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Abstract

Tuberculosis drug resistance contributes to the spread of tuberculosis. Immunotherapy is an effective strategy

for treating tuberculosis, with the regulation of macrophage-mediated anti-tuberculosis immunity being crucial.
Norcantharidin (NCTD), a drug used in tumor immunotherapy, has significant immunomodulatory effects. Thus,
NCTD may have an anti-tuberculosis role by regulating immunity. Understanding how NCTD affects the proteome

of Mtb-infected macrophages can provide valuable insights into potential treatments. This study aimed to investigate
the impact of NCTD (10 pg/mL) on the proteome of macrophages infected with Mtb H37Ra using liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis. A total of 69 differentially requlated proteins (DRPs) were
identified, with 28 up-regulated and 41 down-regulated in the NCTD-treated group. Validation of six DRPs (CLTCLT,
VAVT, SP1, TRIM24, MYO1G, and WDR70) by Western blot analysis confirmed the accuracy of the LC-MS/MS method
used in this study. NCTD modulates various protein expressions involved in chromatin-modifying enzymes, RHO
GTPases activating PAKs, Fc gamma R-mediated phagocytosis, T cell receptor signaling pathway, and antigen process-
ing and presentation. Overall, the research provides new insights into the effects of NCTD on the proteome of Mtb-
infected macrophages. The identified changes highlight potential targets for future therapeutic interventions aimed
at enhancing host immunity against Mtb infection or developing new anti-TB drugs based on these findings.
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Introduction

Tuberculosis is a serious public health problem that sig-
nificantly threatens human well-being. Despite efforts
to control its spread, the number of new cases remains
alarmingly high. In 2021, an estimated 10.6 million peo-
ple became ill with tuberculosis, and 1.6 million people
died from it [1]. The infection rates have caused severe
public health issues worldwide. The effectiveness of pre-
vention and treatment for tuberculosis is inadequate
due to several reasons: the prevalence of drug-resistant
strains, the ineffectiveness of BCG (Bacillus Calmette-
Guerin) vaccination in adults [2], difficulties in diagnos-
ing latent infections, and poor treatment compliance.
However, immunotherapy has gained attention in recent
years as it offers a promising approach by modulating the
host’s immune status for treating tuberculosis.

Macrophages are host cells for Mycobacterium tuber-
culosis (Mtb) and serve as the first line of defense against
this pathogen. However, pulmonary alveolar mac-
rophages can also assist in the bacteria’s escape from
immune killing [3]. The autophagy function of mac-
rophages is weakened, promoting the survival of intra-
cellular mycobacteria [4]. The expression of MHC (major
histocompatibility complex) molecules on the surface of
macrophages is downregulated [5], leading to polariza-
tion towards an M2 phenotype [6]. Apoptosis induced by
endoplasmic reticulum stress further promotes the sur-
vival of intracellular mycobacteria [5]. Therefore, modu-
lating the immune function of macrophages is a suitable
strategy for treating tuberculosis.

Norcantharidin, a derivative of cantharidin. It is mainly
used in clinical practice for treating various cancers
such as liver cancer, esophageal cancer, and gastric can-
cer, showing strong anti-tumor activity [7, 8] and unique
immunomodulatory effects [9-11]. Currently, there are
no reports on the use of Norcantharidin in tuberculo-
sis treatment. However, recent studies have shown that
Norcantharidin can enhance immune responses in LPS-
induced macrophages by boosting AKT/p65 phosphoryl-
ation and NF-kB transcriptional activity. It also enhances
macrophage secretion of IL-1f, IL-6, and TNF-a for indi-
rect bactericidal effects [12, 13], regulates iron metabo-
lism in macrophages through ferritin modulation [14,
15], induces autophagy and apoptosis in innate lymphoid
cells via activation of the JNKs/c-Jun signaling pathway
to promote their aggregation [16], and shows promising
efficacy in improving disease progression by inhibiting
IL-17 through STAT3 regulation in an acute lung injury
model [17]. These findings collectively suggest poten-
tial immunomodulatory properties of Norcantharidin
against MTB.

