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Overexpression of EspL inhibits autophagy 
and antigen presentation to promote 
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Abstract 

Mycobacterium tuberculosis (Mtb) employs multiple mechanisms, such as phagocytosis and autophagy, to evade 
innate immune clearance and establish infection. In the present study, we identified the ESX-1 secretion-associated 
protein EspL, which promotes Mtb survival by inhibiting phagosome maturation and autophagy initiation. EspL 
knockout decreased Mtb intracellular survival, while EspL overexpression increased bacterial survival by interfering 
with phagocytosis and autophagy. EspL interacts with ULK1 and promotes its phosphorylation at Ser757, leading 
to the inhibition of autophagy initiation. Additionally, overexpression of EspL reduced antigen presentation and T-cell 
responses both in vitro and in vivo. Our findings revealed that EspL interferes with autophagy and antigen presenta-
tion by suppressing ULK1 activation. These insights provide a novel understanding of Mtb pathogenicity.
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Main text
Mycobacterium tuberculosis (Mtb), the causative agent 
of tuberculosis (TB), is primarily phagocytized and 
restricted by macrophages (Chen et  al. 2021; Rahman 
et  al. 2022). The engulfed bacteria are transported to 
lysosomes for degradation (Flannagan et  al. 2012). Mtb 
escapes from phagosomes to the cytosol and triggers 
autophagy (Gutierrez et  al. 2004; Poirier and Av-Gay 
2015; Reheman et  al. 2023), which selectively targets 
escaped bacteria for lysosomal degradation (Franco et al. 
2017; Manzanillo et  al. 2013). The degraded bacterial 
debris facilitates MHC II antigen presentation to acti-
vate T-cell responses against Mtb infection (Dengjel et al. 
2005; Schmid et al. 2007).

EspL promotes Mtb survival in macrophages and mice
The Mtb ESX-1 secretion system and its associated 
proteins have been reported to inhibit phagosome 
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maturation and autophagy (Chen et al. 2013; Huang and 
Bao 2016; Mehra et al. 2013; Romagnoli et al. 2012; Wong 
2017; Xu et al. 2007). In the present study, we found that 
the ESX-1 secretion-associated protein EspL interacts 
with multiple proteins related to autophagy and phago-
cytosis pathways (Fig.  1A). To investigate whether EspL 
affects the pathogenicity of Mtb, the EspL-OE (EspL 
gene-overexpressing) Mtb H37Ra strain and the ΔEspL 
(EspL gene-deletion) Mtb H37Ra strain were constructed 
(Fig.  S1A-S1C). The growth curves showed that neither 
EspL-OE nor ΔEspL affected mycobacterial prolifera-
tion in vitro (Fig. 1B). The number of viable intracellular 
bacteria was significantly greater in the EspL-OE strain 
and significantly lower in the ΔEspL strain than in the 
wild-type H37Ra strain (Fig.  1C, Fig.  S1D), indicating 
that EspL is important for Mtb virulence in macrophages 
(Sala et al. 2018).

Furthermore, the role of EspL in a mouse 
model  were  investigated. There was no significant dif-
ference in the survival of any of the strains at one week 
postinfection. Nevertheless, the survival of ΔEspL 
strain  was significantly decreased in the mouse lungs 
compared to that of the wild-type strain at two  weeks 
postinfection (Fig.  1D). In mouse spleens, the ΔEspL 
strain showed significantly decreased survival compared 
to the wild-type strain at 2 weeks postinfection but not 
at one week postinfection. In comparison, the survival of 
the EspL-OE strain was not significantly different from 
that of the wild-type strain at both one  and two  weeks 
postinfection (Fig.  1E). The histological examination 
results showed that the EspL-OE strain caused more 
cellular and inflammatory infiltration in the lungs and 
spleens of infected mice than did the wild-type or ΔEspL 
strains (Fig.  1F and G, Fig.  S1E and S1F). An excessive 
host inflammatory response kills bacteria and deprives 
them of their niche by inducing cell death (Amaral et al. 
2021), resulting in slightly but not significantly increased 
survival of the EspL-OE strain in mouse lungs and 
spleens. Therefore, EspL is a potential virulence pro-
tein that participates in Mtb survival both in  vitro and 
in vivo and likely plays a critical role in the early stages of 
infection.

Overexpression of EspL inhibits phagosome maturation 
and autophagy initiation
Phagocytosis and autophagy are crucial for the restriction 
of intracellular Mtb (Deghmane et al. 2007; Franco et al. 
2017). However, virulent Mtb proteins can subvert these 
cellular processes (Paz et al. 2010; Vergne et al. 2005). To 
investigate whether EspL interferes with phagocytosis 
and autophagy, we infected macrophages with EspL-OE, 
ΔEspL or wild-type strains and immunostained them 
for the phagosome marker Rab7 (Stroupe 2018), the 
autophagosome marker LC3 (Liang et al. 2017), and the 
lysosome marker LysoTracker for colocalization (Fig. 2A). 
Compared with those of the wild-type strain, the colo-
calization of Rab7 or LysoTracker with the ΔEspL strain 
significantly increased, while the colocalization of both 
markers with the EspL-OE strain significantly decreased 
(Fig. 2B-E), indicating that EspL arrests the maturation of 
phagolysosomes (Brodin et al. 2010).

