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Abstract

Mycobacterium tuberculosis (M. tuberculosis, Mtb) is a pathogenic bacterial species in the family Mycobacteriaceae
and the causative agent of most cases of tuberculosis. Macrophages play essential roles in defense against invading
pathogens, including M. tuberculosis. The study of M. tuberculosis-associated antigens is one of the hotspots of
current research. The secreted proteins of M. tuberculosis, including early secretory antigen target 6 (ESTA6) and
culture filtrate protein 10 (CFP-10), are crucial for the immunological diagnosis of tuberculosis. However, the
relationship of CFP-10 alone with macrophages is still not well understood. In the present study, we report that
the purified recombinant protein CFP-10 (rCFP-10) significantly enhanced the phagocytic capacity of murine
macrophages. rCFP-10 induces both TNF-a and IL-6 production. Additionally, RNASeq analysis revealed that rCFP10
triggers multiple pathways involved with macrophage activation. Interestingly, neither mitochondrial reactive
oxygen species nor lysosomal content had a significant difference treated with rCFP-10 in macrophages. Moreover,
inhibition of the mammalian target of rapamycin (mTOR) activity was shown to significantly reverse the rCFP10-
induced phagocytosis, various genes involved in lysosome acidification and TLR signaling. These findings highlight
that the CFP-10 plays an essential role in the invasion of macrophages by M. tuberculosis, which is partly regulated
by the mTORC2 signal pathway.
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Introduction

Mycobacterium tuberculosis (M. tuberculosis, Mtb) is a
pathogenic bacterial species in the family Mycobacte-
riaceae and the causative agent of most cases of tuber-
culosis, which infects dendritic cells (DCs), monocytes
(Mons), macrophages (M¢), and alveolar epithelial cells
[1, 2]. The Mtb genome encodes five type VII secre-
tion systems, including early secretory antigen target
6 (ESAT-6) secretion system-1 (ESX-1), ESX-2, ESX-3,
ESX-4, and ESX-5. The ESX-1 is one of the most critical
pathways in the pathogenesis of Mtb [3, 4]. ESX-1primar-
ily encodes two potent T cell antigens, ESAT-6, and cul-
ture filtrate protein 10 (CFP-10), located within the RD1
region of pathogenic mycobacteria [5]. Both human and
animal immune systems can recognize CFP-10 in the
early stages of the disease, stimulating a robust immune
response in the host [6, 7]. Several previous studies have
found CFP-10 to be an antigenic protein for diagnosing
tuberculosis based on the immunological aspects of CFP-
10. However, the relationship between CFP-10 and mac-
rophages in the pathogenesis of Mtb is still unclear.

The intracellular pathogen Mtb causes long-term
infection in humans that mainly attacks macrophages
and can escape the immune system through various
mechanisms [8]. Mtb can escape from the phagosome
and survive in the cytoplasm of macrophages [9]. Many
mycobacterial virulence proteins have been previously
found to interfere with phagosome-lysosome fusion in
macrophages [10-12]. Furthermore, the macrophage
proteome and the Mtb proteome microarray interac-
tion revealed positive signals for more than 500 Mtb
proteins [13]. Alternatively, Mtb replication, which
subsequently spreads to neighboring cells, is facili-
tated by escape from phagosomes, resulting in damage
to the plasma membrane through the ESX-1 protein
[14]. Based on a range of model systems in vitro and in
vivo, the RD1 gene encodes a region of the tuberculo-
sis genome that codes for a type VII secretion system
involved in the organism’s virulence [15]. In addition,
as a consequence of Mtb infection, the metabolism
of macrophages is also altered, and their phenotype
changes to one that is more pro-inflammatory [16].

The mammalian target of rapamycin (mTOR) is a ser-
ine/threonine protease of 289 kDa, a member of a family
of kinases related to phosphatidyl inositol 3-kinase (PI3
K). In mammalian cells, mTOR is present in mTORC1
and mTORC?2, which control specific innate immune cell
effector functions, including metabolism, phagocytosis,
and cytokine production [17, 18]. The mTOR signaling
pathway is activated during infection and plays an impor-
tant role against Mtb. In addition to its direct effect on
host defense, mTOR can also play a role as a regulator of
cytokine production and chemokine receptor activation.
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In this work, we observed that purified rCFP10 could
induce both TNF-a and IL-6 production of murine mac-
rophages, as well as enhanced the phagocytic capacity of
murine macrophages. These processes could be partly
regulated by the mTORC2 signal pathway. But rCFP-10
did not affect mitochondrial reactive oxygen species or
lysosomal content in macrophages. These results provide
a strategy for improving the immune response to Mtb
and effective treatment of tuberculosis.

Results

Cytotoxicity of the rCFP-10

The SDS-PAGE analysis of purified rCFP-10 protein
showed only a single protein band, and no other spurious
bands were observed (Fig. 1A). Purified rCFP-10 proteins
were found to have low levels of endotoxin (Supplement
Fig. 1, lane 1). However, after the Endotoxin Removal Kit
treatment, the endotoxin of rCFP-10 was abolished (Sup-
plement Fig. 1, lane 2). Considering the potential cyto-
toxicity, we first evaluated the cytotoxicity of rCFP-10
to murine Bone marrow derived macrophage (BMM¢)
and murine macrophage J774A.1 cells by CCK8 assay.
Based on the results of the CCK8 assay, nearly 100% of
the J774A.1 cells were viable under rCFP-10 treatment
(Fig. 1B). BMM¢ also shows similar findings (Fig. 1C).
These results indicated that the concentration of rCFP-
10 that we tested in the studies showed no significant
cytotoxicity.

