ml for IL-1β, IL-6, TGF-β, and TNF-α (DuoSet ELISA; 
BD Pharmingen and R&D Systems). All procedures were 
performed according to the manufacturer’s instructions.

Nitrite quantification

Nitric oxide production was assessed by measuring its sta-
ble end product, nitrite, by Griess reaction using a mix of 
an equal volume of sulphanilamide and N-1-napthylethyl-
enediamine dihydrochloride (NEED). Nitrite concentra-
tions were estimated using a standard nitrite curve.

In vivo macrophage polarization

C57BL/6 mice aged 6 to 8-weeks old were anesthetized 
with xylazine and ketamine and intranasally inoculated 
with 107Kp-AC in 30 µL of PBS. For control, mice were 
inoculated with PBS alone by the same route. After 24 h, 
the animals were euthanized, and bronchoalveolar lav-
age fluid (BALF) was collected by aspiration of ice-cold 
PBS for cytokine detection. Cells in BALF were counted, 
lysed, and RNA was extracted for gene expression analy-
sis by RT-qPCR. The lung was collected and divided for 
cytokine quantification and macrophage isolation. For 
lung macrophage isolation, the lung was first homogenized 
with a GentleMACS Dissociator (Miltenyi Biotec), then 
enzymatically digested with 1.6 mg/ml of collagenase D 
for 1 h. Single-cell suspensions were stained with anti-
CD16/32 before staining with F4/80 antibody conjugated 
with phycoerythrin (PE). Then, PE + cells were isolated 
using Anti-PE MicroBeads (Miltenyi Biotec) according to 
the manufacturer’s instructions. Isolated cells were kept in 
a lysis buffer for gene expression analysis by RT-qPCR.

OVA‑induced asthma model

The OVA-induced asthma model was performed as pre-
viously described [35]. Briefly, C57BL/6 mice were 
sensitized 3 times with 10  µg of ovalbumin (OVA) 
Grade-VI emulsified in 2  mg of aluminum hydroxide 
(Sigma-Aldrich, St. Louis, MO, USA) by intraperitoneal 
route with 7-day intervals among injections. Anesthetized 
mice were challenged intranasally for 3 consecutive days 



329Apoptosis (2024) 29:321–330	

1 3

with 30 µg of OVA Grade V (Sigma-Aldrich, St. Louis, 
MO, USA) 7 days after the third sensitization.

In vivo macrophage polarization during asthma

Mice were intranasally inoculated with 107Sp-AC in 30 µL 
of PBS, as described above. For control, mice were inocu-
lated with PBS alone by the same route. After 24 h, the ani-
mals were euthanized, and BALF was collected for cytokine 
detection. Cells in BALF were counted, lysed, and RNA was 
extracted for gene expression analysis by RT-qPCR.

Histology

The upper right lobes of the lungs were fixed in 4% formalin 
for 72 h, transferred to a solution of 70% ethanol and embed-
ded in paraffin blocks. Sections were cut into 5 μm-thick 
sections and lungs were stained with hematoxylin and eosin 
(H&E).

Statistical analysis

Data were presented as the mean ± SEM and analyzed by 
Prism 8.0 (GraphPad Software, San Diego, CA). For com-
parisons between experimental groups, one-way ANOVA 
was performed followed by Bonferroni or Tukey’s multiple 
comparisons post-tests. Individual groups were compared 
using the Student’s t-test. Data that were not normally dis-
tributed were analyzed using the nonparametric Mann–Whit-
ney test or Kruskal–Wallis test. Statistically significant dif-
ferences were indicated by P values ≤ 0.05.
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