Furthermore, the colocalization of both  EspL-OE and 
ΔEspL strains with LC3 was significantly decreased com-
pared to that of the wild-type strain (Fig. 2F and G), and 
the western blotting results were consistent (Fig.  2H 
and I) because the ΔEspL strain could be compromised 
in virulence and cannot intrinsically induce autophagy 
(Sala et al. 2018). Selective autophagy can be induced by 
damaged membranes or cytosolic bacteria (Gomes and 
Dikic 2014; Liang et  al. 2017; Turco et  al. 2020; Zaffag-
nini and Martens 2016). However, the attenuated ΔEspL 
strain cannot disrupt the phagosomal membrane to trig-
ger autophagy. In contrast, the H37Ra wild-type strain 
effectively escapes from phagosomes (McDonough et al. 
1993), initiating the autophagy pathway. Nonetheless, 
compared with the wild-type strain, the EspL-OE strain 
exhibited a significantly reduced level of autophagy. 
Therefore, we concluded that EspL overexpression inhib-
its mycobacterium-induced autophagy.

Mtb proteins such as Rv0790c, PknG and PE_PGRS47 
have been reported to inhibit autophagic flux (Fang et al. 
2022; Ge et  al. 2022; Strong et  al. 2021). To investigate 
whether EspL influences changes in autophagic flux, 
THP-1 cells  were treated  with the autophagy‒lysosome 
inhibitor bafilomycin A1 (Franco et  al. 2017). Western 

Fig. 1  EspL promotes Mtb survival in macrophages and mice. A Filtered interaction network between EspL and host proteins. The gray node 
represents EspL. The blue, red and green nodes represent host proteins related to autophagy, phagocytosis and both autophagy and phagocytosis, 
respectively. B Growth curves of the wild-type, EspL-OE and ΔEspL H37Ra strains in 7H9 broth. C Intracellular survival assay. The experiment 
was repeated three times. One representative result is shown. D, E Animal experiment. F Representative H&E (hematein and eosin)-stained lung 
sections of mice at week one. The arrows indicate inflammatory infiltration. Scale bars, 200 μm. G Representative H&E (hematein and eosin)-stained 
spleen sections of mice at week two. The arrow indicates inflammatory infiltration and obscure boundaries of the red and white pulp. Scale bars, 
200 μm. The data in B, C, D, and E are presented as the means ± s.e.m.ss and were analyzed via two-way ANOVA. P > 0.05, not significant (ns); 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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blotting revealed significantly increased LC3 II accu-
mulation in uninfected and wild-type and ΔEspL strain-
infected cells after bafilomycin A1 treatment (Fig.  S2A 
and S2B). However, the LC3 II protein level in the EspL-
OE strain-infected cells did not significantly differ in 
the presence of bafilomycin A1, indicating that EspL 
effectively blocked autophagic flux (Fig.  S2B). Further-
more, the LC3 II expression of untreated cells were sub-
tracted  from that of bafilomycin A1-treated cells to 
evaluate LC3 II degradation. A significantly decreased 
LC3 II degradation was found in the EspL-OE strain-
infected cells compared to the wild-type strain-infected 
cells, indicating a decrease in autophagic flux (Fig. S2C). 
These data suggest that EspL overexpression interferes 
with both phagocytosis and autophagy pathways.

EspL inhibits autophagy initiation by increasing ULK1 
phosphorylation
To investigate the proteins that interact with EspL, PPI 
network was double-checked by  (Yang et  al. 2018) with 
yeast two-hybrid (Y2H) and bimolecular fluorescence 
complementation (BiFC) assays. The results showed that 
ULK1, ATG2A and RUBCN had obvious effects on yeast 
cell growth (Fig. 3A) and apparent signals of red fluores-
cence (Fig. 3B), suggesting that they interact with EspL. 
Autophagy is regulated by a group of autophagy-related 
(ATG) proteins (Huang and Brumell 2014; Suzuki et  al. 
2013; Yu et al. 2018). Three proteins involved in the ini-
tiation (ULK1), nucleation and extension (ATG2A), 
and maturation (RUBCN) stages of autophagy were 
identified  (Fig.  3C). Then, ULK1, ATG2A and RUBCN 
were  silenced in macrophages and detected autophagy 
levels. Data showed that RUBCN- or ATG2A-knockdown 
cells accumulated more LC3 II than did control cells 
(Fig. S3A and S3C), which is consistent with the roles of 
these two proteins in autophagy (Gomez-Sanchez et  al. 
2018; Matsunaga et al. 2009; Sun et al. 2011; Tamura et al. 
2017; Velikkakath et al. 2012). However, the downregula-
tion of RUBCN or ATG2A did not affect the differences 