Modulation of macrophage activation by rCFP-10

To understand the relationship between the rCFP-10
and macrophages. We performed RNA-seq and tran-
scriptomic analysis both in J774A.1 cells and BMMds
with and without the rCFP-10 treatment. RNA-seq
analysis revealed substantial changes to the transcrip-
tome of macrophages. The KEGG pathway enrichment
analysis demonstrated that the top pathways involved
in TNF signaling, NF-kappa B signaling (NF-«B), and
NOD-like receptor (NLR) signaling were over-repre-
sented following rCFP-10 treatment (Fig. 2A), we were
drawn to the up-regulation of PI3 K-Akt signaling and
mTOR signaling. We then proceeded to analyze the dif-
ferentially expressed genes using the hallmark gene sets
from the Molecular Signatures Database (MSigDB) and
GO Term, which revealed a substantial up-regulation of
genes involved in the inflammatory response process and
phagocytic cup (Fig. 2B, C). Our results indicated that the
rCFP-10 trigger the inflammatory response and phagocy-
tosis of macrophages that the activation of PI3 K-Akt and
mTOR signaling pathways may accompany.

rCFP-10 enhances macrophage phagocytosis in vitro
Previous studies have shown that TNF-a may contrib-
ute to triggering protective immune responses in Mtb
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Fig. 1 The purified recombinant CFP-10 protein showed low levels of endotoxin which has no impact on the viability of Macrophages. A Purified rCFP-10
protein was subjected to SDS-PAGE. Lane M= protein molecular weight standards; lane 1= uninduced recombinant CFP-10 strain; lane 2= induction of
recombinant CFP-10 strain; lane 3= purified recombinant CFP-10 protein by His-tag Protein Purification Kit; lane 4 = purified recombinant CFP-10 protein
by lonic exchange. B, C The Cell Counting Kit-8 allows for the detection of viability in rCFP10-treated macrophages. The data shown are representative of
a minimum of three experiments. *: P< 0.05; **: P< 0.01; ***: P< 0.001 was determined by Student t-test

infection [19], and IL-6 can enhance the host immu-
nity against Mtb infection by promoting the produc-
tion of IFN-y [20]. We found that the rCFP-10 treated
macrophages exhibited up-regulation of TNF-a and
IL-6 production (Fig. 3A). And RNA-seq and tran-
scriptomic analysis allow us to understand that the
rCFP-10 triggers macrophage phagocytosis (Fig. 2B,
C). Flow cytometry examined in vitro macrophage
phagocytosis with the effect of rCFP-10. As shown in
Fig. 3B, rCFP-10 promoted macrophage phagocytosis
under different durations in a time-dependent man-
ner. Pathogens activate macrophages to elaborate pro-
inflammatory cytokines production and bactericidal
molecules, such as ROS [21]. In addition, macrophages
recruit mitochondrial ROS to the vicinity of phago-
cytic lysosomes to defend against invading bacteria
[22, 23]. In contrast, we observed that mitochondrial
ROS and lysosomal content levels did not differ sig-
nificantly with or without rCFP-10 treatment (Fig. 3C,
D). These findings suggested that the rCFP-10 contrib-
utes to Mtb hijacking macrophages against phagocyto-
sis and may allow intracellular Mtb survival.

mTORC2 activity was crucial for rCFP10-induced
macrophage defense responses

Previous studies have reported that the mTOR signal-
ing pathway was important against Mtb infection [24].
In contrast, the consequence of mTOR signaling to the
rCFP10-induced phagocytosis of macrophages remains
unknown. We determined the mTOR signaling in mac-
rophages after rCFP-10 treatment. The rCFP10-treated
macrophages exhibited elevated mTOR, S6K, and S6
phosphorylation (Fig. 4A, B), indicating that rCFP-10
might activate mTOR signaling in vitro. The effect of
the mTOR signal pathway on macrophage phagocyto-
sis is well known [25, 26]. We then determined whether
mTOR activity affected the phagocytosis capacity of
macrophages. Interestingly, we found no significant dif-
ference in the percentage of phagocytosis-positive mac-
rophages between rCFP10 stimulated J774A.1 cells with
or without rapamycin (mTORCI1 inhibitor) treatment
(Fig. 4C-E). Similar results were observed in rCFP-10
with rapamycin-treated BMM¢ (Fig. 4C-E). In mam-
malian cells, mTOR is known to exist in two complexes:
mTORC1 and mTORC2 [27]. In addition, we tested
the percentage of phagocytosis-positive macrophages,
which were treated with rCFP-10 with Torinl (inhibitor
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Fig. 2 The rCFP-10 was shown to induce several cellular biological events in macrophages. A Analysis of the KEGG pathway of the genes 1 h following
100 pg/ml of rCFP-10 treatment. B, C Heatmap of transcriptional profiles of J774A.1 cells and BMMd with or without rCFP-10 treatment (PBS: n= 3; rCFP-
10: n=3). Gene expressions are presented as log2 fluorescence intensity centered and scaled (blue and red keys) grouped according to the product func-
tions. B The inflammatory response and phagocytic cup expressed in the J774A.1 cell. C Inflammatory response and phagocytic cup expressed in BMMd¢
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Fig. 3 rCFP-10 promoted macrophage pro-inflammatory cytokines production and phagocytosis. A Production of the pro-inflammatory cytokines TNF-a
and IL-6in J774A.1 cells after treatment with 100 pg/ml of rCFP-10 treatment for 4 h. B Phagocytosis of macrophages treated with 100 pg/ml rCFP-10 for
1h,2h,3h,and 4 h was determined by Flow Cytometry by staining with Phrodo Red E.coli. Left: the representative FACS blots of phagocytosis. Right:
the quantification of the phagocytosis efficiency. C, D Representative histograms show the fluorescence intensity of Mitosox (C) and Lyso-Tracker (D) in
J774A. cells with rCFP-10 treatment. Bar figures show the MFI of Mitosox (C) and Lyso-Tracker (D) in J774A.1 cells with indicated treatments. Data shown
are representative of at least three experiments. *: P< 0.05; **: P< 0.01; ***: P< 0.001 was determined by Student t-test

