
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Wanqing Liao,
Shanghai Changzheng Hospital, China

REVIEWED BY

Ji Ma,
Shanghai Children’s Medical Center, China
Ranran Li,
Shanghai Jiao Tong University, China
Mi Zhou,
Children’s Hospital of Soochow University,
China

*CORRESPONDENCE

Huyan Chen

Chhy10278027@163.com

Mingwei Du

dumingwei7939@126.com

Xiaochun Xue

xxc2021@126.com

†These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION

This article was submitted to
Microbial Immunology,
a section of the journal
Frontiers in Immunology

RECEIVED 08 February 2023

ACCEPTED 31 March 2023
PUBLISHED 17 April 2023

CITATION

Chen X, Lei W, Meng H, Jiang Y, Zhang S,
Chen H, Du M and Xue X (2023)
Succinylation modification provides
new insights for the treatment of
immunocompromised individuals
with drug-resistant Aspergillus
fumigatus infection.
Front. Immunol. 14:1161642.
doi: 10.3389/fimmu.2023.1161642

COPYRIGHT

© 2023 Chen, Lei, Meng, Jiang, Zhang,
Chen, Du and Xue. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 17 April 2023

DOI 10.3389/fimmu.2023.1161642
Succinylation modification
provides new insights
for the treatment of
immunocompromised
individuals with drug-resistant
Aspergillus fumigatus infection

Xianzhen Chen1,2†, Wenzhi Lei1†, Hui Meng3†, Yi Jiang3,
Sanli Zhang4, Huyan Chen5*, Mingwei Du6,7*

and Xiaochun Xue3*

1Institute of Dermatology, Naval Medical University, Shanghai, China, 2Department of Dermatology,
Central Hospital Affiliated to Shandong First Medical University, Jinan, China, 3Department of
Pharmacy, 905th Hospital of People's Liberation Army of China (PLA) Navy, Shanghai, China,
4Department of Nephrology, Second Affiliated Hospital of Naval Medical University, Shanghai, China,
5Department of Dermatology, Huashan Hospital, Fudan University, Shanghai, China, 6Department of
Cardiology, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine,
Shanghai, China, 7Shanghai Key Laboratory of Traditional Chinese Clinical Medicine, Shanghai, China
Invasive Aspergillus fumigatus infection poses a serious threat to global human

health, especially to immunocompromised individuals. Currently, triazole drugs are

the most commonly used antifungals for aspergillosis. However, owing to the

emergence of drug-resistant strains, the effect of triazole drugs is greatly

restricted, resulting in a mortality rate as high as 80%. Succinylation, a novel post-

translational modification, is attracting increasing interest, although its biological

function in triazole resistance remains unclear. In this study, we initiated the

screening of lysine succinylation in A. fumigatus. We discovered that some of the

succinylation sites differed significantly among strains with unequal itraconazole

(ITR) resistance. Bioinformatics analysis showed that the succinylated proteins are

involved in a broad range of cellular functions with diverse subcellular localizations,

the most notable of which is cell metabolism. Further antifungal sensitivity tests

confirmed the synergistic fungicidal effects of dessuccinylase inhibitor nicotinamide

(NAM) on ITR-resistant A. fumigatus. In vivo experiments revealed that treatment

with NAM alone or in combination with ITR significantly increased the survival of

neutropenic mice infected with A. fumigatus. In vitro experiments showed that NAM

enhanced the killing effect of THP-1 macrophages on A. fumigatus conidia. Our

results suggest that lysine succinylation plays an indispensable role in ITR resistance

of A. fumigatus. Dessuccinylase inhibitor NAM alone or in combination with ITR

exerted good effects against A. fumigatus infection in terms of synergistic fungicidal

effect and enhancing macrophage killing effect. These results provide mechanistic

insights that will aid in the treatment of ITR-resistant fungal infections.
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1 Introduction

Invasive aspergillosis (IA) has become an important cause of

morbidity and mortality in immunocompromised patients (1) and

is a major health concern for patients who may suffer hospital-

related infections (2, 3). It is estimated that 250,000 cases of IA

occur worldwide each year, with a mortality rate of 30%–80% (4).

Aspergillus fumigatus is the most common pathogen for IA,

accounting for approximately 80%–90% of cases. When the host’s

immunity is compromised, such as through the frequent use of

antibiotics, immunosuppressants, and chemotherapy drugs, A.

fumigatus can invade the human body through the lungs or skin

and cause fatal invasive infections (5–7).

Triazole antifungals that inhibit ergosterol biosynthesis and

decrease Cyp51 lanosterol demethylase activity are the first-line

therapies for invasive A. fumigatus infections (8). Compared with

amphotericin B, triazole drugs are beneficial as they have higher

clinical efficacy and fewer adverse reactions. The most commonly

used triazole antifungals are itraconazole (ITR) and voriconazole

(9). However, triazole-resistant strains of A. fumigatus are

increasing at a concerning rate (10, 11), with 16.15% of A.

fumigatus isolates showing resistance to at least one azole. This

complicates treatment and increases fatality rates (12, 13). Most

published studies concur that the original mutations most likely

occurred because of the usage of azole-based fungicides in

agriculture, as hypothesized by Snelders et al. However, the origin

of these resistant alleles is yet unknown (14, 15).

Post-translational modification (PTM) of proteins is an efficient

and rapid biological regulatory mechanism that links metabolism to

protein and cell functions. PTMs include phosphorylation,

acetylation, glycosylation, and succinylation (16–18); these can

modulate a wide variety of cellular processes in eukaryotic and

prokaryotic organisms, including cell growth and division,

adaptation to environmental changes, and developmental guidance.

Lysine succinylation, a frequently observed PTM, can be identified

using high throughput high performance liquid chromatography–

tandem mass spectrometry (LC–MS/MS) and antibody-based affinity

enrichment. It has also been associated with significant structural

alterations in proteins (19).With the rapid development of MS, lysine

succinylation has been widely identified to exist in eukaryotes and

prokaryotes, including Saccharomyces cerevisiae, A. flavus, andHomo

sapiens (20–22). However, this complex PTM in A. fumigatus

infection has been poorly studied.

Drug resistance of A. fumigatus can be caused by various

mechanisms, including intrinsic aberrant gene expression and

external environment effectors (23). Drug resistance is

significantly influenced by acetylation and deacetylation (24),

phosphorylation and dephosphorylation (25), succinylation and

desuccinylation (26), and glycosylation and deglycosylation (27).

Lysine succinylation is a newly identified protein PTM that is vital

in cellular physiology. However, the role of lysine succinylation in

fungal resistance remains unclear. Understanding the succinylation

may assist clinical strategies and drug development for A.

fumigatus infection.