Currently, there is no published report about work
reporting the characterization of Norcantharidin on the
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proteome of Mtb-infected macrophages; however, its
regulatory influence on macrophages has not been fully
elucidated. It has been hypothesized that Norcantharidin
may affect the proteome of Mtb-infected macrophages,
consequently influencing the production of numerous
factors essential for anti-TB activity. Accordingly, in this
work, using the tandem mass tag (TMT)-based quanti-
tative proteomics method and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis, we
present, for the first time, a comprehensive proteomic
analysis of macrophages infected with H37Ra.

Materials and methods

Main reagents and consumables

The primary reagents used in the LC-MS/MS analysis
included Nanosep Centrifugal Devices 10 kD (Pall) and
the iTRAQ 8 plex kit (SCIEX). For Western blot analysis,
the following antibodies were used: anti-SP1 (ab231778;
Abcam, USA), anti-TRIM24 (4208-1-AP; Protein-
tech, USA), anti-CLTCL1 (22,283-1-AP; Proteintech,
USA), anti-VAV1 (AF6182; Affinity, USA), anti-WDR70
(PU451766S; Abmart, Shanghai, China), anti-MYOI1G
(LK43614S; Abmart, Shanghai, China), anti-Actin (Cell
Signaling, USA), goat anti-rabbit IgG (SA00001-2; Pro-
teintech, USA), and goat anti-mouse IgG (074—1806;
KPL, USA). Norcantharidin was obtained from Shanghai
Yuanye Bio-Technology Co., Ltd (5442-12-6).

Cell culture

THP-1 cells (Laboratory conservation) were maintained
in RPMI-1640 (Solarbio) supplemented with 10% FBS
(WISENT, Canada), 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C and 5% CO2. All media compo-
nents and reagents were endotoxin-free.

Macrophage phenotype induction and Mycobacterium
tuberculosis H37Ra intracellular infection

THP-1 monocytes were cultured in a 10 cm diameter
petri dish with 1077 cells per well and induced to the
macrophage phenotype by exposure to 1 pg/mL Phorbol
12-Myristate 13-Acetate (PMA, MultiSciences) for 24 h.
Twenty-four hours after washing off PMA and incubat-
ing in complete medium (DMEM supplemented with
10% EBS), the cells were exposed to 1078 colony forming
units (CFU) of Mtb H37Ra (MOI=10) in antibiotic-free
medium for 6 h. The cells were then washed three times
with PBS to remove extracellular bacteria and incubated
in complete medium with Norcantharidin (5 pg/mL or
10 pg/mL) for 24 h. Afterwards, the cells were rinsed
three times with PBS, 1 mL of fresh PBS was added, and
the cells were scraped off, centrifuged, and the superna-
tant was discarded. The cell pellets were stored at —80 °C
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for subsequent use. Protein extraction using RIPA was
performed for Western blot analysis.

Protein extraction

Protein extraction was performed by homogenizing 10”7
cells in 200 pL of lysis buffer (RIPA containing 1% PMSF)
on ice for 30 min and then centrifuged (10,000xg for
5 min at 4 °C). The supernatants were quantified using
the Pierce BCA Protein Assay Kit. All analyses were per-
formed in duplicate. Samples were stored at—80 °C for
further analysis.

Enzymatic digestion and iTRAQ labeling in protein sample
solution

After pooling, the samples were evaporated by vacuum
concentration to remove excess water, TEAB, and iso-
propanol. Aliquots of lysates were mixed with 200 pL of
8 M urea in Nanosep Centrifugal Devices (PALL). The
device was centrifuged at 14,000 g at 20 °C for 20 min.
All following centrifugation steps were performed under
the same conditions to ensure maximum concentration.
The concentrate was diluted with 200 uL of 8 M urea in
0.1 M Tris—HC], pH 8.5, and the device was centrifuged.
Proteins were reduced with 10 mM DTT for 2 h at 56 °C.
Subsequently, the samples were incubated in 5 mM
iodoacetamide for 30 min in the dark to block reduced
cysteine residues followed by centrifugation. The result-
ing concentrate was diluted with 200 pL of 8 M urea in
0.1 M Tris—HCIl, pH 8.0, and concentrated again. This
step was repeated twice, and the concentrate was sub-
jected to proteolytic digestion overnight at 37 °C. The
digests were collected by centrifugation. Each iTRAQ
reagent (AB Sciex, USA) was dissolved in 70 pL of iso-
propanol and added to the respective peptide mixture
for 120 min. The labeling reaction was quenched by the
addition of 100 uL of Milli-Q water, and the seven labeled
samples were then pooled into one sample according to
the manufacturer’s instructions.