for both mTOR1 and mTOR2). As shown in Fig. 4A and
Supplement Fig. 2, the rCFP10-induced phosphoryla-
tion of Akt in Ser 473 was completely blocked by Torinl
but not by rapamycin, indicating that rCFP10-induced
mTORC2 could be suppressed by Torinl. We also
observed that rCFP10-enhanced macrophage phagocy-
tosis was significantly reduced after Torinl treatment
(Fig. 4C-E). Thus, these results indicated that rCFP-
10 activated macrophage phagocytic capacity partially
dependent on mTORC2 activity. Through transcrip-
tome sequencing, we discovered significant changes
in genes related to lysosome acidification pathway in
J774A.1 cells and BMM¢ treated with rCFP-10 (Fig.
5A and B). As shown in Fig. 5A and B, in comparison
to the control group treated with PBS, we found that
the expression of the tmem199 gene was significantly
increased in both J774A.1 cells and BMM¢ upon treat-
ment with rCFP-10. The transcription and expres-
sion of TMEM199 was also confirmed by RT-PCR
and flow cytometry analysis (Fig. 5C-E). Although,
the relationship between mTOR signaling and phago-
some maturation and lysosome acidification is still not
fully understood. We made an intriguing observation
that torinl, but not rapamycin, showed a noteworthy
increase in the transcriptional level of tmem199 in the
presence of rCFP-10 treatment. This finding suggests
a potential involvement of mTORC?2 signaling in the
regulation of rCFP-10-induced tmem199 expression.
Tmem199, also known as the transmembrane protein
199, plays a critical role in maintaining lysosomal pH
and acidification. Tmem199 is believed to function
as a lysosomal membrane protein that interacts with
vacuolar ATPase (V-ATPase). Downregulation of the
expression of tmem199 can lead to reduced function-
ality of the V-ATPase complex, resulting in compro-
mised lysosome acidification. These findings indicate
that rCFP-10 might have contributed to the M¢b intra-
cellular survival by inhibiting lysosome acidification,
potentially through the downregulation of tmem199
involved in V-ATPase complex function. The activity
of mTORC2 plays a critical role in promoting lyso-
some acidification by maintaining transcription levels
of tmem199 expression. The exact mechanisms by how
mTOR signaling affects phagocytosis and lysosome
acidification are still being elucidated.

mTORC2 activity was crucial for rCFP10-induced TNFa
production and TLR signaling

Studies have shown that CFP-10 can interact with Toll-
like receptor 2 (TLR2), a pattern recognition receptor
that recognizes microbial components, including those
from Mtb [28]. The binding of CFP10 to TLR2 also has
been shown to activate downstream signaling pathways,
including the MyD88-dependent pathway, resulting in
the production of pro-inflammatory cytokines, including
TNFa [29]. We also observed upregulated expression of
the profile of TLRs signaling in rCFP-10 treated ]J774A.1
cells and BMM¢ (Fig. 6A and B). Moreover, the RT-qPCR
results were consistent with the RNASeq data (Fig. 6C-
E). The relationship between mTOR signaling and TLR
signaling is complex and context-dependent, with inter-
play and reciprocal regulation occurring between these
pathways. In some cases, mTOR signaling can positively
regulate TLR signaling. Activation of mTOR has been
shown to enhance immune responses downstream of
TLRs, leading to increased pro-inflammatory cytokine
production [18]. This interaction is important for the
initiation and progression of immune responses against
pathogens. Conversely, mTOR signaling can also nega-
tively regulate TLR signaling. Under certain conditions,
mTOR activation can suppress TLR-mediated inflam-
mation. For example, mTOR inhibition has been found
to attenuate TLR-induced pro-inflammatory cytokine
production, suggesting a regulatory role of mTOR in con-
trolling excessive immune responses [18, 30]. Moreover,
to prevent potential alterations in the expression of the
reference gene fB-actin due to macrophage activation,
which could impact the accuracy of RT-PCR results, we
concurrently employed p-tubulin as an additional ref-
erence gene. This dual-reference approach ensures the
reliability of RT-PCR experimental data in the activated
macrophages. Our findings revealed that the expression
of myd88, tbkl, and tlr2 genes mRNA relative expression
was enhanced in J774A.1 cells treated with rCFP-10, and
this upregulation was further augmented by treatment
with torinl (Fig. 6C-E, Supplement Fig. 3). However, the
expression of TNFa was unexpectedly contradictory to
our expectations, as treatment with torin1 led to a further
escalation in the levels of TNFa induced by rCFP10 (Fig.
6F). Specifically, the expression level of TNFa decreases,
possibly due to competition or inhibition caused by the
increased TLR2 signaling with Torinl treatment. These



Huang et al. BMC Immunology (2025) 26:36

results indicated that mTOCR2 activity likely negative
regulated rCFP-10-induced TLR2 signaling.

