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Multiple cellular activities, including protein and lipid synthesis, ribosome biogenesis, and
metabolic processes, are regulated by the target of rapamycin (TOR) pathway. Recent
research suggests that the TOR might play an important role in various physiological
functions of pathogenic fungi, such as nutrient sensing, stress response, and cell cycle
progression. Given their robust immunosuppressant and antitumor activities, TOR
inhibitors are widely used in clinical settings. In the present study, a microdilution
checkerboard-based approach was employed to assess the interactions between the
oral mammalian target of rapamycin (mTOR) inhibitor everolimus (EVL) and antifungal
agents in the treatment of Aspergillus species derived from 35 clinical isolates in vitro. The
results revealed that EVL exhibited promising inhibitory synergy with itraconazole (ITC),
posaconazole (POS), and amphotericin B (AMB) for 85.7%, 74.2%, and 71.4%,
respectively. In contrast, EVL exhibited minimal synergistic inhibitory activity (14.3%)
when applied in combination with voriconazole (VRC). Antagonistic interactions were
not observed. In vivo experiments conducted in Galleria mellonella revealed that EVL in
combination with antifungal agents improved the larva survival rates in the ITC, VRC,
POS, and AMB groups by 18.3%, 13.3%, 26.7%, and 13.3%, respectively. These data
suggest that the combination treatment with antifungal agents and antifungal agents holds
promise as a means of alleviating clinical aspergillosis.

Keywords: TOR pathway, TOR inhibitor, everolimus, azoles, Aspergillus
INTRODUCTION

Aspergillus species are major drivers of invasive fungal infections and associated mortality in
immunosuppressed individuals (Kontoyiannis and Bodey, 2002). Aspergillus spp. spores are
common in the environment and are thus easily transferred through the air such that they can
cause cutaneous and respiratory infections (Thompson and Young, 2021). The widespread
utilization of immunosuppressants, antibiotics, corticosteroids, and related drugs has contributed
to the gradually rising rates of Aspergillus infections, particularly in susceptible individuals with
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chronic systemic diseases (Thompson and Young, 2021;
Cadena et al., 2021). Invasive pulmonary aspergillosis has
been identified as the most common cause of mortality
among critically ill individuals (Ramirez and Garnacho-
Montero, 2018), resulting in lung tissue inflammation,
degradation, and necrosis together with the disruption of the
pulmonary vasculature and consequent symptoms including
asthma, hemoptysis, and respiratory failure. Management of
this deadly disease remains challenging, but the development of
novel antifungal azole drugs (e.g., voriconazole, posaconazole,
and isavuconazole), amphotericin B (AMB) lipid formulations
(liposomal AMB and AMB lipid complex), and echinocandins
(e.g., caspofungin, micafungin, and anidulafungin) has greatly
expanded the treatment options available to patients in recent
years (Ledoux et al., 2020). Unfortunately, antifungal resistance
remains an increasingly common finding in the context of
aspergillosis, and the mortality rates remain high. In an effort to
overcome the limitations of current therapeutic strategies,
combination therapies must be explored through in
vitro testing.

Target of rapamycin (TOR) is a highly conserved serine/
threonine kinase that serves as a primary regulator of cellular
metabolism, protein synthesis, and cell cycle progression in
eukaryotes that is frequently deregulated in cancer (Baldin
et al., 2015). As such, TOR is an attractive target for cancer
therapy and has an important role in the antifungal area (Gao
et al., 2016). Rapamycin is a macrolide that has antifungal and
immunosuppressive effects, but its inherent toxicities limit its
clinical application (Sehgal, 2003). Recently developed
rapamycin analogs, such as INK128, have been proven to be
less toxic and to synergistically interact with antifungal agents
(Gao et al., 2016). TOR inhibitors additionally exhibit great
potential for the antifungal treatment of cancer patients who
are vulnerable to fungal infections, including those caused by
Aspergillus species.