in LC3 II expression between the wild-type and EspL-OE 
strains (Fig.  S3A-S3D). Furthermore, the knockdown of 
ULK1 in macrophages was confirmed (Fig.  S3E-S3G). 
ULK1 deficiency impaired the accumulation of LC3 II 
and rescued the reduced LC3 II level in macrophages 
during EspL-OE strain infection (Fig. 3D and E), suggest-
ing that ULK1 is required for the ability of EspL to inhibit 
autophagy. As the activity of ULK1 is highly regulated by 
phosphorylation and other modifications (Kim et al. 2011; 
Zachari and Ganley 2017), the influence of EspL on the 
phosphorylation state of ULK1 was evaluated. Compared 
to infection with the wild-type strain, infection with the 
EspL-OE strain led to more Ser757-phosphorylated ULK1 
(Fig. 3F and G), suggesting a suppressive effect on ULK1. 
However, the amount of total ULK1 remained the same 
(Fig.  3H and I). Since mTORC1 negatively regulates 
autophagy initiation by phosphorylating ULK1 at Ser757, 
the increased phosphorylation of ULK1 at Ser757 indi-
cates a decrease in autophagy (Kim et al. 2011; Rabanal-
Ruiz et al. 2017). These data suggest that EspL interacts 
with ULK1 and increases its phosphorylation at Ser757 to 
inhibit autophagy initiation.

Overexpression of EspL suppresses MHC II antigen 
presentation and T‑cell responses
To investigate whether EspL suppresses MHC II antigen 
presentation during Mtb infection, an in  vitro experi-
ment was  performed  in which BMDCs were infected 
with different Mtb strains and then cocultured with 
antigen-sensitized splenocytes (Fig. 4A). The flow cytom-
etry results showed that compared with infection with 
the wild-type strain, infection with the EspL-OE strain 
led to a significant decrease in the percentage of MHC 
II+ CD11c+ BMDCs (Fig.  4B and C). The expression of 
MHC II molecules on the surface of BMDCs infected 
with the EspL-OE strain was also significantly lower than 
that on the surface of BMDCs infected with the wild-
type strain (Fig. 4D), indicating that EspL has an inhibi-
tory effect on the antigen presentation ability of BMDCs. 

(See figure on next page.)
Fig. 2  EspL inhibits phagosome maturation and autophagy. A Schematic model of the phagocytosis and autophagy pathways. B Confocal 
microscopy analysis of the colocalization of Mtb with Rab7. THP-1 cells were infected with the wild-type, EspL-OE or ΔEspL H37Ra strain (green) 
at an MOI of 10 for 24 h and stained with an anti-Rab7 antibody (red). DAPI was used to stain the nuclei (blue). Scale bars, 20 μm. The experiment 
was repeated two times. C Quantification of the colocalization of the Mtb strains with Rab7. D Confocal microscopy analysis of the colocalization 
of Mtb with LysoTracker. THP-1 cells were infected with the wild-type, EspL-OE or ΔEspL H37Ra strains (green) at an MOI of 10 for 24 h and stained 
with LysoTracker (red). Hoechst was used to stain the nuclei (blue). Scale bars, 20 μm. The experiment was repeated two times. E Quantification 
of the colocalization of Mtb strains with LysoTracker. F Confocal microscopy analysis of the colocalization of Mtb with LC3. THP-1 cells were infected 
with the wild-type, EspL-OE or ΔEspL H37Ra strains (green) at an MOI of 10 for 24 h and stained with an anti-LC3 antibody (red). DAPI was used 
to stain the nuclei (blue). Scale bars, 20 μm. The experiment was repeated three times. G Quantification of the colocalization of Mtb strains 
with LC3. H Immunoblot analysis of LC3 I/II expression in THP-1 cells infected with the wild-type, EspL-OE or ΔEspL H37Ra strains. The experiment 
was repeated three times. I The ratio of the intensities of the LC3 II and GAPDH bands. The data in C, E, G, I are presented as the means ± s.e.m.ss 
and were analyzed via one-way ANOVA. P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 2  (See legend on previous page.)
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We then examined whether these Mtb-infected BMDCs 
had different capacities for antigen presentation to T 
cells by an IFN-γ release assay (Saini et al. 2016). Com-
pared with wild-type strain-infected BMDCs, EspL-OE 
strain-infected BMDCs were defective in stimulating 
T-cell responses (Fig. 4E). Unexpectedly, compared with 
the wild-type strain, the ΔEspL strain demonstrated no 
improvement in MHC II expression or T-cell responses, 
and the IFN-γ release of the ΔEspL strain-infected group 
was comparable to that of the uninfected group (Fig. 4B-
E). This finding suggested that EspL is necessary for acti-
vating T-cell responses and that the ΔEspL strain cannot 
induce T-cell activation. EspL is located within the ESX-1 
gene locus and encodes a protein associated with ESX-1 
secretion. Knockout of EspL disrupts the function of the 
ESX-1 system and impairs the secretion of various effec-
tor proteins (Sala et  al. 2018). As a result, the ΔEspL 
strain displayed significantly reduced virulence and an 
inability to express multiple antigenic proteins required 
for stimulating T-cell responses.

