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Purpose: This study aimed to explore the effect of Rapamycin (Rapa) in Staphylococcus aureus (S. aureus) pneumonia and clarify its 
possible mechanism.
Methods: We investigated the effects of Rapa on S. aureus pneumonia in mouse models and in macrophages cultured in vitro. Two 
possible mechanisms were investigated: the mTOR-RPS6 pathway phosphorylation and phagocytosis. Furthermore, for the mechanism 
verification in vivo, mice with specific Mtor knockout in myeloid cells were constructed for pneumonia models.
Results: Rapa exacerbated S. aureus pneumonia in mouse models, promoting chemokines secretion and inflammatory cells infiltration 
in lung. In vitro, Rapa upregulated the secretion of chemokines and cytokines in macrophages induced by S. aureus. Mechanistically, 
the mTOR-ribosomal protein S6 (RPS6) pathway in macrophages was phosphorylated in response to S. aureus infection, and the 
inhibition of RPS6 phosphorylation upregulated the inflammation level. However, Rapa did not increase the phagocytic activity. 
Accordingly, mice with specific Mtor knockout in myeloid cells experienced more severe S. aureus pneumonia.
Conclusion: Rapa exacerbates S. aureus pneumonia by increasing the inflammatory levels of macrophages. Inhibition of mTOR- 
RPS6 pathway upregulates the expression of cytokines and chemokines in macrophages, thus increases inflammatory cells infiltration 
and exacerbates tissue damage.
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Introduction
Staphylococcus aureus (S. aureus), one of the most infamous and widespread bacterial pathogens in hospitals and 
communities, causes millions of severe invasive infections each year.1–3 Approximately 20–40% of the population 
asymptomatically harbor S. aureus colonization in the nasal squamous epithelium.3,4 As an opportunistic pathogen, 
immunocompromised patients, such as those using immunosuppressants, are at a greater risk of infection.5,6 

Macrophages are important innate immune cells and serve as the first line of defense against pathogenic infections 
through phagocytosis and chemokine secretion, in addition to the role played by skin barrier.7 However, bacterial 
lipoproteins (LPPs) in Gram-positive bacteria, particularly S. aureus, can induce multiple distinct cellular states in 
macrophages, and these inflammatory trajectories change as the infection persists.6,8 These characteristics bring about 
significant complexities in researches and treatments.

Rapamycin (Rapa) is an immunosuppressive and antitumor drug.1,9 It is now commonly used in the clinic to combat 
rejection after organ transplantation and to resist tumor progression.10–14 Despite its beneficial effects, Rapa is reported to 
cause pneumonitis, such as non-infectious alveolitis and interstitial pneumonitis with inflammatory cells infiltration.15 In 
addition to non-infectious pneumonia,16 opportunistic infectious pneumonia is also well-reported in immunosuppressed 
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state. In patients undergoing hematopoietic stem cell transplant (HSCT), who are in typical immunosuppressed states, 
pneumonia is reported to be the second most common nosocomial infection.17 Bacterial is the leading cause of 
microorganism-caused pneumonia in HSCT patients and accounts for 44.4%.18 Among them, S. aureus is one of the 
most common pathogens and is usually associated with multidrug-resistant (MDR) characteristics.19 It has also been 
pointed out that immunosuppression can worsen mortality in cases of ventilator-associated pneumonia (VAP).20 These 
facts prompt us to be vigilant about the impact of immunosuppressant use on S. aureus pneumonia.

Rapa inhibits its target, mTOR, a protein complex composed of three components. The catalytic subunit of mTOR is 
a serine/threonine protein kinase that can be activated through phosphorylation.21–24 mTOR is a crucial receptor in cell 
growth and metabolism, playing essential roles in numerous physiological and pathological processes. These include 
obesity, type 2 diabetes, cancer progression and aging.24 Due to the diverse roles of mTOR and its position as a central 
molecule in various signaling pathways, it is crucial to investigate mTOR and its downstream mechanisms. The main 
downstream protein of mTOR is ribosomal protein S6 kinase (S6K), which increase the phosphorylation of ribosomal 
protein S6 (RPS6). Phosphorylated RPS6(p-RPS6) regulates 5’ cap-dependent protein translation.24 For the pathogenesis 
of pneumonia, cytokines and chemokines are important proteins that can be synthesized and released by immune cells to 
regulate the inflammatory state. In other inflammatory diseases such as colitis, mTOR and one of its downstream 
proteins, RPS6, have been reported to be associated with inflammation levels.25 Therefore, we suppose that under-
standing this pathway can provide valuable insights into the regulation of cellular processes and potentially lead to the 
development of targeted therapies for pneumonia.