LC-MS/MS analysis

The lyophilized peptide fractions were re-suspended
in ddH20O containing 0.1% formic acid, and 2 pL ali-
quots were loaded into a nanoViper C18 trap column
(Acclaim PepMap 100, 75 um X2 cm). Chromatography
separation was performed on the Easy nLC 1200 system
(Thermo Fisher). The trapping and desalting procedures
were carried out with 20 pL of 100% solvent A (0.1%
formic acid). Then, an elution gradient of 5-38% sol-
vent B (80% acetonitrile, 0.1% formic acid) over 60 min
was used on an analytical column (Acclaim PepMap
RSLC, 75 um x 25 cm C18-2 um 100 A). Data-dependent
acquisition (DDA) mass spectrometry techniques were
used to acquire tandem MS data on a Thermo Fisher Q
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Exactive mass spectrometer fitted with a Nano Flex ion
source. Data was acquired using an ion spray voltage of
1.9 kV and an interface heater temperature of 275°C. For
a full mass spectrometry survey scan, the target value
was 3x 10°, and the scan range was 350 to 2,000 m/z at
a resolution of 70,000 with a maximum injection time
of 100 ms. For the MS2 scan, only spectra with a charge
state of 2-5 were selected for fragmentation by higher-
energy collision dissociation with a normalized collision
energy of 32. The MS2 spectra were acquired in the ion
trap in rapid mode with an AGC target of 8,000 and a
maximum injection time of 50 ms. Dynamic exclusion
was set for 25 s.Peptides were analyzed using high-per-
formance liquid chromatography tandem high-resolution
mass spectrometry after labeling with iTRAQ reagent
and subsequent enrichment, generating substantial mass
spectrum data. PD software was used for protein iden-
tification in the samples under the following conditions:
PSM FDR (false positive) <0.01 and Protein FDR<0.01.
Protein identification was performed using the human
Uniprot sequence database (20,399), with the database
sequence file located at data/l.Identification/Uniprot-
human.fasta.

The annotation of differentially functional proteins

Protein annotation involved using multiple functional
databases, such as REACTOME and KEGG, to annotate
the functions of identified proteins and reveal their func-
tional classifications.

Network and functional analysis

To analyze the involvement of differentially regu-
lated proteins in common biological processes, an
enrichment ontology and pathway analysis was per-
formed using g:Profiler software (version el04_eg51
p15_3922dba) based on REACTOME and KEGG
databases (p-adjusted <0.05).