As the initial step in understanding the function of lysine

succinylation in ITR-resistant fungus, we used an integrated
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proteomic method in this study. Subsequently, in vivo and in vitro

experiments were conducted to validate the effect of nicotinamide

(NAM), a desuccinylation inhibitor, on fungal resistance and

macrophage killing effect. Our findings have implications for

antifungal therapy in immunocompromised patients.
2 Materials and methods

2.1 Strains and culture conditions

AF293, a sensitive A. fumigatus strain, was obtained from the

American Type Culture Collection. The drug-resistant strains used

in the present study were screened from the clinical strains kindly

provided by the Changzheng Hospital in Shanghai. All strains were

identified through internal transcribed spacer (ITS) DNA

sequencing. The strains were retrieved from glycerol stocks frozen

at -80°C and subcultured onto potato dextrose agar (PDA) plates

and incubated at 35°C for 7 d before use. The conidial suspensions

were dislodged from the hyphal mats through dispersal in

phosphate buffered solution (PBS) with 0.05% Tween 80 and

filtered through a 70-mm cell strainer. The strain was cultured at

28°C in the sabouraud dextrose broth medium at 200 rpm for 7 d to

harvest the fungal hyphae. The hypha samples were stored in the

−80°C freezer for the further experiments.
2.2 Microdilution assay

In vitro antifungal susceptibility testing was performed

according to the M38-A2 protocol of the Clinical and Laboratory

Standards Institute (CLSI) (28). Briefly, to each well of the 96-well

microplates, 100 mL of the RPMI1640 medium containing

gradiently-diluted antifungal agents were added. Subsequently, the

prepared spore suspensions were added to drug-sensitive plates at

concentrations of 1 × 105 cells/well, and the microplates were

incubated for 48 h at 35°C. The antifungal agents used in the

study included ITR, voriconazole, and posaconazole, at a final

concentration range of 0.03–16 mg/mL. All the antifungal reagents

were purchased from Sigma-Aldrich (Shanghai) Trading Co, Ltd.
2.3 Protein extraction

The sample was taken out of the −80°C freezer and thawed on

ice, then centrifuged at 5,500 ×g for 10 min. The supernatant was

transferred into a new tube, and the precipitate was transferred to a

mortar precooled by liquid nitrogen. Each group of samples was

added to the supernatant solution and sonically lysed. An equal

volume of Tris equilibrium phenol was added and centrifuged at

5,500 ×g for 10 min at 4°C, then take the supernatant and add 5

times the volumes of 0.1 M ammonium acetate/methanol to

precipitate overnight, then wash the protein pellet with methanol

and acetone sequentially. Finally, the precipitate was reconstituted

with 8 M urea, and protein concentration was measured by BCA kit

(Tiangen, Beijing, China).
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2.4 Trypsin digestion

An equal amount of each sample was digested, and the volume

was coordinated to be consistent with the lysate. Slowly add

trichloroacetic acid with a final concentration of 20%, vortex

and mix adequately, and precipitate at 4,500 g for 2 h at 4°C,

centrifuge for 5 min, discard supernatant, wash the pellet with

pre-chilled acetone 2-3 times. After the pellet was dried,

tetraethylammonium bromide with a final concentration of 200

mM was added, then the pellet was dispersed with ultrasonication,

trypsin was added at a ratio of 1:50 (protease: protein, m/m) for

enzymatic hydrolysis overnight. Dithiothreitol (DTT) was added

to a final concentration of 5 mM and reduced at 56°C for 30 min.

Iodoacetamide (IAA) was then added to a final concentration of

11 mM and incubated for 15 min at room temperature in the

dark (29).
2.5 Enrichment of lysine-succinylated
peptides

The peptides were dissolved in the IP buffer solution (100 mM

NaCl, 1 mM EDTA, 50 mM Tris-HCl, 0.5% NP-40, pH 8.0), the

supernatant was transferred to pre-washed succinylated resin

(antibody resin, catalog number 1066450273891599422 from

PTM Bio), then it was placed on a rotary shaker at 4°C and

gently shaken for incubation overnight. After the incubation, the

resin was washed 4 times with IP buffer solution followed by

deionized water twice. Finally, the resin-bound peptide was

eluated by 0.1% trifluoroacetic acid for a total of three times, and

the eluate was collected and vacuum freeze-drained. After drying, it

was desalted in accordance with the C18 ZipTips instructions, and

vacuum freeze-dried for LC-MS/MS analyses.
2.6 LC–MS/MS analysis

The peptides were dissolved in LC mobile phase A and

separated using the NanoElute ultra-high performance liquid

phase system with mobile phase A containing 0.1% formic acid

and 2% acetonitrile; mobile phase B comprised 0.1% formic acid

and 100% acetonitrile. Liquid gradient setting: 0–43 min, 6–22% B;

43–56 min, 22–30% B; 56–58 min, 30–80% B; 58–60 min, 80% B,

flow rate maintained at 450 nL/min. And then the peptides were

injected into a capillary ion source for ionization, and analyzed by

timsTOF Pro mass spectrometry. The ion source voltage was set to

1.8 kV, and the peptide precursor and its secondary fragments were

detected and analyzed using high-resolution TOF. The secondary

mass spectrum scan range was set to 100–1,700. Parallel cumulative

serial fragmentation (PASEF) mode was used for data acquisition.

After a primary mass spectrum acquisition, the secondary spectra

with precursor charge numbers in the range of 0–5 was aquired by

using 10 PASEF mode, and the dynamic exclusion time of tandem
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mass scanning was set to 30 s to avoid repeated scanning of the

precursor ions.
2.7 Annotation methods

Gene ontology (GO): firstly, converting identified protein ID to

UniProt ID and then mapping to GO IDs by protein ID (http://

www.ebi.ac.uk/GOA/). If some identified proteins were not

annotated by UniProt-GOA database, the InterProScan soft

(http://www.ebi.ac.uk/interpro/) would be used to the annotated

protein’s GO functional descrptions based on the protein sequence

alignment method. Then proteins were classified by Gene Ontology

annotation based on three categories: Biological Process (BP),

Cellular Component (CC) and Molecular Function (MF).

Identified protein’s domain functional descriptions were

annotated by InterProScan (a sequence analysis application)

based on the protein sequence alignment method, and the

InterPro domain database was used.

Kyoto Encyclopedia of Genes and Genomes (KEGG): Firstly,

KEGG online service tool KAAS was used to annotate the protein’s

KEGG database description. Then KEGG online service tool KEGG

mapper was used to map the annotation result on the KEGG

pathway database (https://www.genome.jp/kegg/).

Subcellular localization: WoLF PSORT, a subcellular

localization prediction soft and an updated version of PSORT/

PSORT II (https://wolfpsort.hgc.jp/), was used to predict subcellular

localization and eukaryotic sequences. Special for protokaryon

species, subcellular localization prediction soft CELLO was used.
2.8 Functional enrichment

Enrichment of GO, KEGG or protein domain analysis: For each

category, a two-tailed Fisher’s exact test was employed to test the

enrichment of the differentially expressed protein against

all identified proteins with a corrected p-value < 0.05 is

considered significant.
2.9 Enrichment-based clustering

The relevant functions (such as GO, Domain, KEGG Pathway)

in different groups were clustered together using hierarchical

clustering based on differentially expressed protein functional

classification), all the categories obtained after enrichment along

with their P values were collated firstly, and then the categories

which were at least enriched in one of the clusters with P value of

<0.05 were filtered. This filtered P value matrix was transformed by

the function x = −log10 (P value). Finally, these x values were z-

transformed for each functional category. These z scores were then

clustered by one-way hierarchical clustering (Euclidean distance,

average linkage clustering) in Genesis. Cluster membership was
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visualized through a heat map using the “heatmap.2” function from

the “gplots” R-package.
2.10 Western blotting

Protein samples were denatured at 100°C for 3 min, then were

run on 12% sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS–PAGE), and transferred to polyvinylidene

fluoride membranes. After the membranes were blocked with

blocking buffer for 1 h at room temperature, the membranes were

probed with the pan anti-acetyllysine antibody, pan anti-

succinyllysine antibody, and pan anti-crotonyllysine antibody

(PTM Biolabs, Hangzhou, China) at 4°C overnight for detection

of the protein expression. The membranes were washed with TBST

buffer, incubated with the anti-mouse-HRP antibody for 1 h at

room temperature, and imaged via ECL detection.
2.11 Checkerboard microdilution test