Everolimus (EVL) is a rapamycin derivative with good oral
availability that has shown great promise as an agent capable of
treating cancer and preventing acute rejection in solid organ
transplant recipients in randomized clinical trials (Tedesco-Silva
et al., 2022). As these patients frequently suffer from
opportunistic pathogen infections including Aspergillus spp.,
this work was developed to explore the combinatory influence
of EVL and AMB or azole antifungal agents in order to establish
whether these compounds exhibit synergistic inhibitor activity
against clinical Aspergillus isolates.
MATERIALS AND METHODS

Fungal Strains
For this study, 35 clinical isolates were tested, which included 18
Aspergillus fumigatus isolates, 12 Aspergillus flavus isolates, and 5
Aspergillus terreus isolates, with testing being conducted via a 96-
well plate-based approach, as detailed previously (Pierce et al.,
2018). For quality control, Candida parapsilosis (ATCC22019)
and A. flavus (ATCC204304) were used. All clinical isolates were
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obtained from patients suffering from invasive pulmonary
aspergillosis and who had undergone molecular and
morphological identification to confirm identity of the strain.

Antifungal Agents
Antifungal drugs were purchased from Sigma Chemical Co. (St.
Louis, MO, USA) in powder form, which included itraconazole
(ITC; purity, ≥99%), voriconazole (VRC; purity, ≥99%),
posaconazole (POS; purity, ≥99%), and AMB (purity, ≥80%).
For the tested drugs, the working concentration range was 0.06–
16 µg/ml. EVL (purity, ≥99%) was purchased from Selleck
Chemicals (Houston, TX, USA), with a working concentration
range of 0.25–32 µg/ml. All drugs were prepared following the
broth microdilution method M38-A2 as detailed by the Clinical
and Laboratory Standards Institute (CLSI) (Clinical and
Laboratory Standards Institute, 2008).

Inoculum Preparation
Conidia were suspended in sterile distilled water at 1–
5 × 106 colony forming units (CFU)/ml from cultures grown
for 4 days on Sabouraud dextrose agar (SDA), followed by 100-
fold dilution using RPMI-1640 to yield a final concentration of
1–5 × 104 CFU/ml.

In Vitro Antifungal Activity of Individual
Tested Agents
The individual minimal inhibitory concentrations (MICs) of
EVL, ITC, VRC, POS, and AMB were determined according to
the M38-A2 method. Briefly, 100 ml of the prepared inoculum
and 100 ml of serially diluted test drugs were added to the wells of
96-well plates. Following incubation for 48 h at 35°C, the MICs
were established based on the lower drug concentration
completely inhibiting growth. Assays were conducted
in triplicate.

Antimicrobial Checkerboard
Synergy Assay
The interactive effects between EVL and the selected
antimicrobial drugs on the target fungal strains were analyzed
through a microdilution checkerboard approach. Briefly,
serially diluted EVL (50 ml) was added horizontally to a 96-
well plate, with 50 ml of serially diluted antifungal drugs of
interest, then added in a vertical direction to the wells already
containing 100 ml of the prepared inoculum following
incubation for 48 h at 35°C. The interaction of EVL with
antifungal agents was referred to as the fractional inhibitory
concentration index (FICI) (Odds, 2003), which was classified
as follows: FICI of ≤0.5, synergy; FICI from >0.5 to ≤4, no
interaction (indifference); and FICI of >4, antagonism. All tests
were performed in triplicate.

In Vivo Analyses of the Combined
Effects of EVL and Antifungal Agents
Against A. fumigatus
A Galleria mellonella (300 mg; Sichuan, China) A. fumigatus
infection model was used to conduct survival testing examining
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the in vivo impact of EVL treatment alone or in combination
with antifungal agents in vivo. Prior to use, the larvae were kept
at room temperature in the dark, while A. fumigatus AF1 was
harvested using sterile plastic loops to gently scrape the culture
surface following growth for 4 days on SDA. Fungi were rinsed
two times and suspended in sterile saline at 1 × 108 CFU/ml. The
following nine intervention treatment groups were established:
EVL treatment group, ITC treatment group, POS treatment
group, VRC treatment group, AMB treatment group, EVL
+ITC treatment group, EVL+POS treatment group, EVL+VRC
treatment group, and EVL+AMB treatment group. Moreover, a
sterile saline group, a conidia suspension group, and a no contact
group were set as controls.