To further assess antigen presentation in vivo, C57BL/6 
mice were infected with the wild-type, EspL-OE, and 
ΔEspL H37Ra strains, and mouse spleens were collected 
on day 28 postinfection (Fig.  4F). T-cell responses were 
measured by restimulating splenocytes with wild-type 
H37Ra-infected BMDCs. There was no significant differ-
ence in the proportions of CD4+ or CD8+ T cells among 
the splenocytes of the mice infected with the three indi-
cated strains (Fig.  4G-I). However, the T-cell responses 
specific for Mtb antigens displayed a prominent distinc-
tion, as illustrated by a significant decrease in the amount 
of IFN-γ released by the splenocytes of mice infected 
with the EspL-OE strain compared to that released by 
the splenocytes of mice infected with the wild-type 
strain (Fig.  4J). Since autophagy is beneficial for MHC 
II-mediated antigen presentation (Baena and Porcelli 
2009; Ernst 2012), we concluded that EspL overexpres-
sion may hinder MHC II-mediated antigen presentation 
and subsequent T-cell responses through the inhibition 
of autophagy.

Our data identified EspL as a virulence protein that 
promotes Mtb survival both in  vitro and in  vivo. EspL 
contributes to Mtb evasion of both phagocytosis and 
autophagy pathways. EspL overexpression inhibits 
autophagy by interacting with ULK1 and reducing its 
activation. EspL overexpression also suppresses antigen 
presentation, which may be due to the inhibitory effect 
of EspL on autophagy. Our data may provide insights into 
Mtb pathogenicity and facilitate the design of anti-Mtb 
vaccines.

 Methods
Antibodies and reagents
The primary antibodies used in this study were anti-LC3B 
(CST, #3868, 1:300 for immunostaining and 1:1000 for 
western blotting), anti-Rab7 (Santa Cruz, sc-10767, 1:50 
for immunostaining), anti-GAPDH (ABclonal, A19056, 
1:1000 for western blotting), anti-β-Actin (ABclonal, 
AC004, 1:1000 for western blotting), anti-RUBCN (MBL, 
M170-3, 1:1000 for western blotting), anti-ATG2A (Pro-
teintech, 23226–1-AP, 1:1000 for western blotting), 
anti-ULK1 (CST, #8054  T, 1:1000 for western blotting), 
anti-phospho-ULK1 (Ser757) (CST, #14202, 1:1000 for 
western blotting), anti-I-A/I-E-APC (BioLegend, 107614, 
0.1  μg for FACS), anti-CD11c-PC7 (BioLegend, 117318, 
0.1  μg for FACS), anti-CD3-PB (BioLegend, 100214, 
0.1  μg for FACS), and anti-CD4-FITC  (BioLegand, 
100509, 0.1μg for FACS) and anti-CD8-APC (BioLe-
gand, 100711, 0.1μg for FACS). The secondary antibodies 
used were: HRP goat anti-rabbit IgG (ABclonal, AS014, 
1:1000 for western blotting), HRP goat anti-mouse IgG 
(ABclonal, AS003, 1:1000 for western blotting), Alexa 
Fluor® 555 goat anti-rabbit IgG (Invitrogen, A21429, 1: 
600 for immunostaining). LysoTracker (C1046), DAPI 
(C1005), and Hoechst 33342 (C1027) were purchased 
from Beyotime. A mouse IFN-γ ELISA kit (RK00019), 
active recombinant mouse GM-CSF protein (RP01206), 
and active recombinant mouse IL-4 protein (RP01161) 
were purchased from ABclonal. Bafilomycin A1 (#54645) 
was purchased from CST.