The CLSI M38-A2 broth microdilution method was used to

determine the minimum inhibitory concentrations (MICs) of ITR

(0.00375–0.5 mg/mL) and NAM (0.2–25.6 mg/mL) against the A.

fumigatus isolates. The interaction between NAM and ITR was

further analyzed from the fractional inhibitory concentration index

(FICI), which was calculated with the equation (MICNAM in

combination/MICNAM alone) + (MICITR in combination/MICITR

alone). The interaction was classified as synergism at FICI ≤0.5;

indifference at 0.5 < FICI ≤ 4; and antagonism at FICI > 4 (30). The

experiment was independently repeated thrice.
2.12 In vivo experiments

Female BALB/c mice (18–22 g; Zhejiang Vital River Laboratory

Animal Technology Co., Ltd., China) were used in the experiment,

with free access provided to food and water. The mice were

randomly assigned into groups of 10 each. For AF293, the mice

were immunosuppressed with a single-dose cyclophosphamide 200

mg/kg intravenous on day 3 before infection so as to yield

temporary neutropenia and then infected on day 0 via the lateral

tail vein with conidial suspensions containing 1.2 × 106 CFU/mouse

(31). For the ITR-resistant strain group, the mice were

immunosuppressed with multiple doses of cyclophosphamide 200

mg/kg intravenous every 3 d, starting on day 3 to yield persistent

neutropenia, and then infected on day 0 via the lateral tail vein with

a conidial suspension of 4 × 105 CFU/mouse (calculated from the

90% lethal dose).

Treatment was initiated 2 h after the infection. Briefly, the mice

were treated with NAM (500 mg/kg intraperitoneally daily) and/or

ITR (25 mg/kg orally twice a day) for 10 d. The control mice were

infected and treated with relevant vehicles. The mice wereobserved

at least 4 times daily and were humanely terminated when the

mobility was reduced severely or in substantial distress. The
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endpoint time of the survival experiment was 14 d post infection.

Subsequently, all surviving mice were terminated humanely.
2.13 Fungal killing assay

To further understand the function of NAM in A. fumigatus

infection, we investigated its effect on macrophage killing. Briefly,

THP-1 cells were cultured in RPMI 1640 medium supplemented

with 10% fetal bovine serum, 0.05 mM b-mercaptoethanol, 1%

penicillin (10,000 U/mL) and streptomycin (10,000 mg/mL) at 37°C

and 5% CO2 in a humidified incubator. PMA (100 ng/mL) was used

to induce cell differentiation. THP-1 macrophages were incubated

with A. fumigatus conidia (MOI 0.1 or 1) for 1 h at 37°C under a 5%

CO2 atmosphere. Non-phagocytosed conidia were removed by

gently washing with PBS thrice, followed by the addition of fresh

medium or 20 mM NAM. The cells were returned to the incubator

for 4 h to perform fungal killing. Then, the medium was removed

and the cells were lysed for harvesting the conidia. The conidia

suspension was diluted by gradient in a sterile medium and

immediately plated on PDA plates.
2.14 Real-time quantitative reverse
transcription polymerase chain
reaction assay

Total RNA was isolated from CZZJ100527, CZZJ100527, and

AF293 according to the standard methods. The cDNA was

synthesized and quantitative real-time reverse transcription

polymerase chain reaction was conducted using the ABI Prism

7000 Sequence Detection System (Applied Biosystems, Waltham,

MA, USA). The primer sequences are listed in the Supplementary

Table. The results were presented at a relative mRNA expression

level by using the DDCt method.
2.15 Genotyping detection of Cyp51A

The Cyp51A gene sequences of ITR-resistant strains were

detected, including coding and promoter regions. The Cyp51A

promoter was amplified using the primer TR34. In order to

determine tandem repeats and mutation, the sequence alignment

of Cyp51A was performed in the Fungal Resistance Database

(FunResDB https://sbi.hki-jena.de/FunResDb) (32).
2.16 Statistical analyses

All statistical data were analyzed using GraphPad Prism

(GraphPad Software Inc., San Diego, CA, USA). Student’s t-test

was applied when two groups were compared and one-way

ANOVA combined with a Tukey’s post-test was applied for

multiple comparisons. Survival curves were compared by using

the log-rank test. All data in the study were presented as a mean ±
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SD. Data were also expressed as a percent. The differences were

statistically significant at P < 0.05.
3 Results

3.1 Antifungal susceptibility testing

To understand the triazole resistance of A. fumigatus, three

common azole drugs were chosen for in vitro drug sensitivity tests.

Posaconazole MIC was 0.03–0.5 mg/mL; the overall MIC50 was 0.03

mg/mL and MIC90 was 0.12 mg/mL. Voriconazole MIC was 0.25–1

mg/mL; the overall MIC50 was 0.25 mg/mL and MIC90 was 0.5 mg/
Frontiers in Immunology 05
mL. ITR MIC was 0.25–16 mg/mL; the overall MIC50 was 0.5 mg/mL

and MIC90 was 1 mg/mL. The results showed that all clinical strains

were sensitive to posaconazole and voriconazole, and two strains

(7.4%) were resistant to ITR (Table 1).
3.2 Genes related to triazole resistance

Research on triazole resistance has mainly focused on Cyp51A

mutations, Cyp51A overexpression, and efflux pump genes (33).

The promoter region of CZZJ100527 was found to contain 34 short

tandem repeats; moreover, the 98th amino acid in the coding region

had mutated from leucine to histidine (TR34/L98H mutation) but
TABLE 1 Antifungal susceptibility testing results of Aspergillus fumigatus.

Fungal name
MIC (mg/mL)

Strain source
Posaconazole Voriconazole Itraconazole

AF293 0.03 0.5 0.5 ATCC

CZZJ100508 0.03 0.5 0.5 Clinical isolation strain

CZZJ100509 0.12 0.25 0.5 Clinical isolation strain

CZZJ100510 0.06 0.5 1 Clinical isolation strain

CZZJ100511 0.03 0.25 0.5 Clinical isolation strain

CZZJ100512 0.03 0.25 0.5 Clinical isolation strain

CZZJ100513 0.03 0.25 1 Clinical isolation strain

CZZJ100514 0.03 0.5 0.5 Clinical isolation strain

CZZJ100515 0.25 0.5 0.5 Clinical isolation strain

CZZJ100516 0.03 0.25 0.5 Clinical isolation strain

CZZJ100517 0.06 0.5 0.25 Clinical isolation strain

CZZJ100518 0.06 1 0.5 Clinical isolation strain

CZZJ100519 0.03 0.25 0.25 Clinical isolation strain

CZZJ100520 0.03 0.25 0.5 Clinical isolation strain

CZZJ100521 0.03 0.25 0.25 Clinical isolation strain

CZZJ100522 0.06 0.5 0.25 Clinical isolation strain

CZZJ100523 0.03 0.5 0.5 Clinical isolation strain

CZZJ100524 0.06 1 0.5 Clinical isolation strain

CZZJ100525 0.03 0.25 0.25 Clinical isolation strain

CZZJ100526 0.06 0.5 0.25 Clinical isolation strain

CZZJ100527 0.03 0.5 16 Clinical isolation strain

CZZJ100528 0.12 0.25 8 Clinical isolation strain

CZZJ100529 0.03 0.25 1 Clinical isolation strain

CZZJ100530 0.06 0.25 0.5 Clinical isolation strain

CZZJ100531 0.06 0.25 0.5 Clinical isolation strain

CZZJ100532 0.03 0.25 0.5 Clinical isolation strain

CZZJ100533 0.25 1 0.25 Clinical isolation strain

CZZJ100534 0.5 1 0.5 Clinical isolation strain
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Cyp51A of CZZJ100528 had no mutation. The mRNA levels of the

drug-resistant genes Cdr1B, Mdr1, Mdr2, and AtrF were

significantly higher in the drug-resistant strain CZZJ100527 than

in the sensitive strain AF293, while the mRNA level of Mdr3 was

significantly lower in CZZJ100527 than in AF293 (Figure 1).