In this study, we attempted to elucidate the effect of Rapa on the severity of S. aureus infection. Our study showed 
that Rapa exacerbated S. aureus pneumonia in vivo and increased the inflammatory levels of macrophages in vitro. 
Inhibition of mTOR-RPS6 pathway upregulates the expression of cytokines and chemokines in macrophages and 
increases inflammatory cells infiltration and exacerbates tissue damage. Additionally, the drug does not enhance the 
clearance capacity of macrophages. This suggests that patients using Rapa in clinical settings should remain cautious 
about opportunistic infections.

Materials and Methods
Mice
The Mtorflox/flox mice (C57BL/6, The Jackson Laboratory, 011009) and LysMCre transgenic mice (C57BL/6, The Jackson 
Laboratory, 004781) were crossed to generate myeloid cell-specific Mtor conditional knockout mice, LysMCre-Mtorflox/flox 

mice.26,27 Transgene-negative littermates were used as the control (Mtorflox/flox) mice in the experiments. C57BL/6 mice 
(Shanghai SLAC laboratory animal Co. Ltd) were used as wild-type (WT) mice. Mice that were 4–6 weeks old were used 
for the in vitro bone marrow-derived macrophages (BMDMs) experiments. For in vitro peritoneal macrophages (PMs) 
experiments and in vivo S. aureus exposure models, mice that were 6–8 weeks old were used. All mice used in this study 
were housed under a constant 12-hour light/12-hour dark cycle in a specific pathogen-free facility, and all experimental 
protocols were approved by the Ethical Committee for Animal Studies at Zhejiang University. The primer sequences for 
gene identification were ordered from Hangzhou Youkang Biotechnology Co., Ltd and were shown in Table 1.

In vivo and in vitro S. aureus Exposure
In vivo, mice were infected by S. aureus by intratracheal injection of 2×107 S. aureus in 50 μL saline (control mice 
injected pure saline) for 1 day. In vitro, BMDMs and PMs were treated with S. aureus at 10 MOI or various 

Table 1 The Primer Sequences for Gene Identification

Genes Primer Sequence (5’-3’)

LysMCre WT: TTACAGTCGGCCAGGCTGAC
Mutant: CCCAGAAATGCCAGATTACG

Common: CCCAGAAATGCCAGATTACG

Mtor Forward TTATGTTTGATAATTGCAGTTTTGGCTAGCAGT
Reverse TTTAGGACTCCTTCTGTGACATACATTTCCT
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concentrations noted in figure legend. The S. aureus strain was a clinical isolate (multilocus sequence type ST15 and agr 
type II) with Hld, PSMα, Hla, and PVL+++-.

Histological Analyses
After infection with S. aureus, the left lungs of experimental mice were fixed in 4% formaldehyde for 24 h. The lung 
tissues were dehydrated and embedded in paraffin, then sectioned into 4–5 μm thick slices. Hematoxylin and Eosin 
(H&E) staining was carried out following standard procedures. The degree of peribronchial and perivascular inflamma-
tion was assessed on a subjective scale of 0–3, and this quantification was measured by observers who were blinded to 
the group and treatment.

Bronchoalveolar Lavage Fluid Collection and Analysis
After 24 h of S. aureus infection, bronchoalveolar lavage fluid (BALF) was collected from the left lungs of experimental 
mice by three rounds of instillation and extraction of 0.4 mL PBS. After counting the number of total cells, the remaining 
BALF was centrifuged at 3000 g for 10 min at 4 °C to collect cells for Wright-Giemsa stain (Baso, BA4017) in order to 
obtain differential cell counts. The supernatant was stored at −80 °C for cytokine tests.