The conidia suspension (10 ml per larva, 1 × 108 CFU/ml) and
control solution or antifungal agents (1 mg per larvae, 200 mg/L)
were injected using a Hamilton syringe (25-gauge, 50 ml) into the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
last left proleg. The survival rate of the larvae was recorded every
day for 6 days after infection. The Kaplan–Meier method was
used to analyze the survival curves, and the log-rank (Mantel–
Cox) test was utilized to determine differences. At a p-value of
<0.05, differences were considered significant.
RESULTS

In Vitro Antifungal Activities of Individual
Tested Agents
The MIC values of the tested drugs used to treat planktonic
Aspergillus isolates were ≥32 mg/ml for EVL, 0.125–4 mg/ml for
ITC, 0.125–4 mg/ml for VRC, 0.062–4 mg/ml for POS, and 1–
16 mg/ml for AMB (Table 1).
TABLE 1 | Results of the minimal inhibitory concentrations (MICs) and fractional inhibitory concentration indices (FICIs) with the combinations of everolimus (EVL) and
antifungal agents against Aspergillus strainsa.

Strains MIC (mg/ml) MIC [drugA/drugB (mg/ml)] (FICI)

EVL ITC VRC POS AMB EVL/ITC EVL/VRC EVL/POS EVL/AMB

Aspergillus fumigatus
AF1 >32 1 1 1 4 1/0.125 (0.15, S) 2/0.062 (0.12, S) 1/0.25 (0.28, S) 1/1 (0.28, S)
AF2 >32 4 0.5 2 4 2/0.5 (0.18, S) 0.25/0.5 (1.01, I) 1/0.5 (0.28, S) 0.25/4 (1.01, I)
AF3 >32 2 0.25 4 4 1/0.5 (0.28, S) 0.25/0.25 (1.01, I) 0.5/1 (0.26, S) 1/1 (0.28, S)
AF4 >32 4 4 0.25 2 1/1 (0.28, S) 0.25/2 (0.51, I) 0.25/0.25 (1.01, I) 2/0.5 (0.31, S)
AF5 >32 2 0.25 2 4 1/0.5 (0.28, S) 0.25/0.25 (1.01, I) 1/0.5 (0.28, S) 1/2 (0.53, I)
AF6 >32 2 0.5 2 8 2/0.5 (0.31, S) 0.25/0.5 (1.01, I) 1/0.5 (0.28, S) 1/2 (0.28, S)
AF7 >32 2 0.25 1 4 2/0.5 (0.31, S) 0.25/0.25 (1.01, I) 1/0.25 (0.28, S) 1/1 (0.28, S)
AF8 >32 1 2 0.062 4 4/0.25 (0.37, S) 2/0.5 (0.31, S) 0.5/0.062 (1.01, I) 0.5/1 (0.26, S)
AF9 >32 2 0.5 2 4 4/0.5 (0.37, S) 0.25/0.5 (1.01, I) 1/0.5 (0.28, S) 1/1 (0.28, S)
AF10 >32 0.25 0.25 2 8 4/0.062 (0.37, S) 0.25/0.25 (1.01, I) 2/0.5 (0.31, S) 1/2 (0.28, S)
AF11 >32 0.5 0.5 0.062 1 4/0.125 (0.37, S) 0.25/0.5 (1.01, I) 0.25/0.062 (1.01, I) 1/0.25 (0.28, S)
AF12 >32 0.25 0.25 4 4 4/0.062 (0.37, S) 0.25/0.25 (1.01, I) 1/1 (0.28, S) 2/1 (0.31, S)
AF13 >32 0.5 0.5 0.062 2 4/0.125 (0.37, S) 0.25/0.5 (1.01, I) 0.25/0.062 (1.01, I) 0.25/1 (0.51, I)
AF14 >32 0.5 0.5 0.5 4 4/0.125 (0.37, S) 4/0.25 (0.63, I) 1/0.062 (0.15, S) 0.5/2 (0.51, I)
AF15 >32 0.5 0.25 0.25 2 4/0.125 (0.37, S) 0.5/0.25 (1.01, I) 1/0.062 (0.28, S) 1/1 (0.53, I)