Interestingly, mRNA levels of the above mentioned genes were

not elevated in the drug-resistant strain CZZJ100528 compared to

sensitive strains but were instead downregulated (Cyp51A, Mdr1,

Mdr3, and AtrF), suggesting that the CZZJ100528 strain may have

other drug-resistant mechanisms.
3.3 Proteome-wide analysis of lysine
succinylation sites and proteins
in A. fumigatus

To further understand the mechanism of triazole resistance, we

compared drug-resistant strain CZZJ100528 (abbreviated as ITR-

AF in Figure 2) to sensitive strain AF293. We initially used

Coomassie brilliant blue staining SDS–PAGE gel to illustrate the

protein distribution in two types of A. fumigatus (Figure 2A), and

then utilized western blot to evaluate several kinds of PTMs’ levels

in ITR-AF and AF293 A. fumigatus (Figure 2B). The main

component of succinylation modification, succinyl lysine, was

discovered to alter the most dramatically. The overall succinylated

proteomic data from two types of A. fumigatus were studied and

compared. As shown in Figure 2C, some succinylated proteins

could be considered as differentially expressed, which seemed to be

responsible for the differences in drug resistance. As a result, we

investigated these proteins’ subcellular localization. Both up/

downregulated proteins converged in mitochondria and nucleus

cytoplasm (Figure 2D). Interestingly, they all have one trait: rapid

metabolism. The following functional analysis further confirmed

the point. These proteins played roles in a series of metabolic

processes. Some notable examples were tricarboxylic acid metabolic
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processes, monocarboxylic acid metabolic processes, and peptide

metabolic processes (Figure 2E). The foregoing findings piqued our

interest; therefore we investigated if there was any change in the cell

metabolism process of drug-resistant strains.
3.4 Characterization of lysine succinylome
sites in Aspergillus fumigatus

The COG/KOG classification of these proteins revealed that the

majority of both up/downregulated proteins could be located under

terminology related to metabolism (Figure 3A). To this extent, we

had sufficient reasons to speculate that succinylation modification

played a necessary role in modifying metabolism and thus affecting

drug resistance. In order to characterize the nature of the

succinylation in A. fumigatus, the sequence motifs of succinylated

lysines in all of the succinylated sites were analyzed using the Motif-

X program, which could extract overrepresented patterns in any

given set of sequences. A comparison of these motifs from

succinylated peptides indicated that three residues — Glutamic

acid (E), Lysine (K), and Valine (V) were commonly found around

succinylated lysine (Figure 3B).
3.5 Proteomics based on LC–MS/MS
showing the characterization of
succinylated proteins in Aspergillus
fumigatus

To further determine the protein succinylome in two kinds of A.

fumigatus (ITR-AF and AF293), a proteomic method based on

affinity purification and LC-MS/MS was then applied. In this

research, 3 parallel enrichments were performed and analyzed

respectively. The distribution of mass error, in general, is near

zero and most of them are less than 3 ppm which satisfies the mass
FIGURE 1

Expression of genes associated with triazole resistance mRNA levels of Cyp51A, Cdr1B, AtrF, Mdr1, Mdr2, and Mdr3 in AF293, CZZJ100527, and
CZZJ100528 were determined. The genes of interest are expressed as fold change relative to that of AF293. *P < 0.05 vs. AF293 group.
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accuracy of the MS. Lengths of most peptides range from 8 to 20 as

the typical tryptic peptides, which further confirms that the sample

preparation met the requirement. The PCA analysis results in

Figure 4A illustrated that there were proteomic differences

between the two types of A. fumigatus. The biological repeat
Frontiers in Immunology 07
correlation was shown in Figure 4B. With the change in drug

resistance, those up/downregulated proteins were detected by LC–

MS/MS (Figure 4C). Among these, nonribosomal peptide

synthetase 1 (NRPS1), a protein identified in the host’s antifungal

process (34), was significantly downregulated in the drug-resistant
B

C

D

E

A

FIGURE 2

Proteome-wide analysis of lysine succinylation sites and proteins in A. fumigatus. (A) Coomassie brilliant blue staining of SDS–PAGE gel revealed the
protein distribution in ITR-AF and AF293; (B) Western blotting revealed the acetyllysine, succinyllysine, and crotonylllysine level in ITR-AF and AF293;
(C) Volcano plots depicting the differentially succinylated lysine sites in ITR-AF compared with that in AF293. P-value was calculated using a two-
sided Wilcox rank-sum test; (D) Pie charts depicting the subcellular localization of differentially succinylated lysine sites in ITR-AF relative to that in
AF293. P-value was calculated using a two-sided Wilcox rank-sum test; (E) Bubble charts describing the pathways (GO biological process) engaged
with differentially succinylated lysine sites in ITR-AF when compared with that in AF293. The p-value was calculated using the hypergeometric test.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1161642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1161642
strain. We were shocked to discover that virtually all of these

differential proteins were involved in metabolic activities after

doing a functional enrichment analysis on them (Figure 4D).

Biotin metabolism, for example, was downregulated when drug

resistance was enhanced, although nitrogen and carbon metabolism

were upregulated.
3.6 NAM enhanced the sensitivity of
Aspergillus fumigatus to ITR in vitro

To further understand the relationship between drug resistance

and lysine succinylation, we conducted checkerboard microdilution

tests to detect whether dessuccinylase inhibitor NAM (also known

as a metabolic conditioner) (35) might increase A. fumigatus’s

sensitivity of ITR. The results showed that NAM might improve

not only the sensitivity of resistant strains but also the sensitivity of

sensitive strains. NAM demonstrated a synergic antifungal effect

against 88.8% of A. fumigatus clinical strains when combined with
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ITR. The MIC range of NAM alone was 12.8–25.6 mg/ml; however,

when coupled with ITR, it was reduced to 0.2–6.4 mg/ml (Table 2).

Meanwhile, the MIC range of ITR dropped to 0.00375–0.25 mg/ml

in combination with NAM.
3.7 Treatment with ITR in combination
NAM prolonged the survival of mice
infected with Aspergillus fumigatus

The survival curves (Figure 5) indicated that both the resistant

strain ITR-AF and the sensitive strain AF293 caused acute and fatal

infections in mice. In untreated mice, mortality was substantial after

ITR-AF infection, with death occurring 5–8 d post infection.

Treatment with ITR alone could not improve survival (P > 0.05).