Fig. 3  EspL inhibits autophagy initiation by increasing ULK1 phosphorylation. A Verification of the interaction of EspL with ULK1, RUBCN 
and ATG2A by Y2H assay. The empty pmAD and pmBD vectors were used as negative controls. The Y2H experiment was repeated two times. 
B Verification of the protein‒protein interactions by BiFC assay. The empty ΔFos and ΔJun vectors were used as negative controls. Scale bars, 
100 μm. The BiFC experiment was repeated three times. C Schematic model for the roles of ULK1, ATG2A and RUBCN in the autophagy process. 
D Immunoblot analysis of LC3 I/II expression in shNC or ULK1-KD THP-1 cells infected with the wild-type or EspL-OE H37Ra strains (MOI = 10) 
for 24 h. The experiment was repeated two times. E The ratio of the intensity of the LC3 II band to that of the GAPDH band. F Immunoblot analysis 
of Ser757-phosphorylated ULK1 in THP-1 cells infected with the wild-type or EspL-OE H37Ra strains (MOI = 10) for 24 h. The experiment was repeated 
two times. G The ratio of the intensities of phosphorylated ULK1 to those of the GAPDH bands. H Immunoblot analysis of total ULK1 in THP-1 cells 
infected with the wild-type or EspL-OE H37Ra strains (MOI = 10) for 24 h. I The ratio of the intensities of total ULK1 to those of the GAPDH bands. 
The data in E, G, I are presented as the means ± s.e.m.ss. E was analyzed via two-way ANOVA. G and I were analyzed via one-way ANOVA. P > 0.05, 
not significant (ns); *P < 0.05; **P < 0.01

(See figure on next page.)
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Bacterial strains and culture conditions
The wild-type Mtb (strain H37Ra, ATCC 25177) and the 
overexpressing and knockout strains were cultured at 
37 ℃ in Difco™ Middlebrook 7H9 broth (BD, 271310) 
or on 7H11 agar (BD, 283810) supplemented with 
10% oleic acid albumin dextrose catalase (OADC, BD, 
211886), 0.5% glycerol and 0.05% Tween-80. For confocal 
microscopy, Mtb H37Ra strains were transformed with 
a pMV261-eGFP plasmid and maintained in the pres-
ence of kanamycin (25 μg/mL). The overexpressing strain 
(EspL-OE) was generated by transforming pMV261-
EspL-eGFP into wild-type H37Ra. For the knockout 
strain (ΔEspL), the EspL gene was replaced by the hyg 
gene via the phage-mediated allelic exchange method 
(Jain et al. 2014). Colonies were screened for hygromycin 
resistance (100 μg/mL) and identified by PCR to confirm 
gene deletion.

Cell culture and infection
THP-1 cells (ATCC TIB-202) were cultured in RPMI-
1640 medium (Gibco, C11875500BT) supplemented with 
10% fetal bovine serum (FBS, Gibco, 10099141C), 100 
units/mL penicillin and 100 μg/mL streptomycin (Gibco, 
15140122) at 37°C with 5% CO2.

BMDCs were prepared as previously described (Lutz 
et al. 1999). Briefly, bone marrow was obtained from the 
tibiae and femurs of six-week-old female C57BL/6 mice. 
Cells were seeded in 6-well tissue culture plates in RPMI-
1640 medium supplemented with 10% FBS, 100 units/mL 
penicillin, 100 μg/mL streptomycin, 20 ng/mL GM-CSF, 
and 10 ng/mL IL-4. Half of the cell culture medium was 
removed every two days, and fresh medium was added. 
Immature BMDCs were harvested on day 10, followed 
by treatment with 50 ng/mL lipopolysaccharide (LPS) for 
24 h to stimulate mature BMDCs. Mature BMDCs were 
seeded at 2 × 104 cells per well and infected with the wild-
type H37Ra strain at a multiplicity of infection (MOI) of 
5 for 6 h. The cells were washed with phosphate-buffered 
saline (PBS) three times and then treated with 100 μg/mL 
gentamicin for 1 h to stop infection.

HEK293T cells (ATCC CRL-3216™) were maintained 
in Dulbecco’s modified Eagle medium (DMEM, Gibco, 
C11995500BT) supplemented with 10% FBS, 100 units/
mL penicillin, and 100 μg/mL streptomycin at 37°C with 
5% CO2.

Intracellular colony‑forming units
THP-1 cells were seeded at 2.5 × 105 cells per well in 
24-well plates for 24  h in RPMI-1640 medium supple-
mented with PMA (Phorbol 12-Myristate 13-Acetate, 
Sigma‒Aldrich, 19–144) and then infected with Mtb 
H37Ra (MOI = 5) for 6  h. Then, the cells were washed 
three times with prewarmed PBS and treated with gen-
tamicin (100  μg/mL) for 1  h. The cells were lysed with 
500  μl of sterile 0.1% Tween 80 for 10  min at the indi-
cated time points. The cell lysates were diluted, and 50 μl 
of the diluted lysates were plated on 7H11 agar plates to 
count the number of CFUs.