Validation of LC-MS/MS results by Western blot

To validate the LC-MS/MS results, we performed a
Western blot analysis for six chosen proteins (CLTCL1,
VAV1, SP1, TRIM24, MYO1G, and WDR70) selected
from the list of significantly changed proteins. The pro-
tein extract was used for Western blot analysis. Actin
was used as a control for equal loading and to quantify
the relative abundance of the examined proteins. Forty
micrograms of total protein isolates were solubilized in
a sample buffer (100 mM Tris—HCI, 4% SDS, 20% glyc-
erol, 0.2% bromophenol blue, and 200 mM dithiothreitol,
pH 6.8) and incubated for 7 min at 99.9°C. Samples were
separated by SDS-PAGE electrophoresis and transferred
onto a polyvinylidene fluoride (PVDF) membrane (Mil-
lipore, Ireland). A 5% BSA solution in TBST was used to
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block nonspecific binding. Next, the membranes were
incubated at 4°C overnight with specific primary anti-
bodies: SP1 (1:1000; ab231778; Abcam, USA), TRIM24
(1:1000; 14,208-1-AP; Proteintech, USA), CLTCL1
(1:1000; 22,283—1-AP; Proteintech, USA), VAV1 (1:1000;
AF6182; Affinity, USA), WDR70 (1:500; PU451766S;
Abmart, Shanghai, China), MYO1G (1:500; LK43614S;
Abmart, Shanghai, China), and actin (1:3000; Cell Sign-
aling, USA). After washing, membranes were incubated
with HRP-conjugated secondary antibodies (1.5 h, RT):
goat anti-rabbit IgG (1:5000; SA00001-2, Proteintech,
USA) for CLTCL1 (CHC22: clathrin heavy chain 22),
VAV1, SP1, TRIM24, MYO1G, and WDR70, and goat
anti-mouse IgG for actin (1:5000; 074—1806, KPL, USA).
Visualization of immunocomplexes was carried out using
chemiluminescence HRP substrate (Merck Millipore,
Burlington, MA, USA) according to the manufacturer’s
protocol and visualized with an Al 680 Imaging System
(GE, USA). The results were quantified by optical den-
sity (OD) analysis of immunocomplexes with Image ]
(National Institutes of Health, USA). Data were pre-
sented as a ratio of examined protein relative to actin
protein in arbitrary OD units. The normality of West-
ern blot data distributions was confirmed using a Shap-
iro—Wilk test (p>0.05), and the results were statistically
checked by a Student’s t-test (p<0.05) using Statistica
software (GraphPad Prism 8, USA). Data were presented
as mean+ SEM (n=5).
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Statistical analysis

A normality test was first performed to determine
whether our dataset followed a normal distribution. Stu-
dent’s t-test for two-sample and two-tailed comparisons
was used with GraphPad Prism version 8.0 (GraphPad
Software Inc., San Diego, CA, USA). In all cases, P<0.05
was considered statistically significant.

Results

Quantitative analysis of differential protein expression

A total of 5599 proteins were identified in this study
(Fig. 1A, Table S1). After relative quantification, fil-
ters (fold change cutoff 1.2 and p<0.05) were applied
to obtain the final list of 69 differentially regulated pro-
teins (DRPs). Among all DRPs, 28 were up-regulated
and 41 were down-regulated in the NCTD-treated
group (Table S2). DRPs were visualized in a Volcano plot
(Fig. 1B). In Volcano plots, the x-axis represents the log-
arithm base 2 of the ratio between comparison groups,
ensuring a symmetrical distribution of ratios. A posi-
tive log2(ratio) indicates high protein expression while
a negative log2(ratio) indicates low protein expression
(Fig. 1B).

Differentially regulated proteins and functional
annotations

Through functional analysis of differential proteins,
the identified proteins were subjected to enrichment
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Fig. 1 Volcano plot of proteins quantified by LC-MS/MS in NCTD vs. DMSO comparison. After intracellular infection with Mycobacterium
tuberculosis H37Ra for 24 h, quantitative analysis of differential protein expression was performed using LC-MS/MS for NCTD (10 pg/mL, n=2)

vs. DMSO (n=3) treatment. The heatmap illustrates the total number of identified proteins (A). The volcano plot displays the fold-change (x-axis)
versus significance (y-axis) of the differentially regulated proteins (DRPs) under the influence of NCTD (B). The significance (non-adjusted p-value)
and fold-change are converted to—Log10(p-value) and Log2(fold-change), respectively. The vertical and horizontal dotted lines indicate the cut-offs
for fold-change (Log2 > 0) and p-value (0.05), respectively. The selected DRPs are labeled with their gene symbols
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or statistical analysis in various functional databases,
including Cnetplot (REACTOME), Cnetplot (KEGG),
GSEA (KEGG), and GSEA (REACTOME). Most of
the DRPs were annotated to ‘Chromatin modifying
enzymes’ (54 DRPs, Fig. 2), ‘RHO GTPases activate
PAKs’ (11 DRPs, Fig. 2), ‘Fc gamma R-mediated phago-
cytosis’ (27 DRPs, Fig. 3), ‘T cell receptor signaling
pathway’ (23 DRPs, Fig. 3), Antigen processing and
presentation (23 DRPs, Fig. 3), Ribosome and Patho-
genic Escherichia coli infection (Fig. 4), and Glycoly-
sis/Gluconeogenesis (Fig. 4).