Survival following NAM treatment was superior to treatment with

controls (P < 0.05). Treatment with ITR in combination with NAM

resulted in 80% survival, which was significantly prolonged than

ITR alone (P < 0.05). For the sensitive strain AF293, similar results
B

A

FIGURE 3

Characterization of lysine succinylome sites in A. fumigatus. (A) Barplots depicting the protein classification of differentially succinylated lysine sites in
ITR-AF relative to that in AF293. The p-value was calculated using the hypergeometric test. (B) Heatmap illustrating the results of motif analysis.
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were obtained in the treatment of NAM, which significantly

prolonged survival compared with the control group (P < 0.05).
3.8 NAM enhanced the killing effect
of macrophages on Aspergillus
fumigatus conidia

The above in vivo experimental results indicated that NAM

alone can also exert a certain therapeutic effect. Therefore, we

speculate whether NAM has other antifungal mechanisms besides

synergistic antifungal effects. Macrophages play an important role

in antifungal infection, such as phagocytosing and killing fungal

spores (36). Therefore, we investigated the impact of NAM using an

in vitro macrophage model. The results indicated that conidia were

phagocytosed and killed by THP-1 macrophage (Figure 6). The

NAM group killed considerably more A. fumigatus conidia than the

control group (P < 0.05). We also compared killing at different

MOIs. Although MOI=0.1 group killed significantly more conidia

(P < 0.05). When NAM was introduced, killing increased in both
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the MOI=0.1 and MOI=1 groups (P < 0.05). This result shows that

NAM could enhance macrophage killing of A. fumigatus conidia.
4 Discussion

Triazole resistance in A. fumigatus is becoming prevalent on a

global scale, increasing the risk of treatment failure and mortality

(37). Triazole resistance can emerge when genetic diversity occurs

in the offspring of Aspergillus species and any triazole-containing

environment (11). Triazole-treated individuals and surroundings

with triazole fungicide residues are commonly recognized as two

variables that enhance resistance selection in A. fumigatus (10, 38,

39). Patients with pulmonary cavities may experience resistance

selection, which is caused by triazole medication.

The Cyp51A gene, which is the target of antifungal triazoles,

frequently exhibits resistance mutations, which are defined by single

nucleotide changes, such as G54, M220, and G138 (40, 41). Patients

with chronic lung diseases, such as chronic obstructive pulmonary

disease, receiving long-term triazole medication frequently develop
B

C D

A

FIGURE 4

Proteomics based on LC–MS/MS showing the characterization of succinylated proteins in A. fumigatus. (A) PCA analysis of all samples based on their
protein expression. (B) Correlation heatmap depicting the similarity of all samples. (C) Volcano plots depicting the differentially expressed proteins in
ITR-AF relative to that in AF293. P-value was calculated with a two-sided Wilcox rank-sum test. (D) Bubble charts describing the pathways engaged
with differential proteins in ITR-AF compared with that in AF293. The p-value was calculated by the hypergeometric test.
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single nucleotide resistance mutations. As a result, A. fumigatus

with medication resistance is not merely a bystander but rather a

major contributor to lung damage. Recent studies have found that

an increasing amount of triazole resistance is independent of

Cyp51A mutation. No mutations in the Cyp51A gene were found

in 21.79% of phenotypically resistant isolates (12). Overexpression

of Cyp51A and efflux pump genes were also linked to triazole

resistance (42). Only one strain in our study had the TR34/L98H

mutation in the Cyp51A gene. Moreover, it was not associated with

the overexpression of efflux pump genes, implying the presence of

additional triazole-resistant mechanisms (43).
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In this study, we provided the first in-depth analysis of the

lysine succinylome for the human fungal pathogen A. fumigatus,

using a series of highly sensitive proteomic methods. AF293 is a

standard strain, while ITR-AF is a drug-resistant strain, some

succinylated proteins were differentially expressed, which may

contribute to the difference in drug resistance. In addition,

according to extensive characterization of the succinylome, we

identified that the succinylated proteins were mostly associated

with cellular functions and were dispersed in the different cellular

organelles, which played a key role in metabolism. Succinylation

also targets major metabolic pathways, including the TCA cycle,
TABLE 2 Results of inhibition interactions between itraconazole and nicotinamide against Aspergillus fumigatus in the checkerboard assay.

Fungal strain

Itraconazole Nicotinamide

MIC MIC MIC MIC

(alone) (combination) (alone) (combination) FICI IN

CZZJ100508 0.5 0.12 12.8 3.2 0.49 Synergism

CZZJ100509 0.5 0.12 25.6 6.4 0.49 Synergism

CZZJ100510 1 0.12 25.6 6.4 0.37 Synergism

CZZJ100511 0.5 0.12 25.6 1.6 0.30 Synergism

CZZJ100512 0.5 0.12 25.6 3.2 0.36 Synergism

CZZJ100513 1 0.12 25.6 0.8 0.15 Synergism

CZZJ100514 0.5 0.12 12.8 3.2 0.49 Synergism

CZZJ100515 0.5 0.12 25.6 1.6 0.30 Synergism

CZZJ100516 0.5 0.12 25.6 3.2 0.36 Synergism

CZZJ100517 0.25 0.06 25.6 6.4 0.49 Synergism

CZZJ100518 0.5 0.06 25.6 6.4 0.37 Synergism

CZZJ100519 0.25 0.12 12.8 0.2 0.49 Synergism

CZZJ100520 0.5 0.12 25.6 1.6 0.30 Synergism

CZZJ100521 0.25 0.12 25.6 0.2 0.48 Synergism

CZZJ100522 0.25 0.12 12.8 0.2 0.49 Synergism

CZZJ100523 0.5 0.12 12.8 0.2 0.25 Synergism

CZZJ100524 0.5 0.12 25.6 6.4 0.49 Synergism

CZZJ100525 0.25 0.12 25.6 0.2 0.48 Synergism

CZZJ100526 0.25 0.12 12.8 1.6 0.61 Indifference

CZZJ100527 16 0.00375 25.6 6.4 0.25 Synergism

CZZJ100528 8 0.00375 25.6 6.4 0.25 Synergism

CZZJ100529 1 0.12 25.6 0.8 0.15 Synergism

CZZJ100530 0.5 0.12 12.8 3.2 0.49 Synergism

CZZJ100531 0.5 0.12 25.6 1.6 0.30 Synergism

CZZJ100532 0.5 0.25 25.6 0.2 0.51 Indifference

CZZJ100533 0.25 0.06 25.6 6.4 0.49 Synergism

CZZJ100534 0.5 0.25 25.6 0.2 0.51 Indifference
fr
MIC, minimal inhibitory concentration; FICI, fractional inhibitory concentration index; IN, interpretation
ontiersin.org

https://doi.org/10.3389/fimmu.2023.1161642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1161642
monocarboxylic acid metabolic process, and peptide metabolic

process. All of these pathways are crucial components of A.

fumigatus energy metabolic networks. We had enough evidence at

this point to assume that succinylation alteration was essential for

altering metabolism and influencing drug resistance.

Furthermore, by analyzing the amino acid sequence motifs, we

discovered that the succinylated lysine shared three distinct types of

residues: Glutamic acid (E), Lysine (K), and Valine (V). Furthermore,

as drug resistance altered, those up and downregulated proteins were

found. Among these, ITR-AF significantly downregulated NRPS1, a

protein known to function during the host’s antifungal response (34).

Using functional enrichment analysis on these proteins, the

differential proteins were shown to be engaged in metabolic

processes. For instance, when drug resistance developed, biotin

metabolism was downregulated but nitrogen and carbon

metabolism was upregulated.