Cell Culture
BMDMs: Bone marrow cells were flushed out from the tibia and femur of 4-6-week-old C57BL/6 mice, and erythrocytes 
were eliminated using RBC Lysing Buffer (Sigma-Aldrich, USA). The remaining cells were seeded in plates and cultured 
in RPMI-1640 medium (biochannel, CNA) with 15% heat-inactivated fetal bovine serum (DCELL, CNA) and 1% 
penicillin-streptomycin (Beyotime, CNA). Macrophage differentiation was induced by 20 ng/mL of M-CSF 
(Novoprotein, CNA) added to the medium. Cells were incubated at 37 °C with 5% CO2, and on day 3 the medium 
needed to be replaced with fresh medium. By day 5, BMDMs would be mature.

PMs: Mouse peritoneal macrophages were collected from the peritoneal exudates of 6–8-week-old mice that received 
2 mL of fluid thioglycolate medium through intraperitoneal injection for three times. The peritoneal exudate cells were 
cultured in RPMI-1640 medium (biochannel, CNA) containing 15% heat-inactivated fetal bovine serum (DCELL, CNA) 
for 3–4 h at 37 °C and 5% CO2. The non-adherent cells were then removed.

Real-Time Quantitative PCR(Q-PCR)
Total RNA was extracted from lung tissue or cells using the Trizol reagent (Vazyme, CNA) following the instructions of 
manufacturer. The RNA was then reverse transcribed using the HiScript II Q Select RT SuperMix for qPCR (Vazyme, CNA). 
Then the resulting cDNA was used for Real-Time Quantitative PCR with SYBR Green Master Mix (Vazyme, CNA) on 
a StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA). The method of presenting quantitative gene 
expression was relative quantification using comparative CT method. β-actin was selected as internal control gene.28 The 
primer sequences were ordered from Hangzhou Youkang Biotechnology Co., Ltd and are shown in Table 2.

Table 2 The Primer Sequences for RT-PCR

Species Genes Primer Sequence (5’-3’)

Mouse Actb Forward AGAGGGAAATCGTGCGTGAC

Reverse CAATAGTGATGACCTGGCCGT

Mouse Cxcl1 Forward CTGGGATTCACCTCAAGAACATC
Reverse CAGGGTCAAGGCAAGCCTC

Mouse Cxcl2 Forward TGTCCCTCAACGGAAGAACC

Reverse CTCAGACAGCGAGGCACATC
Mouse Il6 Forward CTGCAAGAGACTTCCATCCAG

Reverse AGTGGTATAGACAGGTCTGTTGG
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Western Blot (WB)
Mixed 1mL 5×Loading buffer (Beyotime, CNA), 4 mL RIPA (Beyotime, CNA), 200 μL PMSF (Beyotime, CNA) and 36 μL 
β-mercaptoethanol (sangon, CNA) to obtain the 1× Loading buffer. The cell lysate of BMDMs and PMs was collected using 
the 1× Loading buffer. After ultraphonic cell lysis and protein degeneration, Western blot was performed using 6% and 10% 
SDS-PAGE gels (Beyotime, CNA) and transferred to PVDF membranes (Phamtacia Corporation). The membranes were 
then blocked with 5% skim milk (sangon, CNA) in TBST buffer at room temperature for 1 h. Next, they were incubated 
overnight at 4 °C with primary antibodies diluted in 5% skim milk, followed by incubation with fluorescent secondary 
antibodies (EarthOx, USA) for 1 h at room temperature. The antibodies used were anti-β-actin (abclonal, CNA), anti- 
phosphorylated-mTOR (p-mTOR) (Cell Signaling Technology, USA) and anti-p-RPS6(Cell Signaling Technology, USA). 
The blots were imaged using the Odyssey two-color infrared laser imaging system (LI-COR, USA).