Revalidation of differentially expressed proteins

through Western blot analysis

We used functional and differential expression analysis
to identify genes involved in the onset and progression
of Mtb, which were then validated by Western blot
analysis. The results showed a significant upregula-
tion in the expression of MYO1G (Fig. 5A,B), WDR70
(Fig. 5A,C), VAV1 (Fig. 5D,E), SP1 (Fig. 5D,F), CLTCL1
(Fig. 5G,H), and TRIM24 (Fig. 51,]) in THP-1-derived
macrophages following Norcantharidin treatment.
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Discussion

In this study, an LC-MS/MS analysis was performed
for the first time to investigate differentially regu-
lated proteins (DRPs) in THP-1-derived macrophages
infected with Mtb and exposed to NCTD (10 pg/mL).
After NCTD treatment, we identified 69 DRPs, with 28
proteins up-regulated and 41 proteins down-regulated
compared to the control DMSO group. The differential
expression of six proteins associated with tuberculo-
sis immunity was confirmed by Western blotting. These
findings strongly suggest that NCTD significantly influ-
ences the immune response against tuberculosis in mac-
rophages and holds potential as an anti-tuberculosis
therapeutic agent.

NCTD exhibits significant anti-tumor effects, clini-
cally validated in cancer treatment. In addition to
directly inhibiting tumor growth [18-20], NCTD dem-
onstrates notable immunomodulatory effects. It can
suppress immune-mediated pro-cancer effects induced
by immune factors [21], regulate iron metabolism in
macrophages [14]. However, in vitro studies on human
peripheral blood immune cells have revealed that
NCTD can inhibit the production of IL-2, IL-4, and
IL-10 [22]. The immune functions regulated by NCTD
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Fig. 2 Cnetplot of enriched pathways of DRPs identified through REACTOME analysis. The REACTOME analysis revealed that the primary enriched
pathways of DRPs included Chromatin modifying enzymes and RHO GTPases activating PAKs. The cnetplot visually depicts these enriched pathways
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of DRPs included Fc gamma R-mediated phagocytosis, T cell receptor signaling pathway, and antigen processing and presentation

are closely linked with anti-TB immunity, necessitat-
ing further exploration of their potential application
in anti-TB immunotherapy. Additional investigation is
required to elucidate its precise mechanisms of immu-
nomodulation. This study reveals enrichment of differ-
entially expressed proteins in the chromatin modifying
enzymes and RHO GTPases activate PAKs signaling
pathways. The DRPs were significantly enriched in key
macrophage functions involved in anti-TB immunity,
including Fc gamma R-mediated phagocytosis, T cell
receptor signaling, antigen processing and presenta-
tion, lysosomal activity, and glycolysis. The findings
imply that NCTD potentially exerts a pivotal influence
on the regulation of macrophage differentiation and
functionality.

The immune response of macrophages to Mth
plays a crucial role in the occurrence and progres-
sion of tuberculosis [3]. Targeting macrophages is an
effective strategy for treating tuberculosis [23-25].
Macrophages are the primary target cells for M. tuber-
culosis infection, with the bacteria capable of persist-
ing within them for extended periods. Understanding
the mechanisms of immune evasion will help iden-
tify treatment targets for tuberculosis. The main
strategies employed by M. tuberculosis to evade host

immunity include disrupting the CD4+T cell-mac-
rophage immunological synapse [26], inhibiting DNA
modification of host macrophages [27], and affecting
lysosomal function [28]. Enhanced anti-tuberculosis
immunity can be achieved through the activation of Fc
gamma receptors [29] and the promotion of glycolysis
[30]. Promoting macrophage autophagy can effectively
eliminate tuberculosis bacteria [31, 32], making these
important targets for treatment.