Discussion

Tuberculosis (TB) is a global health problem that causes
the highest mortality rate from Mtb infection. CFP-10 is
one of the secreted proteins of Mycobacterium tubercu-
losis and has significant importance in the immunological
diagnosis of tuberculosis. In this study, we constructed a
CFP-10 expression vector and expressed the rCFP-10
protein in E. coli BL21 (DE3). The Gram-negative bacilli
have endotoxins in their cell walls released upon bacte-
rial disruption and may promote the secretion of inflam-
matory factors, nitric oxide, and coagulation cascade
activation [31]. Thus, the contamination of endotoxin in
the recombinant protein expressed by the prokaryotic
expression system including in E. coli may impact the
credibility of the findings. We removed the endotoxin by
adsorption resin, which made the rCFP-10 available for
use in subsequent in vitro experiments.

Mtb escape from the lysosomal degradation of phago-
cytes by several mycobacterial proteins [32-34]. We
observed that rCFP-10 significantly increased the phago-
cytic capacity of macrophages in our study in Fig. 3B. In
contrast, mtROS level and lysosomal content did not dif-
fer significantly with rCFP-10 treatment in Fig. 3C and D,
suggesting that rCFP-10 might contribute to Mtb inva-
sion and survival in macrophages by enhancing phagocy-
tosis and blocking mtROS production. mtROS are mainly
produced by intracellular ROS and are responsible for
activating intracellular redox signaling [35]. A recent
study by Welin et al. showed that the ESAT-6: CFP-10
complex was recognized by neutrophils. CFP-10, not
ESAT-6, was the component that was recognized by neu-
trophils. In response to CFP-10 stimulation, neutrophils
released Ca** from intracellular stores, resulting in neu-
trophil chemotaxis and ROS production [36]. Although
it was found that both nitric oxide (NO) and ROS levels
were decreased in J774A.1 cells following CFP-10 treat-
ment [37, 38], it’s important to note that mitochondrial
ROS is not equivalent to overall cellular ROS. Addition-
ally, the concentration of CFP-10 used in this study var-
ied from other studies. Together, our results suggested
that macrophage mtROS was not possibly involved
in rCFP10-induced phagocytosis. Additionally, IL-6
enhances the host immunity against Mtb by promoting
the secretion of IFN-y [39, 40].

In the current reports, the mTOR pathway has been
shown to play a crucial role in defense against Mtb infec-
tion. It is known that inhibition of the mTOR pathway
can enhance the susceptibility of host defense against
invasion by Mtb. The mTOR signaling pathway inhibits
autophagy; therefore, mTOR inhibitors are a therapeutic
strategy that can induce autophagy in Mtb infections by
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targeting the mTOR pathway [41]. To determine whether
the phagocytic capacity of macrophages could be affected
by rCFP-10 in an mTOR signaling-dependent man-
ner. We used rapamycin or Torinl in J774A.1 cells and
BMM¢ treated with rCFP-10 to investigate the mTOR
signaling in rCFP10-induced phagocytosis. Our results
proved that the phagocytic capacity of macrophages
by rCFP-10 was decreased via inhibition of mTORC2
activity compared to the control in Fig. 4C. Therefore,
we have provided evidence that mTORC2 is crucial for
promoting macrophage phagocytosis against Mtb infec-
tion. Nevertheless, the specific role of mMTORC2 enhanc-
ing phagocytosis mediated by rCFP-10 still needs to be
investigated. Additionally, we observed the expression
of genes involved in lysosome acidification would be
disrupted and the phagocytosis would be enhanced by
CFP-10. CFP-10 treatment has been observed to inhibit
the expression of tmem199 mRNA. However, this inhibi-
tory effect can be reversed and restored by treatment
with torinl. However, the rapamycin treatment could not
restore tmem199 expression in rCFP-10 treated J774A.1
cells. This finding suggests that the inhibitory effect of
CFP-10 on tmem199 mRNA expression may be mediated
through the mTORC?2 signaling pathway. In the context
of TB, maintaining proper lysosome acidification is criti-
cal for the effective elimination of Mtb by macrophages.
Lysosome acidification creates an acidic environment
within the lysosomes, which is necessary for the activ-
ity of lysosomal enzymes involved in the degradation of
engulfed pathogens. However, dysregulation of mTOR
signaling can disrupt this process, leading to impaired
lysosome acidification, thereby compromising the ability
to degrade and eliminate Mtb bacteria.