Immunofluorescence Analysis (IF)
The cells were fixated with 4% formaldehyde (Sinopharm, CNA) at room temperature for 20 min. After being 
washed with PBS, the cells were treated with 0.1% Triton-X-100 (Sigma-Aldrich, USA) for 10 min to permea-
bilize them, and then blocked with 5% BSA (sangon, CNA) at room temperature for 30 min. After washed with 
PBS, the cells were incubated overnight at 4 °C with primary antibodies, including anti-mouse-F4/80 and anti- 
rabbit-p-RPS6 (Cell Signaling Technology, USA), diluted at 1:200 in 5% BSA. This was followed by incubation 
for 30min at room temperature with fluorescent secondary antibody, Alexa Fluor® 488 goat anti-mouse IgG (HCL) 
antibody (Invitrogen, CNA) and Alexa Fluor® 555 goat anti-rabbit IgG (Invitrogen, CNA) diluted at 1:1000 in 5% 
BSA. Subsequently, the cells were incubated with DAPI (Invitrogen, CNA), diluted at 1:1000 in 5% BSA, for 
20min at room temperature. Image capture was conducted using a fluorescence microscope (OLYMPUS IX83- 
FV3000, JPN), and the relative mean fluorescence intensities were normalized to the levels of the control.

Enzyme Linked Immunosorbent Assay (EILSA)
The BMDMs cell culture supernatant and BALF supernatant of animal model were collected. The concentrations of 
CXCL1, CXCL2 and IL6 were determined with ELISA kits (RD Systems, USA) following the protocol of manufacturer.

Phagocytic Activity
The phagocytic activity of BMDMs is assessed using fluorescenct beads (Sigma-Aldrich, USA) following the instruc-
tions of manufacturer. Flow Cytometry (CytoFLEX S, USA) was administered for phagocytose analysis.

Database Preparation
The 3D crystal structure of mTOR was obtained from the RCSB protein databank (www.rcsb.org, PDB ID: 
5FLC).29 The structure of Rapa as the original ligands was separated from the active site of this complex, and the 
central coordinates of the removed original ligands were defined as the central coordinates for docking. The 3D 
structure of Pam2csk4 was downloaded from the Drugbank database (https://www.drugbank.com/). The ligands 
were prepared according to the default parameters (implemented with the MMFF94 force field) of RDKit. Ten 
most favored poses were then predicted, scored, and presented in kcal/mol using Ledock.30 The root-mean-square 
deviation (RMSD) of 1.0 Å was used for pose categorization, and a value of 20 was used for binding poses, as 
recommended. The results were visualized using Schrödinger 2023–1. The primer sequences for gene identification 
and Q-PCR were obtained from the National Library of Medicine (www.ncbi.nlm.nih.gov/gene/).

Statistical Analysis
The results are presented as mean ± SD. The statistical significance of differences was assessed using one-way ANOVA 
with Tukey’s multiple comparison test, performed with GraphPad Prism 8.4.3 software (GraphPad Software, San Diego, 
CA, USA). The level of significance (* p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001) was used for all tests.
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Results
Rapa Exacerbates S. aureus Pneumonia in Mouse Models
The effect of Rapa on S. aureus pneumonia was investigated. After 3 days of Rapa treatment, mouse models of S. aureus 
pneumonia were constructed (Figure 1A). The representative histological pictures of H&E staining of mouse lungs and 
histological scores showed that the inflammation induced by S. aureus was exacerbated after the treatment of Rapa, as 
more inflammatory cells around the airways could be observed. And intraperitoneal injection of Rapa alone did not cause 
significant inflammatory cell infiltration in the lungs (Figure 1B and C). Accordingly, total cells and neutrophils in BALF 
were increased in Rapa treated mice with S. aureus pneumonia (Figure 1D–F). These results suggest that Rapa 
exacerbates S. aureus pneumonia in mouse models.