AF16 >32 0.25 0.5 0.125 4 8/0.062 (0.5, I) 0.25/0.5 (1.01, I) 0.25/0.062 (0.51, I) 0.5/1 (0.27, S)
AF17 >32 0.5 0.5 0.062 1 2/0.25 (0.56, I) 0.25/0.5 (1.01, I) 0.25/0.062 (1.01, I) 0.5/0.25 (0.27, S)
AF18 >32 0.5 0.5 0.062 4 2/0.25 (0.56, I) 0.25/0.5 (1.01, I) 0.25/0.062 (1.01, I) 2/1 (0.31, S)
Aspergillus flavus
AFL1 >32 1 0.25 2 4 2/0.125 (0.19, S) 0.25/0.25 (1.01, I) 1/0.25 (0.16, S) 1/1 (0.28, S)
AFL2 >32 2 0.5 2 4 0.5/0.5 (0.27, S) 2/0.125 (0.31, S) 1/0.25 (0.16, S) 1/0.25 (0.09, S)
AFL3 >32 2 1 2 16 1/0.5 (0.28, S) 1/0.5 (0.53, I) 2/0.5 (0.31, S) 0.25/4 (0.25, S)
AFL4 >32 2 1 4 8 1/0.5 (0.28, S) 0.25/1 (1.01, I) 1/1 (0.28, S) 1/2 (0.28, S)
AFL5 >32 2 0.5 2 8 1/0.5 (0.28, S) 0.25/0.5 (1.01, I) 1/0.25 (0.16, S) 4/2 (0.375, S)
AFL6 >32 0.5 0.125 1 2 1/0.125 (0.28, S) 2/0.062 (0.56, I) 1/0.062 (0.09, S) 8/0.5 (0.5, I)
AFL7 >32 0.5 1 0.125 8 2/0.125 (0.31, S) 2/0.25 (0.31, S) 1/0.062 (0.53, I) 4/1 (0.25, S)
AFL8 >32 0.5 0.5 0.25 4 2/0.125 (0.31, S) 0.25/0.5 (1.01, I) 1/0.062 (0.28, S) 1/1 (0.28, S)
AFL9 >32 0.25 0.5 0.25 4 2/0.062 (0.31, S) 0.25/0.5 (1.01, I) 1/0.062 (0.28, S) 1/1 (0.28, S)
AFL10 >32 0.5 0.125 0.5 2 2/0.125 (0.31, S) 8/0.062 (0.52, I) 2/0.062 (0.18, S) 2/0.5 (0.31, S)
AFL11 >32 0.5 0.5 1 4 2/0.125 (0.31, S) 2/0.25 (0.56, I) 1/0.125 (0.16, S) 0.5/2 (0.52, I)
AFL12 >32 0.25 0.5 0.25 4 2/0.062 (0.31, S) 4/0.25 (0.62, I) 1/0.062 (0.28, S) 8/1 (0.5, I)
Aspergillus terreus
AT1 >32 0.5 1 1 8 2/0.125 (0.31, S) 0.5/0.5 (0.52, I) 1/0.25 (0.28, S) 1/2 (0.28, S)
AT2 >32 2 0.5 4 4 4/0.5 (0.37, S) 0.25/0.5 (1.01, I) 0.5/1 (0.26, S) 1/2 (0.53, I)
AT3 >32 0.5 0.5 0.062 2 4/0.125 (0.37, S) 0.25/0.5 (1.01, I) 0.25/0.062 (1.01, I) 4/1 (0.63, I)
AT4 >32 0.125 0.5 2 8 0.25/0.062 (0.51, I) 2/0.125 (0.31, S) 1/0.25 (0.15, S) 1/2 (0.28, S)
AT5 >32 0.125 0.25 4 4 0.25/0.062 (0.51, I) 0.25/0.25 (1.01, I) 1/1 (0.28, S) 2/1 (0.31, S)
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ITC, itraconazole; VRC, voriconazole; POS, posaconazole; AMB, amphotericin B; S, synergy (FICI ≤ 0.5); I, indifference; (no interaction, FICI from >0.5 to ≤4); EVL, everolimus.
aMICs were the concentrations that achieved 100% growth inhibition.
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In Vitro Interactions Between EVL and
Antifungal Agents
Combining EVL and ITC reduced the MIC values to 0.25–8 and
0.062–1 mg/ml, respectively, consistent with the best synergistic
interaction against the tested Aspergillus spp. (85.7%), including
all A. flavus strains, 15 A. fumigates strains, and 3 A. terreus
strains (Tables 1 and 2).