NAM, a safe vitamin, is clinically used to treat pellagra, which is

caused by nicotinic acid deficiency (44). Its significance in antimicrobial

infections has just recently become apparent. NAM was found to inhibit

the growth of Plasmodium falciparum (45), trypanosomes (46),

Mycobacterium tuberculosis, human immunodeficiency virus (47), and

Candida albicans (48). NAM in combination with fluconazole

demonstrated a stronger antifungal activity by affecting fungal cell wall
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organization (48). Moreover, NAM could enhance amphotericin B’s

antifungal activities against C. albicans, including another Candida spp.

and Cryptococcus neoformans. On the one hand, it may enhance the

activity of amphotericin B against biofilm; on the other hand, oxidative

damage induced by amphotericin B can be strengthened by the addition

of NAM (49).

In our study, NAM exerted similar antifungal functions. In vitro

antifungal sensitivity test indicated that NAM combined with ITR

exerted synergistic effects against ITR-resistant and ITR-sensitive A.

fumigatus. This effect was associated with the role of dessuccinylase

inhibition. In an in vivo experiment, NAM treatment had a curative

effect in neutropenic mice infected with A. fumigatus; this might be

related to NAM’s role in enhancing the killing effect of THP-1

macrophages on A. fumigatus conidia.
5 Conclusions

The succinylation of drug-resistant strains ofA. fumigatus can aid

in better understanding the mechanism of drug resistance and in the

identification of therapeutic targets. Patients with A. fumigatus

infection will benefit the most from this information. To the best of

our knowledge, this is the first succinylome identified in the human
FIGURE 5

Survival curves of mice infected with the triazole-sensitive strain AF293 and triazole-resistant strain ITR-AF. Mice infected with A. fumigatus were
treated with ITR (25 mg/kg orally twice a day) alone or in combination with NAM (500 mg/kg intraperitoneally daily). ITR, itraconazole; NAM,
nicotinamide. *P < 0.05 vs. control group; #P < 0.05 vs. ITR group.
FIGURE 6

Fungal killing assay. THP-1 macrophages were incubated with MOI = 0.1 or MOI = 1 A. fumigatus conidia for 1 h, and a fungal killing assay was
performed 4 h after the removal of the unbound conidia. #P < 0.05 vs. MOI = 0.1 control group; *P < 0.05 vs. the respective control group.
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fungal pathogen A. fumigatus which may serve as an important

starting point for further characterization of the pathophysiological

role of lysine succinylation in A. fumigatus. This study addressed a

gap in our understanding of the triazole-resistant mechanism of A.

fumigatus. Furthermore, the function of dessuccinylase inhibitor

NAM in antifungal treatment may be studied in the future.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: PXD040137 (iProX).
Ethics statement

The animal study was reviewed and approved by Committee on

Ethics of Medicine, Naval Medical University, PLA.
Author contributions

All authors contributed to the study conception, design and

data collection. XX, HC, and MD concepted and designed the study.

XC, WL, and HM wrote the first draft of the manuscript. YJ and SZ

were responsible for data collection and statistics. XX and MD

revised the paper. All authors contributed to the article and

approved the submitted version.
Frontiers in Immunology 12
Funding

This study was supported by the Foudation of National Science

and Technology Commission (No.20SWAQX29).
Conflict of interest

All authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1161642/

full#supplementary-material
References
1. Rodriguez-Leguizamon G, Fiori A, Lopez LF, Gomez BL, Parra-Giraldo CM,
Gomez-Lopez A, et al. Characterising atypical candida albicans clinical isolates from six
third-level hospitals in bogota, Colombia. BMC Microbiol (2015) 15:199. doi: 10.1186/
s12866-015-0535-0

2. Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis: a persistent public
health problem. Clin Microbiol Rev (2007) 20(1):133–63. doi: 10.1128/CMR.00029-06

3. Sydnor ER, Perl TM. Hospital epidemiology and infection control in acute-care
settings. Clin Microbiol Rev (2011) 24(1):141–73. doi: 10.1128/CMR.00027-10

4. Bongomin F, Gago S, Oladele RO, Denning DW. Global and multi-national
prevalence of fungal diseases-estimate precision. J Fungi (Basel) (2017) 3(4):57.
doi: 10.3390/jof3040057

5. van de Veerdonk FL, Gresnigt MS, Romani L, Netea MG, Latge JP. Aspergillus
fumigatus morphology and dynamic host interactions. Nat Rev Microbiol (2017) 15
(11):661–74. doi: 10.1038/nrmicro.2017.90

6. Bellocchio S, Bozza S, Montagnoli C, Perruccio K, Gaziano R, Pitzurra L, et al.
Immunity to aspergillus fumigatus: the basis for immunotherapy and vaccination.Med
Mycol (2005) 43(Suppl;1):S181–8. doi: 10.1080/14789940500051417

7. Chabi ML, Goracci A, Roche N, Paugam A, Lupo A, Revel MP. Pulmonary
aspergillosis. Diagn Interv Imaging (2015) 96(5):435–42. doi: 10.1016/j.diii.2015.01.005

8. Lin SJ, Schranz J, Teutsch SM. Aspergillosis case-fatality rate: systematic review of
the literature. Clin Infect Dis (2001) 32(3):358–66. doi: 10.1086/318483

9. Latge JP, Chamilos G. Aspergillus fumigatus and aspergillosis in 2019. Clin
Microbiol Rev (2019) 33(1):e00140–18. doi: 10.1128/CMR.00140-18

10. Verweij PE, Chowdhary A, Melchers WJ, Meis JF. Azole resistance in aspergillus
fumigatus: Can we retain the clinical use of mold-active antifungal azoles? Clin Infect
Dis (2016) 62(3):362–8. doi: 10.1093/cid/civ885

11. Lestrade PPA, Meis JF, Melchers WJG, Verweij PE. Triazole resistance in
aspergillus fumigatus: recent insights and challenges for patient management. Clin
Microbiol Infect (2019) 25(7):799–806. doi: 10.1016/j.cmi.2018.11.027
12. Khojasteh S, Abastabar M, Haghani I, Valadan R, Ghazanfari S, Abbasi K, et al.
Five-year surveillance study of clinical and environmental triazole-resistant aspergillus
fumigatus isolates in Iran. Mycoses (2023) 66(2):98–105. doi: 10.1111/myc.13535

13. Jean SS, Yang HJ, Hsieh PC, Huang YT, Ko WC, Hsueh PR. In vitro
susceptibilities of worldwide isolates of intrapulmonary aspergillus species and
important candida species in sterile body sites against important antifungals: Data
from the antimicrobial testing leadership and surveillance program, 2017-2020.
Microbiol Spectr (2022) 10(6):e0296522. doi: 10.1128/spectrum.02965-22

14. Snelders E, Camps SM, Karawajczyk A, Schaftenaar G, Kema GH, van der Lee
HA, et al. Triazole fungicides can induce cross-resistance to medical triazoles in
aspergillus fumigatus. PloS One (2012) 7(3):e31801. doi: 10.1371/journal.pone.0031801

15. Snelders E, Huis In 't Veld RA, Rijs AJ, Kema GH, Melchers WJ, Verweij PE.
Possible environmental origin of resistance of aspergillus fumigatus to medical
triazoles. Appl Environ Microbiol (2009) 75(12):4053–7. doi: 10.1128/AEM.00231-09