Immunostaining and confocal microscopy
THP-1 cells were seeded onto coverslips and infected 
with Mtb H37Ra strains (MOI = 10). The cells were fixed 
with cold 100% methanol for 5 min at 24 h postinfection 
(hpi), rinsed three times with PBS and blocked with 10% 
goat serum for 1  h at room temperature (RT). Primary 
antibodies (anti-Rab7 or anti-LC3) were applied to the 
cells at 4  °C overnight, followed by incubation with the 
secondary antibody Alexa Fluor® 555-conjugated goat 
anti-rabbit IgG for 1  h at RT. DAPI (1:5000) was used 
to stain the nucleus. The cells were washed three times 
with PBS and then mounted onto microscope slides. 
For the immunostaining of lysosomes, cells were seeded 
in Petri dishes (Biosharp, BS-15-GJM) and incubated 
with LysoTracker for 5  min at 37°C, followed by stain-
ing with Hoechst for 5  min at 37°C. The images were 
obtained with an Olympus FV1000 confocal microscope 
and analyzed with FV10 ASW Imaging Software (V. 4.2, 
Olympus). The colocalization of Mtb with Rab7, LC3 or 
LysoTracker was quantified by counting 300 bacteria.

(See figure on next page.)
Fig. 4  EspL suppresses MHC II antigen presentation and T-cell responses. A Schematic model for the assessment of antigen presentation by BMDCs 
in vitro. B BMDCs were infected with the wild-type, EspL-OE or ΔEspL H37Ra strains and stained with anti-MHC II and anti-CD11c antibodies for flow 
cytometry. C Quantification of MHC II+ and CD11c+ cells. D Mean fluorescence intensity (MFI) of MHC II+ molecules. E IFN-γ release assay. The 
infected BMDCs were cocultured with the splenocytes of wild-type H37Ra-infected mice for 3 d, and the cell culture supernatant was collected 
for ELISA. F Schematic model for the assessment of T-cell responses in vivo. G C57BL/6 mice (n = 5 per group) were intravenously infected 
with the wild-type, EspL-OE or ΔEspL H37Ra strains (1 × 106 CFU per mouse). The splenocytes were harvested at 28 dpi and stained with anti-CD4 
and anti-CD8 antibodies for flow cytometry analysis. H, I Quantification of CD4+ T cells and CD8+ T cells. J IFN-γ release assay. The splenocytes 
of infected mice were restimulated with wild-type H37Ra-infected BMDCs, and the IFN-γ concentration in the supernatant was detected by ELISA. 
The experiments in B-E and G-J were repeated two times. P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way 
ANOVA)
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Fig. 4  (See legend on previous page.)



Page 10 of 13Cai et al. Animal Diseases            (2024) 4:22 

Yeast two‑hybrid (Y2H) assay
Y2H was performed using the GAL4 Y2H system (Lei 
et al. 2021). EspL was cloned and inserted into the pmBD 
vector, which was subsequently transformed into the yeast 
strain Y2HGold. The host genes RUBCN, ATG2A and 
ULK1 were cloned and inserted into the pmAD vector, 
which was subsequently transformed into the yeast strain 
Y187. Then, Y187 cells containing pmAD constructs were 
mated with Y2HG-old cells containing pmBD-EspL and 
selected on minimal media lacking leucine and trypto-
phan. Protein‒protein interactions were identified by 
spotting the  mated yeast cells onto  synthetic dropout 
media lacking leucine, tryptophan, histidine, and adenine 
(SD/Leu− Trp− His− Ade−) and growing for 5–7 d at 30°C.

Bimolecular fluorescence complementation (BiFC) assay
BiFC plasmids were constructed by cloning EspL into 
the ΔFos vector and cloning RUBCN, ATG2A and ULK1 
into the ΔJun vector. For transfection, 2 × 105 HEK293T 
cells per well were seeded in a 24-well plate overnight. 
Then, 1 μg of BiFC plasmid per well was transfected into 
HEK293T cells using the polyethyleneimine method for 
three  days. Images were obtained under a fluorescence 
microscope.

Western blotting
THP-1 cells were lysed in RIPA buffer (Beyotime, 
P0013B) supplemented with 1  mM phenylmethylsulfo-
nyl fluoride (PMSF, Biosharp, BL507A). Proteins were 
quantified by a BCA assay (Abbkine, KTD3001) and 
subjected to sodium dodecyl sulfate‒polyacrylamide gel 
electrophoresis (SDS‒PAGE), followed by transfer to 
polyvinylidene fluoride (PVDF) membranes (Bio-Rad, 
1620177). After blocking with 5% skim milk in Tris-buff-
ered saline with Tween (TBST) or with 5% bovine serum 
albumin (BSA) in TBST for 1 h, the membrane was incu-
bated with primary antibodies overnight at 4°C and then 
incubated with secondary antibodies for 1  h at RT. The 
membrane was developed with an enhanced chemilu-
minescence (ECL) substrate (Bio-Rad, 1705060) and 
exposed with a GBox XT4 chemiluminescence imager 
(Gene Company). The quantification of specific bands 
was performed by Image-Pro Plus V. 6.0.