When EVL and POS were combined, the MIC values for these
two compounds decreased to 0.25–2 and 0.062–1 mg/ml,
respectively, exhibiting synergistic activity against 74.2% of the
tested Aspergillus spp., including 11 A. fumigates strains, 11 A.
flavus strains, and 4 A. terreus strains.

Combining EVL and AMB reduced the MIC values for these
two compounds to 0.25–8 and 0.5–4 mg/ml, respectively,
consistent with synergistic activity against Aspergillus spp.
(71.4%), including 13 A. fumigates strains, 9 A. flavus strains,
and 3 A. terreus strains.

Combining EVL and VRC resulted in respective effective
working ranges of 0.25–8 and 0.5–4 mg/ml, with synergism
being observed against five tested Aspergillus isolates, including
2 A. fumigates strains, 2 A. flavus strains, and 1 A. terreus strain.

No antagonistic interactions were observed between the
tested drugs.

In Vivo Interactions Between EVL
and Azoles Antifungal Agents
Against A. fumigates
The larval survival rates in the groups after treatments with ITC,
VRC, POS, and AMB alone were 33.3%, 51.67%, 38.33%, and
36.67%, respectively. When combined with EVL, the survival
rates in the EVL+ITC, EVL+VRC, EVL+POS, and EVL+AMB
groups increased to 51.67%, 65%, 65%, and 50%, respectively.
Treatment with EVL combined with antifungal agents
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
significantly (p < 0.05) enhanced the survival of A. fumigates-
infected larvae, especially in the EVL+POS and EVL+ITC
groups, with respective survival rate increases of 26.7% and
18.3% (Figure 1). Treatment with EVL alone had no impact
on the outcomes of A. fumigates infection.
DISCUSSION

Compounds that can inhibit the mammalian target of rapamycin
(mTOR) signaling pathway are frequently utilized to treat
patients with cancer and individuals who have undergone
organ transplantation. However, these drugs are also
immunosuppressive and can increase the risk of invasive
fungal infections, such as invasive aspergillosis, thus
necessitating simultaneous antifungal treatment. However,
when patients undergo antifungal treatment, they may exhibit
more complications, such as secondary infections, organ failure,
or death (Vidanapathirana et al., 2021). If immunosuppressive
agents can exhibit intrinsic antifungal activity or enhance the
antifungal ability of antifungals, they may facilitate better
outcomes for patients.

Recent studies have suggested that the TOR signaling
pathway may be a potential regulatory node in A. fumigates
(Crespo and Hall, 2002), as TOR is a known regulator in stress
response, nutrient sensing, cell cycle progression, degradation
process, and protein biosynthesis [Baldin et al., 2015). The TOR
inhibitor rapamycin was originally identified as being able to
suppress the growth of many species of fungi, including Candida,
Aspergillus, Fusarium, Cryptococcus, and Penicillium, as well as
dermatophyte species [Rohde and Cardenas, 2004; Tedesco-Silva
et al., 2022). Rapamycin and caspofungin have also been shown
to positively interact when used to treat A. fumigatus isolates
FIGURE 1 | Survival curves for Galleria mellonella infected with Aspergillus fumigates AF1. Untreated Group, uninfected wild–type larvae, Conidial Group, larvae
infected with A. fumigates without any treatment, Saline Group, wild–type larvae injected with saline, EVL Group, A. fumigates–infected larvae treated with everolimus
(EVL) only, ITC Group, A. fumigates–infected larvae treated with itraconazole (ITC) only, VRC Group, A. fumigates–infected larvae treated with voriconazole (VRC)
only, POS Group, A. fumigates infected larvae treated with posaconazole (POS) only, AMB Group, A. fumigates–infected larvae treated with amphotericin B (AMB)
only, EVL+ITC Group, A. fumigates–infected larvae treated with EVL combined with ITC, EVL+VRC Group, A. fumigates–infected larvae treated with EVL combined
with VRC, EVL+POS Group, A. fumigates–infected larvae treated with EVL combined with POS, EVL+AMB Group, A. fumigates–infected larvae treated with EVL
combined with AMB.*p < 0.05.
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[Kontoyiannis et al., 2003), while the analogous drug INK128
synergized with azoles in the treatment of a range of Aspergillus
spp (Gao et al., 2016).. In clinical settings, however, rapamycin
was found to be a poor antifungal agent owing to its potent
immunosuppressive activity. Although promising, INK128 is still
undergoing clinical evaluation through appropriate drug trials
(Li et al., 2021).