The THP-1 cell line, a human mononuclear cell line,
serves as the primary cellular model for investigating the
immune response of host macrophages to tuberculosis
[33-38]. However, our study did not examine the impact
of NCTD on TB bacterial growth in vitro and in vivo;
this aspect will be the focus of future investigations. Fur-
thermore, we utilized the Mtb H37Ra strain to estab-
lish a cell infection model. While H37Rv is a standard
virulent strain, H37Ra exhibits reduced virulence. Infec-
tion with the virulent M¢b strain H37Rv elicits a more
severe inflammatory immune response accompanied by
increased tissue damage, providing insights into host—
pathogen interaction dynamics and pathogenesis features
across different Mtb strains [39, 40]. Nevertheless, due
to less stringent environmental requirements, H37Ra-
infected cells are commonly employed as cellular models
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[33, 41-44], which are subsequently validated using the
virulent Mtb strain H37Rv.

Among the DRPs, we identified the most signifi-
cantly expressed genes associated with infection:
CLTCL1, VAV1, SP1, TRIM24, MYO1G, and WDR?70.
The CLTCL1 gene encodes the clathrin heavy chain 22
(CHC22) protein, which plays a crucial role in cellular
glucose metabolism [45, 46] and autophagy [47]. We
observed a significant up-regulation of CLTCL1 fol-
lowing NCTD treatment, suggesting that it may be a
primary mechanism through which NCTD regulates
macrophage glucose metabolism or cell autophagy to
exert anti-tuberculosis immunity. VAV guanine nucleo-
tide exchange factor 1 (VAV1) acts as a guanine nucle-
otide exchange factor, influencing foam macrophage
formation [48] and macrophage chemotaxis [49]. It also

plays a pivotal role in promoting NLRP3 inflammasome
activation [50]. The cellular transcription factor Spl is
involved in regulating macrophage polarization [51-53],
pyroptosis [54], and CD8+T cell exhaustion [55]. The
E3 ligase Trim24 regulates M2 macrophage polarization
through crosstalk with Stat6 [56]. Macrophage polariza-
tion, autophagy, and the immunomodulatory function
of macrophages are closely associated with anti-tuber-
culosis immunity. MyolG, a member of class I myosins,
is specifically expressed in hematopoietic cells and is
localized to the plasma membrane. It plays a crucial
role in regulating cell elasticity through deformations of
the actin network at the cell cortex [57]. Recent studies
have shown that MYOI1G is essential for B lymphocyte
adhesion and migration [58], which are closely linked to
macrophage-mediated anti-TB immune function [3, 59,
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Fig. 5 Validation of differentially expressed proteins through Western blot analysis. The identified differential proteins were validated

through Western blot in THP-1 macrophages. Validation was performed for WDR70, MYO1G, VAV1, SP1, CLTCL1, and TRIM24 proteins with actin

as the reference protein (P-value <0.05). THP-1 macrophages were infected intracellularly with Mycobacterium H37Ra at MOI=10 for 24 h. NCTD
was added 6 h post-infection and continued until 24 h to eliminate extracellular bacteria. Representative Western blots demonstrate the alteration
in protein expression of MYO1G (A), WDR70 (B), CLTCL1 (C), VAV1 (D), SP1 (E), and TRIM24 (F) in the NCTD-treated group (5 ug/mL and 10 ug/mL)
compared to the control group (DMSO and PBS). Data were obtained from three independent experiments and are expressed as mean + SEM.

*P<0.05,**P<0.01, ***P<0.001 vs. control

60]. Additionally, WDR70 is involved in DNA modifica-
tion [61] and histone modification [62], contributing to
epigenetic regulation [63]. Since TB exploits host DNA
damage repair as its main strategy for immune evasion
[27], this implies that NCTD’s primary mechanism in
targeting macrophages to exert its anti-TB effect may
involve the regulation of these key proteins.
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