Both phagocytosis and lysosome acidification play
crucial roles in the intracellular clearance of Mtb by
macrophages [42]. The acidic pH of the phagolysosome
is maintained by proton pumps that actively transport
hydrogen ions into the compartment. This acidic envi-
ronment is necessary for the optimal activity of lysosomal
enzymes, such as hydrolases, which are responsible for
degrading bacterial components and killing M¢b. In addi-
tion, acidic pH is known to enhance the antimicrobial
activity of ROS, which can directly kill Mtb by damaging
its DNA and other macromolecules [43, 44]. However,
Mtb has developed sophisticated mechanisms to subvert
phagocytosis and evade lysosomal killing. It can inter-
fere with phagosome maturation and inhibit lysosome
fusion, thereby avoiding degradation and establishing
a replicative niche within macrophage [45-47]. Studies
have shown that mTOR signaling can impact phagosome
maturation, which is the process by which the phago-
some matures into a phagolysosome through fusion with
lysosomes. Activation of mTOR has been found to impair



Huang et al. BMC Immunology (2025) 26:36 Page 8 of 15

) JTT4A1 .
A with  with B =15 = 2.0 *
Rapa  Torin1 5% %5 15
°e e e £21.01 £ 101 i
[ &. ) &_'- ) 8-'_ 3 %§0'5I\.—L
om M~
Eo &80 R0 §§°5' - “ £0.10]
o — . __|PmTOR = 0.051
[#= = (Ser2448) 0.0 o e
p-S6K N
|"' - (Thr389) e _ x
p-Akt 207 - £204 :
—— - c 8 g
| (serd73) 2‘;81'5_ §§1.5_
| - p-S6 \o,§1_o_ §£1.0_
(Ser235/236) £ R AN
| il MO T R
L X X X X X Jl & Q =
0.0 : Cimm 3ol 'T'i';'i
J774A 1
with  with . Bhive ,
Rapa Torin1 % *x
o =) o 10 =20 -
p i ontogh 55 0s 5519
[ [T T =9 2a 10
gogcego £ 06 2505 -
I__ — . |p-mTOR 3% 04 53
(Ser2448) &% 0.2 éo1oﬂ | ﬁ
£ 0o 01l |M 1o
| - (Thr389) R
| —-— e - p-Akt —ns *
(59'273) 15 u 15 *
£ O
| - |(Ser235/236) £3 8a
1810 2210
|----- |B -Actin Sw 23
g o 0.5 33 0.5
BMMé 00 400
C D
Oh 2h 2h+Rapamycin 2h+Torin1 J774A1
A 50 — ns
0.18 ) 41.3 41.3 40.9 » o\; Kk k
Wt | | ] g 23545
o < (5]
g 924
3 &% 35 ﬂ ’l| l
Z £&
0.18 46.8 46.1 e 30 g' ‘C_> g 9 8‘ g
da oy 0'_ ' 4 J
wth | | b | | o] g ®gagdfg
2 ¢ _ 9 _ 9
o with with
& Rapa Torin1
E BMM¢
2 80 i
a o —_—
£ 238
= 960
§ 32
4.8 o 2% 50 ﬂ |l‘ |-"|
= Q 0 9 » o » 9
m T @O v oo v
o o 0O o o
[T [TH [T
> Q e e
Phrodo red E.coli with with
Rapa Torin1

Fig. 4 (See legend on next page.)



Huang et al. BMC Immunology (2025) 26:36

(See figure on previous page.)

Page 9 of 15

Fig. 4 The phagocytosis of macrophages by rCFP-10 is dependent on mTORC2 activity. A The level of p-mTOR, p-56 K, p-AKT, p-S6, and -actin treated
with rCFP-10 for 2 h in J774A.1 and BMM¢ were determined by western blot analysis. B Bar charts show level of p-mTOR, p-56 K, p-AKT, p-S6 in J774A.1
cells and BMM¢ with indicated treat-ments. Data shown are representative of at least three experiments. C Phagocytosis of J774A.1 cells and BMM¢
treated with 100 pug/ml rCFP-10 for 2 hin the presence of rapamycin and Torin was determined by flow cytometry. D,E Bar charts show the phagocytosis
percentage in J774A.1 cells (D) and BMM¢ (E) with indicated treatments. Data shown are representative of at least three experiments. *: P< 0.05; **: P<

0.01; ***: P< 0.001; ns = no significant was determined by Student t-test

phagosome maturation in some cases, leading to a delay
in the degradation of engulfed pathogens [48, 49].

To sum up, we constructed an expression vector to
produce recombinant protein CFP-10 (rCFP-10). We
next isolated and purified rCFP-10. We found that
rCFP-10 induced both TNF-a and IL-6 production and
multiple pathways involved in macrophage activation.
Interestingly, the mitochondrial ROS (mtROS) and the
lysosomal content of macrophages did not differ signifi-
cantly. On the other hand, treatment with Torinl, which
inhibits both mTORC1 and mTORC2, significantly abol-
ished macrophage phagocytosis. In addition, our obser-
vations indicate that the action of rCFP-10 involves the
regulation of multiple genes related to the acidification of
lysosomes and the signaling pathway involving Toll-like
receptor 2 (TLR2) through mTOR signaling. This mecha-
nism potentially plays a role in facilitating the intracellu-
lar infection of Mtb. In summary, our data suggests that
the secreted Mtb CFP-10 protein disrupts macrophage
functions and inhibits mTORC2 activity. This interfer-
ence with macrophage function and mTORC2 activity is
critical for the regulation of innate immunity against Mtb
infection. Further exploration in this area also may pro-
vide valuable insights into the development of targeted
interventions to enhance the immune response against
Mtb and combat tuberculosis effectively.