In this study, we investigated another TOR inhibitor, EVL,
which can be administered orally and has received approval from
the United States Food and Drug Administration (FDA) for
prophylactic treatment (Gabardi and Baroletti, 2010; Hasskarl,
2018). In the context of transplantation, EVL exhibits
immunosuppressive properties and can prevent acute organ
rejection. Moreover, it may be sufficiently potent to enable the
minimization or elimination of calcineurin inhibitors when
managing patients who have received kidney transplants. In
oncological settings, EVL can effectively treat individuals with
renal cell carcinoma that is resistant to all forms of treatment. In
cardiological contexts, EVL is available in the form of a drug–
coated stent that is used in percutaneous coronary interventions
to prevent restenosis (Rodrıǵuez-Arias et al., 2020). In patients
with renal cell carcinoma and transplant recipients, EVL appears
to have an extensive profile of adverse reactions. Currently, the
oral EVL dose for cardiac and renal transplant recipients is
0.75 mg, twice daily (Dunn and Croom, 2006), whereas it is
administered once per day at a 10–mg dose in oncological
contexts (Oudard et al., 2009).

In this study, a single–agent EVL treatment failed to exhibit any
activity against the tested Aspergillus spp. even at the highest
dosage. When combined with antifungal agents, however, EVL
exhibited synergistic activity, inhibiting the growth ofA. fumigates,
A. flavus, and A. terreus isolates. No antagonistic interactions
between these different antifungal agents were detected. For in vivo
experiments, G. mellonella was used as an animal model for A.
fumigates infection. When combined with EVL, the survival of
larvae in the ITC, VRC, POS, and AMB groups respectively
increased by 18.3%, 13.3%, 26.7%, and 13.3%, indicating that
these combinations, and particularly EVL+POS, are promising
treatments for clinical Aspergillus infections.

Although further work is needed to clarify the underlying
mechanistic basis for the observed synergy, these data highlight a
promising therapeutic option to alleviate clinical Aspergillus
infections, particularly in cancer patients and individuals
undergoing organ transplantation, with the synergistic
combinations of these drugs being recommended as a means
of achieving better outcomes.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
CONCLUSIONS

In summary, we herein found that the TOR inhibitor EVL exhibits
synergistic antifungal activity with azoles and AMB when used to
treat Aspergillus spp., indicating that the combinations of these
pharmaceutical agents may be a more reliable therapeutic option for
the treatment of patients with aspergillosis.
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TABLE 2 | Summary of drug interactions for the combination of everolimus (EVL) and antifungal agents.

Species (n) n (%) of isolates showing synergism for the combination

EVL+ITC EVL+VRC EVL+POS EVL+AMB

Aspergillus fumigatus (18) 15 (83.3) 2 (11.1) 11 (61.1) 13 (72.2)
Aspergillus flavus (12) 12 (100) 2 (16.7) 11 (91.7) 9 (75)
Aspergillus terreus (5) 3 (60) 1 (20) 4 (80) 3 (60)
Total (35) 30 (85.7) 5 (14.3) 26 (74.2) 25 (71.4)
July 2022 | Volume 12 | A
ITC, itraconazole; VRC, voriconazole; POS, posaconazole; AMB, amphotericin B; EVL, everolimus.
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