16. Leach MD, Brown AJ. Posttranslational modifications of proteins in the
pathobiology of medically relevant fungi. Eukaryot Cell (2012) 11(2):98–108.
doi: 10.1128/EC.05238-11

17. Witze ES, Old WM, Resing KA, Ahn NG. Mapping protein post-translational
modifications with mass spectrometry. Nat Methods (2007) 4(10):798–806.
doi: 10.1038/nmeth1100

18. Weinert BT, Scholz C, Wagner SA, Iesmantavicius V, Su D, Daniel JA, et al.
Lysine succinylation is a frequently occurring modification in prokaryotes and
eukaryotes and extensively overlaps with acetylation. Cell Rep (2013) 4(4):842–51.
doi: 10.1016/j.celrep.2013.07.024

19. Zhang Z, Tan M, Xie Z, Dai L, Chen Y, Zhao Y. Identification of lysine
succinylation as a new post-translational modification. Nat Chem Biol (2011) 7(1):58–
63. doi: 10.1038/nchembio.495

20. Li X, Hu X, Wan Y, Xie G, Li X, Chen D, et al. Systematic identification of the
lysine succinylation in the protozoan parasite toxoplasma gondii. J Proteome Res (2014)
13(12):6087–95. doi: 10.1021/pr500992r
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1161642/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1161642/full#supplementary-material
https://doi.org/10.1186/s12866-015-0535-0
https://doi.org/10.1186/s12866-015-0535-0
https://doi.org/10.1128/CMR.00029-06
https://doi.org/10.1128/CMR.00027-10
https://doi.org/10.3390/jof3040057
https://doi.org/10.1038/nrmicro.2017.90
https://doi.org/10.1080/14789940500051417
https://doi.org/10.1016/j.diii.2015.01.005
https://doi.org/10.1086/318483
https://doi.org/10.1128/CMR.00140-18
https://doi.org/10.1093/cid/civ885
https://doi.org/10.1016/j.cmi.2018.11.027
https://doi.org/10.1111/myc.13535
https://doi.org/10.1128/spectrum.02965-22
https://doi.org/10.1371/journal.pone.0031801
https://doi.org/10.1128/AEM.00231-09
https://doi.org/10.1128/EC.05238-11
https://doi.org/10.1038/nmeth1100
https://doi.org/10.1016/j.celrep.2013.07.024
https://doi.org/10.1038/nchembio.495
https://doi.org/10.1021/pr500992r
https://doi.org/10.3389/fimmu.2023.1161642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2023.1161642
21. Ren S, Yang M, Yue Y, Ge F, Li Y, Guo X, et al. Lysine succinylation contributes
to aflatoxin production and pathogenicity in aspergillus flavus. Mol Cell Proteomics
(2018) 17(3):457–71. doi: 10.1074/mcp.RA117.000393

22. Xia Y, He F, Wu X, Tan B, Chen S, Liao Y, et al. GABA transporter sustains IL-1beta
production in macrophages. Sci Adv (2021) 7(15):eabe9274. doi: 10.1126/sciadv.abe9274

23. Rhodes J, Abdolrasouli A, Dunne K, Sewell TR, Zhang Y, Ballard E, et al.
Population genomics confirms acquisition of drug-resistant aspergillus fumigatus
infection by humans from the environment. Nat Microbiol (2022) 7(5):663–74.
doi: 10.1038/s41564-022-01091-2

24. Fang Z, Lai F, Cao K, Zhang Z, Cao L, Liu S, et al. Potential role of lysine
acetylation in antibiotic resistance of escherichia coli. mSystems (2022) 7(6):e0064922.
doi: 10.1128/msystems.00649-22

25. Ahn WS, Kim HD, Kim TS, Kwak MJ, Park YJ, Kim J. Phosphorylation of rpS3
by Lyn increases translation of multi-drug resistance (MDR1) gene. BMB Rep (2023).
doi: 10.5483/BMBRep.2022-0148

26. Zhou M, Xie L, Yang Z, Zhou J, Xie J. Lysine succinylation of mycobacterium
tuberculosis isocitrate lyase (ICL) fine-tunes the microbial resistance to antibiotics.
J Biomol Struct Dyn (2017) 35(5):1030–41. doi: 10.1080/07391102.2016.1169219

27. Chu YD, Fan TC, Lai MW, Yeh CT. GALNT14-mediated O-glycosylation on
PHB2 serine-161 enhances cell growth, migration and drug resistance by activating
IGF1R cascade in hepatoma cells. Cell Death Dis (2022) 13(11):956. doi: 10.1038/
s41419-022-05419-y

28. Arendrup MC, Meletiadis J, Mouton JW, Guinea J, Cuenca-Estrella M, Lagrou
K, et al. EUCAST technical note on isavuconazole breakpoints for aspergillus,
itraconazole breakpoints for candida and updates for the antifungal susceptibility
testing method documents. Clin Microbiol Infect (2016) 22(6):571 e1–4. doi: 10.1016/
j.cmi.2016.01.017

29. Lin W, Li Y, Luo C, Huang G, Hu G, He X. Proteomic analysis of ubiquitinated
proteins in 'Xiangshui' lemon [Citrus limon (L.)] pistils after self- and cross-pollination.
J Proteomics (2022) 264:104631. doi: 10.1016/j.jprot.2022.104631

30. Melo AM, Poester VR, Trapaga M, Nogueira CW, Zeni G, Martinez M, et al.
Diphenyl diselenide and its interaction with antifungals against aspergillus spp. Med
Mycol (2020). doi: 10.1093/mmy/myaa072

31. Warn PA, Sharp A, Morrissey G, Denning DW. Activity of aminocandin (IP960;
HMR3270) compared with amphotericin b, itraconazole, caspofungin and micafungin
in neutropenic murine models of disseminated infection caused by itraconazole-
susceptible and -resistant strains of aspergillus fumigatus. Int J Antimicrob Agents
(2010) 35(2):146–51. doi: 10.1016/j.ijantimicag.2009.09.029

32. Hsu TH, Huang PY, Fan YC, Sun PL. Azole resistance and cyp51A mutation of
aspergillus fumigatus in a tertiary referral hospital in Taiwan. J Fungi (Basel) (2022) 8
(9):908. doi: 10.3390/jof8090908

33. Verweij PE, Zhang J, Debets AJM, Meis JF, van de Veerdonk FL, Schoustra SE,
et al. In-host adaptation and acquired triazole resistance in aspergillus fumigatus: a
dilemma for clinical management. Lancet Infect Dis (2016) 16(11):e251–e60.
doi: 10.1016/S1473-3099(16)30138-4

34. Iqbal M, Dubey M, Broberg A, Viketoft M, Jensen DF, Karlsson M. Deletion of
the nonribosomal peptide synthetase gene nps1 in the fungus clonostachys rosea
attenuates antagonism and biocontrol of plant pathogenic fusarium and nematodes.
Phytopathology (2019) 109(10):1698–709. doi: 10.1094/PHYTO-02-19-0042-R
Frontiers in Immunology 13
35. Li L, Shi L, Yang S, Yan R, Zhang D, Yang J, et al. SIRT7 is a histone
desuccinylase that functionally links to chromatin compaction and genome stability.
Nat Commun (2016) 7:12235. doi: 10.1038/ncomms12235

36. Sun H, Xu XY, Tian XL, Shao HT, Wu XD, Wang Q, et al. Activation of NF-
kappaB and respiratory burst following aspergillus fumigatus stimulation of
macrophages. Immunobiology (2014) 219(1):25–36. doi: 10.1016/j.imbio.2013.06.013