Materials and methods

Mice

We purchased 6- to 8-week-old C57BL/6 ] mice from the
Chinese Academy of Science Shanghai SLAC Labora-
tory Animal Center. The animal study was reviewed and
approved by the Wenzhou Medical University Animal
Care and Use Committee (reference number: xmsq2021-
0013). All mice were euthanized by carbon dioxide (CO,)
asphyxiation.

Bacterial strains and cell culture

L-929 cells were purchased from the Cell Bank of the
Chinese Academy of Science in Shanghai. The J774A.1
mouse monocyte-macrophage cells were purchased from
the ATCC Cell Bank and cultured in RPMI1640 con-
taining 10% heat-inactivated fetal bovine serum (Tian-
hang Bio) with penicillin-streptomycin (50 IU/ml and
50 mg/ml, Beyotime). The GV296 vector was purchased
from Shanghai GenePro Technology Co. The E. coli
BL21 (DE3) is kept in the key laboratory of laboratory

medicine, Ministry of Education of China, Wenzhou
Medicine University.

Reagents and antibodies

B-Actin (D6 A8) Rabbit mAb, Phospho-mTOR (Ser2448)
XP° Rabbit mAb, Phospho-S6 Ribosomal Protei
(Ser235/236) (D57.2.2E) XP° Rabbit mAb, Phospho-p70
S6 Kinase (Thr389) (D5U10) Rabbit mAb, and Phospho-
Akt (Serd73) (D9E) XP° Rabbit mAb were purchased
from Cell Signaling Technology (CST). 7-Aminoactino-
mycin D (7-AAD), MitoSOX™ Red mitochondrial super-
oxide indicator, LysoTracker® Red DND-99, LIVE/DEAD
BacLight Bacteria Viability Kits, and pHrodo Red E.
coli BioParticles were purchased from Invitrogen. HRP-
labeled Goat Anti-Rat IgG (H +L), HRP-labeled Goat
Anti-Rabbit IgG (H +L), Kanamycin, IPTG, Rapamy-
cin, Torin 1, and His-tag Protein Purification Kit were
purchased from Beyotime Biotechnology. Mouse IL-6
Elisa kit and Mouse TNFa Elisa kit were purchased from
Shanghai Dakowei Biotechnology Co. DEAE Focurose
6 FF was purchased from Wuhan Huiyan Biotechnology
Co. EtEraser High-Performance Endotoxin Removal Kit
and Tachypleus amebocyte lysate were purchased from
Xiamen Bioendo Technology Co.

Primers

The gene encoding CFP-10 along with its promoter was
amplified by PCR using forward (5-AGCAAATGGGT
CGCGGATCCATGGCAGAGATGAAGACCGATG-3)
and reverse (5-GCGGCCGCAAGCTTGTCGACTTAC
TTGTACAGCTCGTCCATGC-3’) primers. The restric-
tion sites for primers were BamHI and Sall. The primers
for RT-PCR were listed in Table 1. The primers were syn-
thesized by Shanghai Gikai Gene Technology Co.

rCFP-10 cloned to GV296 vector

The gene encoding CFP-10 of M. tuberculosis was ampli-
fied by PCR from genomic DNA. The reaction conditions
were as follows: 98 °C for 5 min, 98 °C for 10 s, 55 °C for
10 s, and 72 °C for 90 s for 30 cycles; this was followed
by 72 °C for 8 min and maintained at 4 °C for preserva-
tion. Then the PCR product was eluted from an aga-
rose gel, digested with BamHI and Sall, and ligated into
the GV296 vector with the ClonExpressTM II One Step
Cloning Kit (Vazyme Biotech Co., Ltd). The recombinant
plasmids were transformed into E. col BL21 bacterial
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Fig. 5 The expression level of tmem199, which is involved in lysosome acidification, in macrophages treated with rCFP-10 is reliant on the activity of
mTORC2. A, B Heapmap of transcriptional profiles of J774A.1 cells and BMMd¢ with or without rCFP-10 treatment (PBS: n= 3; rCFP-10: n= 3). Gene expres-
sions are presented as log2 fluorescence intensity centered and scaled (blue and red keys) grouped according to the product functions. C Transcrption of
Tmem199 was relative to B-actin in the J774A.1 cells after treatment with 100 pug/ml of rCFP-10 treatment for 2 h in the presence or absence of rapamycin
and Torin1 pretreatment. D Expression of TMEM199 in the J774A.1 cells after treatment with 100 ug/ml of rCFP-10 treatment for 2 h in the presence or
absence of rapamycin and Torin1 pretreatment determined by flow cytometry. E Bar charts show level of TMEM199 in the J774A.1 cells after treatment
with 100 pg/ml of rCFP-10 treatment for 2 h in the presence or absence of rapamycin and Torin1 pretreatment. *: P< 0.05; **: P< 0.01; ***: P< 0.001; ns

=no significant was determined by Student t-test

cells (DE3) and subjected to sequencing (Shanghai Gikai
Gene Technology Co.).