Construction of gene knockdown cell lines
Scramble and targeted shRNAs were designed using an 
online tool (https://​porta​ls.​broad​insti​tute.​org/​gpp/​public/) 
(GPP Web Portal, 2021) (shown in Table S1) and inserted 
into the pLKO.1-mCherry vector. pLKO.1-shRNAs were 
cotransfected with pMD.2G and pSPAX into HEK293T 
cells for three d to package lentiviruses. The cell culture 

supernatants were filtered through 0.22 μm filters (Milli-
pore, SLGPR33RB) and incubated with lentivirus solution 
(Biodragon, BF06205) overnight at 4°C. Viral particles were 
acquired by centrifugation and added to wild-type THP-1 
cells. At 48  h postinfection (hpi), the lentivirus-infected 
cells were collected and resuspended in fresh RPMI-1640 
medium supplemented with 10% FBS and 2 μg/mL puro-
mycin (InvivoGen, 58-58-2). The cells were subsequently 
purified with puromycin for two weeks.

qPCR analysis
Total RNA from the THP-1 cell line was isolated with 
RNAiso Plus reagent (Takara, 9109). For the total RNA 
extraction of mycobacteria, 0.1  mm glass beads were 
added and centrifuged on a tissue crusher before apply-
ing the RNAiso Plus reagent. Reverse transcription of 
RNA was conducted with ABScript III RT Master Mix 
(ABclonal, RK20428). qPCR was performed with 2 × Uni-
versal SYBR Green Fast qPCR Mix (ABclonal, RK21203) 
on a QuantStudio 3 system (Applied Biosystems). The 
relative expression of the target gene was normalized 
to that of Gapdh for human genes or to that of SigA for 
mycobacterial genes using the 2−ΔΔCt method. The prim-
ers used for qRT‒PCR are shown in Table S1.

Animal experiments
The animal experiment was carried out under the admin-
istration of animal care and usage for research by the 
Ministry of Health in China. The animals were raised in 
specific-pathogen-free rooms. All the experiments were 
approved by the Scientific Ethics Committee of Huazhong 
Agricultural University (HZAUMO-2023–0189).

Six- to eight-week-old C57BL/6 female mice were pur-
chased from and raised at the Laboratory Animal Center 
of Huazhong Agricultural University. Animals were 
randomly assigned to experimental groups of five each. 
C57BL/6 mice were infected intravenously via the tail 
vein with 1 × 106 CFU per mouse. Mice were euthanized 
on days 7, 14 and 28 postinfection. Mouse spleens were 
fixed with 4% paraformaldehyde, paraffin-embedded, 
sectioned, and subjected to H&E staining for histopathol-
ogy analysis. The bacterial burdens in the spleens were 
determined by CFU enumeration. For the isolation of 
single spleen cells, each spleen tissue sample was forced 
through a 70 μm cell strainer (Biosharp, BS-70-CS) with 
a plunger from a 1 mL syringe (BD, 328,421). The splenic 
erythrocytes were lysed, and the cells were washed 
twice in Hanks balanced salt solution (HBSS, Biosharp, 
BL559A) and resuspended in RPMI-1640 media supple-
mented with 10% FBS. Finally, single-cell suspensions 
were adjusted to 2 × 105 cells/well for ELISA and 1 × 106 
cells/well for flow cytometry.

https://portals.broadinstitute.org/gpp/public/
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Fluorescence‑activated cell sorting (FACS) analysis
Splenocytes or H37Ra-infected BMDCs were washed 
twice with FACS buffer (PBS, 2% BSA) and stained with 
0.1 μg of fluorochrome-conjugated antibodies in 100 μL 
of FACS buffer for 1  h at 4°C. The stained cells were 
washed twice and then resuspended in FACS buffer. 
The samples were loaded onto a four-color Cytoflex-LX 
cytometer (Beckman Coulter) for analysis. For BMDCs, 
anti-CD11c-PC7 and anti-I-A/I-E-APC mAbs were 
used to evaluate the in  vitro antigen presentation abil-
ity. For splenocytes, anti-CD3-PB, anti-CD4-FITC and 
anti-CD8-APC mAbs were applied to analyze the T-cell 
responses. CytExpert software was used for data analysis 
and image output.