Figure 1 Rapa exacerbates S. aureus pneumonia in mouse models.C57BL/6 mice were treated with Rapa 2 mg/kg within day 0–2. The control group was treated with DMSO. On day 3, 
the mice were exposed to S. aureus to establish the pneumonia model; (A) Experimental scheme; (B and C) Representative histological pictures (B) and semi-quantified score (C) of 
H&E staining of mouse lungs, Scale bar: 200 µm; (D) Amounts of total cells; (E and F) Proportion (E) and amounts (F) of neutrophils in BALF. Data represents 3–5 mice in each group and 
were replicated in three independent experiments. Data expressed as mean ± SD in each group. i.p., intraperitoneal injection; i.t., intratracheal instillation; Rapa, Rapamycin; DMSO, 
Dimethyl sulfoxide; S. aureus, Staphylococcus aureus; BALF, bronchoalveolar lavage fluid; + or -, with or without S. aureus infection; *p < 0.05, **p < 0.01.
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Rapa Upregulates S. aureus-Induced Inflammation in Macrophages
The previous results suggested that Rapa may exacerbate lung inflammation by promoting recruitment of neutrophils. 
Macrophages are the major source of neutrophil chemokines, CXCL1 and CXCL2,31 and play vital roles in immunomodulation, 
phagocytosis and antigen presentation. Therefore, BMDMs were cultured in vitro to investigate the effects. The results showed 
that inflammation in macrophages was significantly induced by S. aureus, and Rapa increased the mRNA levels of neutrophil- 
associated chemokines, Cxcl1, Cxcl2 (Figure 2A and B) and inflammatory cytokines Il6 (Figure 2C). Furthermore, Rapa 
increased the protein secretion of CXCL1, CXCL2 and IL6 (Figure 2D–F). These results suggest that Rapa upregulates the 
levels of S. aureus-induced neutrophil-related inflammatory cytokines and chemokines in macrophages.

S. aureus Upregulates mTOR Phosphorylation in Macrophages
Previous results (Figure 2) suggested that Rapa exacerbated the S. aureus-induced inflammatory response in macro-
phages. Rapa has been reported to inhibit the phosphorylation of mTOR. To investigate the effects of mTOR on 
macrophages infected by S. aureus, BMDMs and PMs were cultured in vitro and infected with S. aureus. Consistent 
with our expectations, levels of p-mTOR protein increased (Figure 3A–C), indicating the potential importance of mTOR 
in defense against S. aureus infection. Subsequently, the potential mechanism was explored. LPPs, a group of membrane 
proteins of S. aureus, are a major regulator of macrophage immune responses and metabolism, with di-acylated 
lipopeptides in LPPs showing the most significant effect.7 Molecular docking was performed to investigate the possible 
interaction of mTOR and Pam2csk4, a synthetic analogue of di-acylated lipopeptides. The dimerized mTOR and the most 

Figure 2 Rapa upregulates inflammation levels in BMDMs induced by S. aureus. BMDMs and culture supernatant were collected for Q-PCR and ELISA after incubation with 
Rapa (20 nM) for 3 hours and S. aureus (10 MOI) for 6 hours. (A) Cxcl1 mRNA; (B) Cxcl2 mRNA; (C) Il6 mRNA; (D) CXCL1 protein; (E) CXCL 2 protein; (F) IL6 protein. 
Data in panels (A–F) represent 3 samples for each group and were replicated in 3 independent experiments. Data expressed as mean ± SD in each group. Rapa, Rapamycin; 
DMSO, Dimethyl sulfoxide; S. aureus, Staphylococcus aureus; CXCL1, C-X-C motif chemokine ligand 1; CXCL2, C-X-C motif chemokine ligand 2; IL6, interleukin 6; + or -, 
with or without S. aureus infection; * p < 0.05, *** p < 0.001, ****p < 0.0001.
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favored binding sites were shown (Figure 3D). The binding energy of the optimal binding conformation between 
Pam2csk4 and mTOR was −6.89 kcal/mol (Figure 3F), compared to −5.24 kcal/mol between Rapa and mTOR 
(Figure 3E), which indicated a possible strong affinity between Pam2csk4 and mTOR. The binding contribution between 
mTOR and Rapa (Figure 3G) or Pam2csk4 (Figure 3H) was visualized using 2D maps. For Rapa, hydrophobic 
interactions provided the most powerful free energy for conformational homeostasis. Moreover, Glu2032 and His2028 
played the roles of hydrogen acceptor and donor, forming hydrogen bonds with the hydroxyl group of Rapa, respectively. 