Induced expression and purification of rCFP-10

The above-mentioned E. coli BL21 transformant was
grown in Luria-Bertani medium with 50 pug/mL kana-
mycin (Beyotime) at 37 °C. Five-milliliter starter cultures
were grown to stationary phase overnight with shaking
in Luria-Bertani broth with 50 pg/mL Kanamycin (Beyo-
time). These were used to inoculate 1 L of LB media to
grow in shaking flasks at 37 °C. Once cultures reached an
OD600 between 0.5 and 0.8, recombinant protein CFP-
10 production was induced using 800 pM IPTG (Beyo-
time). Cultures were grown for 6 h, with shaking at 25
°C. Bacteria were then pelleted at 4,000x rpm for 10 min
and resuspended in lysis buffer. The bacteria were puri-
fied by affinity chromatography based on the instructions
of the His-tag Protein Purification Kit (P2226, Beyotime,
China). Recombinant proteins were subsequently con-
centrated with Amicon Ultra-15 filters. Filtration was
performed according to the Millipore protocols provided
with the filters. Next, DEAE columns were washed with
10 column volumes (CVs) of double distilled water and
were equilibrated using 10 CVs of 0.02 M Tris-HCI (pH
8.2). Following, the recombinant proteins were loaded
onto DEAE columns by gravity. Samples were then
washed with 10 CVs 0.02 M Tris-HCl (pH 8.2) and then
eluted with a linear gradient from 6 to 13% of an elu-
tion buffer containing 0.02 M Tris-HCl (pH 8.2) and 1 M
NaCl. Fractions were collected and monitored for recom-
binant protein elution and purity by SDS/PAGE followed
by Coomassie Blue stain. The recombinant proteins were
aliquoted and frozen for subsequent use. According to
the instruction manual, the endotoxin was removed with
the EtEraser Endotoxin Removal Kit (Xiamen Bioendo
Technology Co., Ltd.). The endotoxin level of the protein
extract did not exceed 1.0 EU/ml and was detected with
the horseshoe crab reagents (Xiamen Bioendo Technol-
ogy Co., Ltd.).

RNA sequencing

J774A.1 cells and BMM¢s treated with 1 h 100ug/ml
rCFP-10 or PBS were used for RNA sequencing. Briefly,
the cells were lysed in TRIzol and subjected to Annoroad
Co. for RNA extraction, sequencing, and transcriptome
profile analysis. The significantly differentially expressed

genes were identified when we compared the normalized
reads count between CFP-10 and PBS groups with p<
0.05 and |Log2 FoldChange| > 0.263. The significance of
the gene ontology term enrichment was estimated using
Fisher’s Exact Test (p value).

Quantitative PCR analysis

The J774A.1 cells were induced by 100 pg/ml rCFP-10
for 2 h. Total RNA was extracted with TRIzol (Omega
Bio-Tek), and reverse transcription was performed using
PrimeScript Reverse Transcriptase (RR037 A, Takara
Bio) according to the manufacturer’s instructions. Real-
time qPCR was conducted as previously described [19].
The primers sequences used are provided in Table 1. To
determine the relative induction of TLR signaling mRNA,
the mRNA expression was normalized with B-actin and
calculated using the 27 AACT method.

Acquisition of bone Marrow-Derived macrophages
(BMM¢s)

The bone marrow cells were isolated from femurs
and tibiae and cultured with a 10% L-929 cell culture
medium, as described previously [50]. Bone marrow cells
were cultured with 1640 medium (Gibco) containing 10%
(v/v) FBS and 15% (v/v) L929 conditional medium for
seven days to obtain bone marrow-derived macrophages.

rCFP-10 effect on bone Marrow-Derived macrophages
(BMM¢s) and J774A.1 cells in vitro

A total of 1x 10° or 0.5 x10° BMM¢ from C57BL/6
J] (WT) or J774A.1 cells was equally seeded in six- or
twelve-well plates and cultured at 37 °C overnight. We
then added rCFP-10 at the corresponding concentration
to the medium for the appropriate time. The supernatant
was collected at the indicated time for cytokine quanti-
fication. The affected cells were used for flow cytometry
analysis and Western blot analysis.

Western blot analysis

Cell lysate preparation and Western blot analysis fol-
lowed the previous protocol [19]. Briefly, macro-
phages were cultured in RPMI 1640 medium with 10%
FBS in six-well plates. Cells were treated with 100ug/
ml rCFP-10 for 2 h. Cells were washed twice in cold
PBS, then were lysed in RIPA buffer (Beyotime Bio)
with protease and phosphatase inhibitor cocktails
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Fig. 6 mTORC2 activity was crucial for the expression of genes involved in TLR signaling. A, B Heapmap of transcriptional profiles of J774A.1 cells and
BMM¢ with or without rCFP-10 treatment (PBS: n= 3; rCFP-10: n= 3). Gene expressions are presented as log?2 fluorescence intensity centered and scaled
(blue and red keys) grouped according to the product functions. A The TLR signaling pathway is expressed in the J774A.1 cell. B The TLR signaling path-
way is expressed in the BMM¢. C-E Transcription of Myd88, TBK1, TLR2 was relative to 3-actin in J774A.1 cells after treatment with 100 ug/ml of rCFP-10
treatment for 2 h in the presence or absence of rapamycin and Torin1 pretreatment. F Production of the pro-inflammatory cytokine TNF-a in the super-
natant of J774A.1 cells after treatment with 100 pg/ml of rCFP-10 treatment for 4 h in the presence or absence of rapamycin and Torin1 pretreatment. *:
P<0.05;**: P< 0.01;***: P<0.001; ns =no significant was determined by Student t-test