37. Cai L, Gao P, Wang Z, Dai C, Ning Y, Ilkit M, et al. Lung and gut microbiomes
in pulmonary aspergillosis: Exploring adjunctive therapies to combat the disease. Front
Immunol (2022) 13:988708. doi: 10.3389/fimmu.2022.988708

38. Verweij PE, Snelders E, Kema GH, Mellado E, Melchers WJ. Azole resistance in
aspergillus fumigatus: a side-effect of environmental fungicide use? Lancet Infect Dis
(2009) 9(12):789–95. doi: 10.1016/S1473-3099(09)70265-8

39. Chowdhary A, Kathuria S, Xu J, Meis JF. Emergence of azole-resistant
aspergillus fumigatus strains due to agricultural azole use creates an increasing threat
to human health. PloS Pathog (2013) 9(10) :e1003633. doi : 10.1371/
journal.ppat.1003633

40. Howard SJ, Cerar D, Anderson MJ, Albarrag A, Fisher MC, Pasqualotto AC,
et al. Frequency and evolution of azole resistance in aspergillus fumigatus associated
with treatment failure. Emerg Infect Dis (2009) 15(7):1068–76. doi: 10.3201/
eid1507.090043

41. Camps SM, van der Linden JW, Li Y, Kuijper EJ, van Dissel JT, Verweij PE, et al.
Rapid induction of multiple resistance mechanisms in aspergillus fumigatus during
azole therapy: a case study and review of the literature. Antimicrob Agents Chemother
(2012) 56(1):10–6. doi: 10.1128/AAC.05088-11

42. Yu S, Wang Y, Shen F, Wu R, Cao D, Yu Y. Emergence of triazole resistance in
aspergillus fumigatus exposed to paclobutrazol. J Agric Food Chem (2021) 69
(51):15538–43. doi: 10.1021/acs.jafc.1c05396

43. Rybak JM, Ge W, Wiederhold NP, Parker JE, Kelly SL, Rogers PD, et al.
Mutations in hmg1, challenging the paradigm of clinical triazole resistance in
aspergillus fumigatus. mBio (2019) 10(2):e00437–19. doi: 10.1128/mBio.00437-19

44. Walocko FM, Eber AE, Keri JE, Al-Harbi MA, Nouri K. The role of nicotinamide
in acne treatment. Dermatol Ther (2017) 30(5):e12481. doi: 10.1111/dth.12481

45. Tcherniuk SO, Chesnokova O, Oleinikov IV, Oleinikov AV. Nicotinamide
inhibits the growth of p. falciparum and enhances the antimalarial effect of
artemisinin, chloroquine and pyrimethamine. Mol Biochem Parasitol (2017) 216:14–
20. doi: 10.1016/j.molbiopara.2017.06.004

46. Unciti-Broceta JD, Maceira J, Morales S, Garcia-Perez A, Munoz-Torres ME,
Garcia-Salcedo JA. Nicotinamide inhibits the lysosomal cathepsin b-like protease and
kills African trypanosomes. J Biol Chem (2013) 288(15):10548–57. doi: 10.1074/
jbc.M112.449207

47. Murray MF. Nicotinamide: an oral antimicrobial agent with activity against both
mycobacterium tuberculosis and human immunodeficiency virus. Clin Infect Dis
(2003) 36(4):453–60. doi: 10.1086/367544

48. Xing X, Liao Z, Tan F, Zhu Z, Jiang Y, Cao Y. Effect of nicotinamide against
candida albicans. Front Microbiol (2019) 10:595. doi: 10.3389/fmicb.2019.00595

49. Yan Y, Liao Z, Shen J, Zhu Z, Cao Y. Nicotinamide potentiates amphotericin b
activity against candida albicans. Virulence (2022) 13(1):1533–42. doi: 10.1080/
21505594.2022.2119656
frontiersin.org

https://doi.org/10.1074/mcp.RA117.000393
https://doi.org/10.1126/sciadv.abe9274
https://doi.org/10.1038/s41564-022-01091-2
https://doi.org/10.1128/msystems.00649-22
https://doi.org/10.5483/BMBRep.2022-0148
https://doi.org/10.1080/07391102.2016.1169219
https://doi.org/10.1038/s41419-022-05419-y
https://doi.org/10.1038/s41419-022-05419-y
https://doi.org/10.1016/j.cmi.2016.01.017
https://doi.org/10.1016/j.cmi.2016.01.017
https://doi.org/10.1016/j.jprot.2022.104631
https://doi.org/10.1093/mmy/myaa072
https://doi.org/10.1016/j.ijantimicag.2009.09.029
https://doi.org/10.3390/jof8090908
https://doi.org/10.1016/S1473-3099(16)30138-4
https://doi.org/10.1094/PHYTO-02-19-0042-R
https://doi.org/10.1038/ncomms12235
https://doi.org/10.1016/j.imbio.2013.06.013
https://doi.org/10.3389/fimmu.2022.988708
https://doi.org/10.1016/S1473-3099(09)70265-8
https://doi.org/10.1371/journal.ppat.1003633
https://doi.org/10.1371/journal.ppat.1003633
https://doi.org/10.3201/eid1507.090043
https://doi.org/10.3201/eid1507.090043
https://doi.org/10.1128/AAC.05088-11
https://doi.org/10.1021/acs.jafc.1c05396
https://doi.org/10.1128/mBio.00437-19
https://doi.org/10.1111/dth.12481
https://doi.org/10.1016/j.molbiopara.2017.06.004
https://doi.org/10.1074/jbc.M112.449207
https://doi.org/10.1074/jbc.M112.449207
https://doi.org/10.1086/367544
https://doi.org/10.3389/fmicb.2019.00595
https://doi.org/10.1080/21505594.2022.2119656
https://doi.org/10.1080/21505594.2022.2119656
https://doi.org/10.3389/fimmu.2023.1161642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Succinylation modification provides new insights for the treatment of immunocompromised individuals with drug-resistant Aspergillus fumigatus infection
	1 Introduction
	2 Materials and methods
	2.1 Strains and culture conditions
	2.2 Microdilution assay
	2.3 Protein extraction
	2.4 Trypsin digestion
	2.5 Enrichment of lysine-succinylated peptides
	2.6 LC–MS/MS analysis
	2.7 Annotation methods
	2.8 Functional enrichment
	2.9 Enrichment-based clustering
	2.10 Western blotting
	2.11 Checkerboard microdilution test
	2.12 In vivo experiments
	2.13 Fungal killing assay
	2.14 Real-time quantitative reverse transcription polymerase chain reaction assay
	2.15 Genotyping detection of Cyp51A
	2.16 Statistical analyses

	3 Results
	3.1 Antifungal susceptibility testing
	3.2 Genes related to triazole resistance
	3.3 Proteome-wide analysis of lysine succinylation sites and proteins in A. fumigatus
	3.4 Characterization of lysine succinylome sites in Aspergillus fumigatus
	3.5 Proteomics based on LC–MS/MS showing the characterization of succinylated proteins in Aspergillus fumigatus
	3.6 NAM enhanced the sensitivity of Aspergillus fumigatus to ITR in vitro
	3.7 Treatment with ITR in combination NAM prolonged the survival of mice infected with Aspergillus fumigatus
	3.8 NAM enhanced the killing effect of macrophages on Aspergillus fumigatus conidia

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