Figure 3 S. aureus induces mTOR activation in macrophages. Cells were infected with S. aureus for various concentrations (MOI) and timepoints (hours); (A and B) WB for 
p-mTOR protein in BMDMs; (C) WB for p-mTOR protein in PMs; (D) 3D structure of dimerized mTOR and the most favored binding sites; (E and F) 3D interaction 
structure between mTOR and Rapa (E) or Pam2csk4 (F); (G and H) 2D interaction structure between mTOR and Rapa (G) or Pam2csk4 (H). Data in panels (A–C) were 
replicated in 3 independent experiments. p-mTOR, phosphorylated mechanistic target of rapamycin; ACTB, β-actin; S. aureus, Staphylococcus aureus; MOI, multiplicity of 
infection; GLU, Glutamic Acid; HIS, Histidine; SER, Serine.
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For Pam2csk4, more electrostatic interactions were involved in the combination of them. Glu2032, Arg2036, Lys2166 
were key residues. Therefore, we believe that di-acylated lipopeptides serve as potential ligands of mTOR.

Rapa Exacerbates S. aureus-Induced Inflammation in Macrophages via mTOR-RPS6 
Pathway
RPS6, one of the downstream proteins of mTOR, can be phosphorylated and activated upon mTOR activation. In vitro, 
WB and IF results showed that p-RPS6 protein levels were increased in macrophages infected with S. aureus 
(Figure 4A–E). This effect was also observed in vivo, as demonstrated by the IF results of BALF cells (Figure 4F and 
G). These results suggest the activation of the mTOR-RPS6 pathway during S. aureus infection in macrophages. 
Subsequently, we investigated whether Rapa regulates inflammation by affecting this pathway. In BMDMs, Rapa 
inhibited the phosphorylation of RPS6 (Figure 4H). When utilizing PF4708671 to inhibit RPS6 phosphorylation, the 
levels of Cxcl1 and Cxcl2 induced by S. aureus significantly increased (Figure 4I and J). These results suggest that Rapa 
may upregulate the level of S. aureus-induced inflammation by inhibiting the activation of the mTOR-RPS6 pathway.

Rapa Does Not Affect the Phagocytosis of Macrophages
To investigate whether the increased release of inflammatory cytokines and chemokines from macrophages is also 
affected by phagocytosis, we used PE-fluorescent beads to observe macrophage phagocytosis. The proportion of 
macrophages with PE fluorescence detected by flow cytometry (Figure 5A and B) can reflect the phagocytic activity 
of macrophages. Our results suggest that Rapa does not significantly increase the phagocytic activity of macrophages 
(Figure 5C). Furthermore, the S. aureus CFU from BMDMs culture supernatant appeared to be the same in two groups 
(Figure 5D), indicating that the phagocytosis of S. aureus was also not affected by Rapa. These results suggest that the 
upregulation of inflammation in macrophages is not due to an increased phagocytic capacity.

Specific Knockout of Mtor in Mice Myeloid Cells Exacerbates S. aureus Pneumonia
To clarify whether mTOR can regulate the inflammation induced by S. aureus in vivo, Mtor-specific knockout in myeloid 
cells mice models with S. aureus pneumonia were constructed. The representative histological pictures of H&E-stained 
mouse lungs showed that the inflammation was significantly induced by S. aureus. Furthermore, an even greater increase 
in inflammatory cells around the airways could be observed in myeloid cells-specific Mtor knockout mice (Figure 6A and 
B). Accordingly, the total cell counts and the number of neutrophils in the BALF were increased (Figure 6C and D), and 
levels of neutrophil-related chemokines, CXCL1 and CXCL2, were also found to be increased in the supernatant of 
BALF (Figure 6E and F). These results suggest that specific knockout of Mtor in myeloid cells exacerbated S. aureus 
pneumonia in vivo.