Analysis of T‑cell responses by enzyme‑linked 
immunosorbent assay (ELISA)
 In  vitro antigen presentation experiment was designed 
to infect BMDCs with the wild-type, EspL-OE, and 
ΔEspL strains, and the ability of infected BMDCs to 
stimulate splenocytes from wild-type H37Ra-infected 
mice was tested. In  vivo, the antigen presentation pro-
cess was conducted by infecting C57BL/6 mice with the 
wild-type, EspL-OE, and ΔEspL strains and testing the 
responses of splenocytes from H37Ra-infected mice. 
In general, BMDCs were infected with H37Ra strains 
and then cocultured with splenocytes for 3  d. Culture 
supernatants were collected and analyzed with a mouse 
IFN-γ ELISA kit (ABclonal, RK00019). Briefly, the sam-
ples were diluted and transferred to an antibody-coated 
96-well plate for 2 h at 37°C. The plate was washed three 
times. Biotin-conjugated antibody and HRP-conjugated 
streptavidin were added in sequence to determine the 
IFN-γ concentration. The color reaction was developed 
with tetramethylbenzidine (TMB) as the substrate and 
stopped with a stop solution. The absorbance of the 
plates was read at 450  nm and 630  nm. The standard 
curve was modeled by a 4th-degree polynomial fit based 
on the concentration of the lyophilized IFN-γ standard.

Abbreviations
BiFC	� Bimolecular fluorescence complementation
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ELISA	� Enzyme-linked immunosorbent assay
hpi	� Hours postinfection
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MOI	� Multiplicity of infection
Mtb	� Mycobacterium tuberculosis
OADC	� Oleic acid albumin dextrose catalase
PMA	� Phorbol 12-Myristate 13-Acetate
PMSF	� Phenylmethylsulfonyl fluoride
PPI	� Protein‒protein interaction
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TMB	� Tetramethylbenzidine
Y2H	� Yeast two-hybrid
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Additional file 1: Figure S1 (A) Analysis of the mRNA expression of EspL in 
wild-type H37Ra and the EspL-OE strains. ****P < 0.0001 (unpaired t-test). 
(B) Verification of the knockout of the EspL gene. Fragment 1 was ampli-
fied by EspL-Up1200-F and p0004s-inner-R to confirm the homologous 
exchange of the left arm; Fragment 2 was amplified by p0004s-inner-F 
and EspL-Dn1000-R to confirm the homologous exchange of the right 
arm; Fragment 3 was amplified by EspL-ORF-F and EspL-ORF-R to confirm 
the knockout of EspL; Fragment 4 was amplified by SacB-F and SacB-R to 
confirm the insertion of SacB into Mtb genome. The arrow indicated the 
PCR band of EspL. Primers used for PCR verification are listed in Table S1. 
(C) Schematic model for the principles of homologous exchange and 
the genomic location of PCR fragments in (B). Red dash lines and purple 
blocks indicate the position where the homologous exchange has hap-
pened. Black dash lines and double-headed arrows indicate the location 
of 4 PCR fragments. (D) Percentage of viable bacteria in (Fig. 1C). The CFUs 
at 24 hpi and 72 hpi were divided by the CFUs at 0 hpi to calculate the 
survival percentage. P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001 (two-way ANOVA). (E) Representative H&E 
(hematein and eosin)-stained lung sections of mice in (Fig. 1D) at week 2. 
Scale bars, 200 μm. (F) Representative H&E (hematein and eosin)-stained 
spleen sections of mice in (Fig. 1E) at week 1. Scale bars, 200 μm.

Additional file 2: Figure S2 (A) THP-1 cells were infected with the wild-type 
H37Ra, EspL-OE or ΔEspL strains at MOI = 10 for 24 h. Bafilomycin A1 (Baf 
A1, 100 nM) was added 3 hours before cells were harvested for immuno-
blot analysis of LC3 I/II expression. The experiment was repeated once. (B) 
The ratio of the intensities of the LC3 II to GAPDH bands in Baf A1-treated 
and untreated THP-1 cells. P > 0.05, not significant (ns); *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001 (two-way ANOVA). (C) The differences 
of LC3 II intensities between Baf A1-treated and untreated groups. The 
results indicate the amount of LC3 II degraded in lysosomes. P > 0.05, not 
significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way 
ANOVA).

Additional file 3: Figure S3 (A) shNC or RUBCN-KD THP-1 cells were infected 
with the wild-type H37Ra or EspL-OE strains (MOI = 10) and analyzed 
by western blotting for RUBCN, LC3 and GAPDH. The experiment was 
repeated two times. One representative image is shown. (B) The ratio of 
the intensities of LC3 II to GAPDH. (C) shNC or ATG2A-KD THP-1 cells were 
infected with the indicated Mtb strains (MOI = 10) and analyzed by west-
ern blot for ATG2A, LC3 and GAPDH. The experiment was repeated two 
times. One representative image is shown. (D) The ratio of the intensities 
of LC3 II to GAPDH. (E) Detection of ULK1 protein levels in shNC or ULK1-
KD THP-1 cells by western blotting. The experiment was repeated two 
times. One representative image is shown. (F) The ratio of the intensities 
of ULK1 to β-Actin. Numbers above the bars indicate the mean values. (G) 
Analysis of the ULK1 mRNA expression in shNC or ULK1-KD THP-1 cells. **P 
< 0.01 (unpaired t-test).

Additional file 4: Table S1. List of primers used in this study. Table S2. List of 
plasmids used in this study.
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