(Sigma) for 15 min at 4 °C. Protein concentration was
determined by Bradford assay. Protein samples were
analyzed by SDS-PAGE gel and transferred to PVDF
membrane. The membrane was blocked with 5% non-
fat dried milk in TBST (100 mM Tris—HCI pH 7.5, 150
mM NaCl, 0.05% Tween20) for 1 h, then incubated
with indicated primary antibodies overnight on a
shaker at 4 °C. The appropriate HRP-coupled second-
ary antibody was then added and was detected through
ECL chemiluminescence (BioRad). B-actin was used as
a protein loading control.

Macrophage phagocytosis

Briefly, macrophages were cultured in RPMI 1640
medium with 10% FBS in twelve-well plates. Cells were
treated with 100 pug/ml rCFP-10 for 2 h. For the mac-
rophage phagocytosis experiment, cells were resus-
pended in 1 mg/ml pHrodo Red E. coli bioparticles
(Thermo Fisher Scientific) and incubated at 37 °C for 0
h, 1 h, 2 h, 3 h, and 4 h. Cells were washed and stained
for flow cytometry. Macrophages that were PE-high
were considered to be phagocytosing.

Measurement of mitochondrial superoxide production and
lysosomal content

Mitochondria-targeted MitoSOX™ Red fluorogenic
dye (Thermo Fisher Scientific, Rockford, IL, USA) and
LysoTrackerl Red DND-99 (Thermo Fisher Scientific,
Rockford, IL, USA) were used to measure mitochon-
drial superoxide accumulation and lysosomal content
according to the manufacturer’s instructions. Briefly,

Table 1 Primer sequences used for quantitative PCR analysis

Primer Sequence (5'-3)

Tmem199 F AGTGATAATGCCACGGGACC
Tmem199 R CCTCACTTGCTTTCCCAGGT
TLR2 F ACCAAGATCCAGAAGAGCCA
TLR2 R CATCACCGGTCAGAAAACAA
Myd88 F CTTAACGTGGGAGTGAGGC
Myd88 R ACAAACTGCGAGTGGGGT
TBK1 F GAAGAAGTACGGGGCTACCG
TBKTR GTGCCTGAAGACCCTGAGAA
B-actin F GCTGTGCTATGTTGCTCTAG
B-actin R CGCTCGTTGCCAATAGTG
B-tubulin F GGAAGAGGATTTCGGAGAGG
B-tubulin R GGACAGAGGCAGCAGAAAGA

F Forward primer, R Reverse primer

cells were seeded in 12-well plates for 1 h and then
were treated with 100 ug/ml rCFP-10 for the appropri-
ate time. Cells were incubated for 30 min at 37 °C in
0.2 mL of measurement buffer containing 0.2uL Mito-
SOX™ Red. Then, the cells were washed twice with
PBS. MitoSOX™ fluorescence was measured by flow
cytometry. The lysosome content detection also fol-
lowed the above steps.

Intracellular TMEM199 detection

Macrophages were cultured in RPMI 1640 medium with
10% FBS in twelve-well plates. Cells were treated with
100 pg/ml rCFP-10 for 2 h. For intracellular staining, cells
were incubated for 15 min on ice with Cytofix/Cytoperm
Fixation/Permeabilization solution (BD Biosciences).
Intracellular proteins were stained at 25 °C for 1 h with
Rabbit anti-mouse TMEM199 (DF13885, Affinity Biosci-
ences) diluted 1:50 (ab150077, Abcam) and Alexa Fluor®
647-conjugated Goat anti rabbit IgG (Alexa Fluor°488,
Abcam) at 1/500 dilution in Perm/Wash Buffer. Cells
were washed and stained for flow cytometry.

Cytokine production assay

Cytokine concentration was determined using ELISA kits
for TNFa and IL-6 (Diatek, Shanghai, China). We pur-
chased IL-6 and TNFa Elisa Kit from Shanghai Dakowei
Biotechnology Co to measure IL-6 and TNFa production in
the supernatant. Briefly, the supernatant from cultured cells
with indicated treatment was collected and centrifuged at 4
°C 3,000 rpm per 10 min, and then was analyzed by follow-
ing the manufacturer’s instructions.

Cell viability assay

Cells were added to each well at a density of 5x 10°/mL
and cultured for 1 h at 37 ‘C, then were added rCFP-10 at
the corresponding concentration for the appropriate time.
10uL of Cell Counting Kit-8 (CCK8) solution (Dojindo) was
added to the medium in 96-well plates at 37 C for 2 h. The
plates were then read using a standard plate reader with a
reference wavelength of 450 nm.

Statistical analysis

Data were presented as mean + SEM and analyzed for sta-
tistical differences using the Prism 6.01/GraphPad software.
Statistical significance was analyzed using the Student t-test.
P-values less than 0.05 were considered significant.
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