Discussion
Although Rapa is a promising drug due to its significant immunosuppressive, antitumor and anti-aging effects, its 
inflammatory side effects are not negligible and should not be overlooked. Our study demonstrates that Rapa exacerbates 
inflammation in S. aureus pneumonia by upregulating the release of cytokines and chemokines from macrophages. 
Consistent with our results, a multicenter clinical study involving 30 renal transplant patients suggests that after the use 
of Rapa, two-thirds of patients exhibit at least one symptom of inflammation. The most common symptom reported is 
impaired skin mucosa, often accompanied by increased levels of IL6 and TNFα.32 A meta-analysis of 10 clinical trials, 
which includes 779 participants, has found an increasing risk of rash and stomatitis in cancer patients treated with Rapa. 
This risk is independent of the type of cancer being treated.33 And this inflammatory effect is also observed in healthy 
older adults. A randomized clinical study reveals a 264% increase in IL6 levels and a 16% increase in TNFα levels in the 
serum after six weeks of Rapa treatment at a dose of 1 mg/day.34 In addition to skin and mucosa inflammation, cases of 
Rapa-associated arthritis, colitis, and pneumonia have also been reported.15,35,36 Our study suggests that Rapa exacer-
bates the inflammation caused by S. aureus infection, which emphasizes the importance of monitoring Rapa’s side effects 
on opportunistic infections, in addition to non-infectious inflammation. There are also some studies suggesting the effect 
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Figure 4 Rapa exacerbates the S. aureus-induced inflammation via mTOR-RPS6 pathway in macrophages. Cells were infected with S. aureus for varying concentrations (MOI) 
and times (hours); (A and B) WB for p-RPS6 protein in BMDMs; (C) WB for p-RPS6 protein in PMs; (D and E) IF for p-RPS6 protein in BMDMs. C57BL/6 mice were 
exposed to S. aureus i.t. to establish a pneumonia model, and the control group was treated with saline; (F and G) IF for p-RPS6 protein in macrophages in BALF. Cells were 
incubated with Rapa (20 nM) or PF4708671 (10 μM) for 3 hours, and infected by S. aureus (10 MOI) for 6 hours. (H) WB for p-RPS6 protein in BMDMs; (I and J) Q-PCR for 
Cxcl1 and Cxcl2 mRNA in BMDMs. Data in panels (A–J) represent 3 samples for each group and were replicated in 3 independent experiments. Data expressed as mean ± 
SD in each group. Rapa, Rapamycin; DMSO, Dimethyl sulfoxide; S. aureus, Staphylococcus aureus; p-RPS6, phosphorylated Ribosomal protein S6; ACTB, β-actin; DAPI, 
4’,6-diamidino-2-phenylindole; F4/80, mouse EGF-like module-containing mucin-like hormone receptor-like 1; Cxcl1, C-X-C motif chemokine ligand 1; Cxcl2, C-X-C motif 
chemokine ligand 2; MOI, multiplicity of infection; + or -, with or without S. aureus infection; *p < 0.05, **p < 0.01, ****p < 0.0001.
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of Rapa on other bacterial pneumonia. An article shows that Rapa can alleviate LPS-induced pneumonia.37 Additionally, 
it has been shown that Rapa enhances resistance to Streptococcus pneumoniae pneumonia in aged mice by reducing 
cellular aging.38 These effects differ from our findings, indicating that Rapa may have varying effects against different 
bacteria.

mTOR is the target of Rapa and is commonly reported to be involved in cellular anabolic metabolism.24 Our results 
demonstrate an increase in mTOR phosphorylation when macrophages are infected with S. aureus. Additionally, inhibiting 
or knocking down mTOR can enhance the release of inflammatory cytokines induced by S. aureus. These findings suggest 
that mTOR may play a crucial role in regulating S. aureus infection and the levels of chemokines. Consistent with our study, 
enhancing the mTOR phosphorylation capacity in NK cells improved immune defense against opportunistic infections.39 In 
Epilepsy patients, the inhibition of mTOR increased the production of inflammatory cytokines in their peripheral mono-
nuclear blood cells.40 However, when macrophages infected with Trueperella pyogenes were treated with mTOR siRNA, 
the relative levels of IL1β, IL6 and TNFα were observed to be decreased.41 These results suggest that the effects of mTOR 
on immune cells and cytokine levels may be convincible but heterogeneous.

The main functions of mTOR activation are the promotion of anabolism and the inhibition of catabolism. Its 
downstream effects include the activation of S6K to increase the phosphorylation of RPS6, as well as the inhibition of 
autophagy, lysosome biogenesis, and proteasome assembly.24 Autophagy is considered to be induced by S. aureus 
infection, facilitating its clearance.42 However, in some conditions, S. aureus can block autophagy flux, for example, by 
inhibiting the conversion of LC3-I to LC3-II and increasing the accumulation of p62. It can also increase the pH in 
autolysosomes, allowing it to evade autophagic degradation.43 Through this mechanism, S. aureus acquires an intracel-
lular survival niche, consequently facilitating its dissemination within the host.44 Our study demonstrates that p-RPS6, 
another downstream molecule of mTOR that regulates 5’ cap-dependent protein translation, is increased in macrophages 

Figure 5 Rapa does not affect the phagocytosis of BMDMs. Cells were collected for FC after incubation with Rapa (20 nM) for 9 hours and fluorescent beads (3 μL/mL) for 
0.5 hours. (A) The FC gating strategy; (B and C) The percentage of cells with beads. Cells were incubated with Rapa (20 nM) for 3 hours and infected with S. aureus (10 
MOI) for 6 hours; (D) The culture supernatant concentration of S. aureus. Data in panels (A–D) represented 3 samples for each group and were replicated in 3 independent 
experiments. Data expressed as mean ± SD in each group. Rapa, Rapamycin; FSC-A, forward scatter- area; FSC-H, forward scatter- height; SSC-A, side scatter-area; PE, 
Phycoerythrin; + or -, with or without Rapa treatment; ns, no significance.
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infected with S. aureus.24 These finding indicates that protein synthesis may play a role in regulating cytokine levels. The 
inhibition of mTOR-RPS6 leads to the expansion of the free amino acid pool, which may provide flexible possibilities for 
regulating chemokine and cytokine levels in the various conditions mentioned above.

Figure 6 Specific knockout of Mtor in mouse myeloid cells exacerbates S. aureus pneumonia. Mtorf/f and LysMCre-Mtorf/f mice were exposed to S. aureus i.t. to establish 
a pneumonia model; The control group was treated with saline. (A and B) Representative histological pictures (A) and semi-quantified score (B) of H&E staining of mouse 
lungs, Scale bar: 200 µm; (C and D) Amounts of total cells (C) and neutrophils (D) in BALF; (E and F) chemokines in BALF, (E) CXCL1 protein; (F) CXCL2 protein. Data in 
panels represented 3–5 mice for each group and were replicated in three independent experiments. Data expressed as mean ± SD in each group. Mtorf/f, Mtorflox/flox; 
LysMCre, lysozyme M-Cre; S. aureus, Staphylococcus aureus; BALF, bronchoalveolar lavage fluid; CXCL1, C-X-C motif chemokine ligand 1; CXCL2, C-X-C motif chemokine 
ligand 2; + or -, with or without S. aureus infection; * p < 0.05, ** p < 0.01, ****p < 0.0001.
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Macrophages can phagocytose antigens and digest them into peptide fragments.45 There were still not enough convincing 
studies showing that mTOR regulates the bacterial phagocytosis process. Our results indicate that Rapa does not significantly 
increase the phagocytic activity of macrophages. Most of the current studies on the anti-bacterial effects of mTOR are focused on 
the digestion process following phagocytosis.46,47 It has been shown that inhibition of mTOR in dendritic cells induces autophagy 
and enhances cellular response to antigen peptide presentation.46 In macrophages infected by Trueperella pyogenes, mTOR 
functions as a potent regulator in autophagy-mediated bacteria elimination.41 These results indicate that mTOR in immune cells 
participants in the digestion of antigens after phagocytosis, and further research is needed to investigate the phagocytic process of 
bacteria in order to enhance bacterial clearance.

Our study still has some limitations, we did not collect data from patients with S. aureus pneumonia. Furthermore, 
additional investigation is needed to determine the detailed mechanisms of Rapa and the mTOR-RPS6 pathway in 
regulating S. aureus-induced macrophage inflammation and pneumonia.

Conclusion
Our study shows that Rapa exacerbates S. aureus pneumonia by increasing the inflammatory levels of macrophages. 
Inhibition of mTOR-RPS6 pathway upregulates the expression of cytokines and chemokines in macrophages, thus 
increases inflammatory cells infiltration and exacerbates tissue damage. However, phagocytosis is not affected. This 
suggests that patients using Rapa in clinic need to be alert to opportunistic infections, and that the drug does not increase 
the clearance capacity of macrophages. Instead, it may induce macrophages to release more chemokines, exacerbating 
tissue damage.
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