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Introduction
Tuberculosis, caused by Mycobacterium tuberculosis (M. 
tb) infection, remains a major global public health threat. 
In 2021, 10.6  million new TB cases have been reported 
globally, and the number of TB deaths in the HIV-neg-
ative population increased to 1.6  million [1]. Mycobac-
terium bovis bacillus Calmette-Guérin (BCG), the only 
licensed vaccine against TB, is administered intrader-
mally and provides protection against disseminated TB 
in infants, however, BCG has shown variable efficacy in 
preventing pulmonary TB in adolescents and adults [2]. 
Attempts have been made to optimize immunization 
strategy to enhance T cell immunity and protection effi-
ciency of BCG. A more effective TB vaccine is needed 
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Abstract
Background  Control of Tuberculosis (TB) infection is mainly the result of productive teamwork between T-cell 
populations and antigen presenting cells (APCs). However, APCs activation at the site of initiating cellular immune 
response during BCG early infection is not completely understood.

Methods  In this study, we injected C57BL/6 mice in intravenous (i.v) or subcutaneous (s.c) route, then splenic 
or inguinal lymph node (LN) DCs and MΦs were sorted, and mycobacteria uptake, cytokine production, antigen 
presentation activity, and cell phenotype were investigated and compared, respectively.

Results  Ag85A-specific T-cell immune response began at 6 days post BCG infection, when BCG was delivered in s.c 
route, Th17 immune response could be induced in inguinal LN. BCG could induce high level of activation phenotype 
in inguinal LN MΦs, while the MHC II presentation of mycobacteria-derived peptides by DCs was more efficient than 
MΦs.

Conclusions  The results showed that BCG immunized route can decide the main tissue of T-cell immune response. 
Compared with s.c injected route, APCs undergo more rapid cell activation in spleen post BCG i.v infection.
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to boost the level of immunity conferred by the current 
BCG vaccine that provides moderate protection against 
TB. Both CD4+ and CD8+ T cell responses are crucial to 
the control of M. tb infection; developing an effective TB 
vaccine against TB is to induce T cell immunity to imme-
diately control TB infection and eliciting a reservoir of 
systemic T memory cells [3]. Several strategies have been 
employed to develop replacement and booster vaccines 
for BCG against TB; the route of BCG influence systemic 
and tissue-specific T cell immunity has also been inves-
tigated. Administration of BCG by aerosol (a.e) or intra-
venous (i.v) routes enhanced protection in non-human 
primates challenged shortly after immunization [4, 5]. 
High dose i.v administration of BCG induces higher level 
of antigen-responsive CD4+ and CD8+ T cell responses 
in blood, spleen, bronchoalveolar lavage and lung lymph 
nodes in Macaca mulatta model [3]. And another 
research showed that subcutaneous BCG vaccination 
can induce tissue-resident memory alveolar macrophages 
and trained immunity in the lung [6].

T cell responses require antigen presentation cells to 
process and present M. tb Ag to generate peptide-major 
histocompatibility complex (MHC) complexes. Con-
trol of M. tb is mainly the result of productive teamwork 
between T-cell populations and antigen presenting cells 
(APCs) [7]. Both macrophages (MΦ) and dendritic cells 
(DCs) are important in the defence against M. tb infec-
tion, participate in the initiation of early innate immune 
responses to mycobacterial infections, and APCs pro-
cess and present TB antigen to both CD4+ (via MHC-II) 
and CD8+ T cells (via MHC-I) to trigger specific cellu-
lar responses. Once inhaled, M. tb particles are readily 
phagocytosed, processed and presented by alveolar mac-
rophages. Initially, infection of the alveolar macrophages 
by M. tb leads to the activation of multiple functions, 
including killing intracellular M. tb by phagolysosome 
fusion, respiratory burst, recruitment and activation of 
additional leukocytes, and regulate immune responses by 
producing pro- and anti-inflammatory cytokines [8, 9]. 
Macrophages also play a role in presenting antigens to T 
cells as well as inducing other antigen-presenting cells to 
express costimulatory molecules, thereby initiating adap-
tive immune responses [10]. DCs are specialized in anti-
gen presentation to T cells, and since the major role of 
MΦs is to ingest and kill invading organisms, they have 
different roles in the defence against M. tb. Previous in 
vitro studies have investigated the immune responses of 
APCs against mycobacterial infection, however, there 
remains a limited understanding for mechanisms by 
which route of BCG influence APCs activation in vivo.

In this study, to investigate activation dynamics of 
APCs against BCG infection in different immunized 
route, we injected BCG via the i.v or s.c route, and com-
pared the immune response of MΦs and DCs in spleen 

and inguinal LN. Understanding these molecular mech-
anisms will enhance our ability to prime innate and 
adaptive immunity against M. tb and facilitate the devel-
opment of improved BCG-based immunization strate-
gies to control TB.

Methods
Experimental animals
Six to eight-week-old female C57BL/6 mice were 
obtained from VITAL RIVER (Beijing, China). The mice 
were housed at our animal biosafety facilities for strict 
microbial and parasite control and had free access to 
standard maintain chow and sterilized water. The ani-
mal room was maintained at 22–25  °C and 50% humid-
ity under a 12-h dark-light cycle. The C57BL/6 mice 
were euthanized by cervical dislocation under isoflurane 
anaesthesia.

Cytokine production measurement
C57BL/6 mice were i.v or s.c immunized with 1 × 108 
CFU M. bovis BCG Pasteur 1173P2 (provided by Dr. 
Xiaoming Zhang, Institut Pasteur of Shanghai, Chinese 
Academy of Sciences, Shanghai, China) and sacrificed at 
0, 3, 6 and 9 days, and the mice immunized at 0 day were 
control group. Then the mononuclear cells of spleens 
and inguinal LNs isolated using Histopaque 1083 (Sigma, 
USA) were seeded at 1 × 106 cells/well in 96-well plates, 
and subsequently stimulated with 10 µg/ml Ag85A pep-
tide (amino acids 241–260, SciLight Biotechnology, 
China), 10 µg/ml Ag85A protein, or 5 µg/ml bovine PPD 
(Prionics, Switzerland) and incubated at 37 °C in 5% CO2. 
Cellular supernatants were then harvested at 48 h post-
stimulation and the concentration of IFN-γ was tested by 
ELISA kits (BD Biosciences, USA), and Th1/Th2/Th17 
cytokines were detected by CBA kits (BD Biosciences, 
USA).

T cell subsets analysis
C57BL/6 mice were i.v or s.c immunized as above, the 
mononuclear cells isolated using Histopaque 1083 were 
seeded at 1 × 106 cells/well in 96-well plates, and subse-
quently stimulated with 10  µg/ml Ag85A protein and 
incubated at 37  °C in 5% CO2. The mononuclear cells 
were stained with APC-anti mouse CD4 or FITC-anti 
mouse CD8α mAbs, than the ratio of CD4+ and CD8+ T 
cells in spleen (i.v) and inguinal LN (s.c) were analysed by 
FACS.

In vivo infection assay
C57BL/6 mice were i.v or s.c immunized with 1 × 108 
CFUs of rBCG-GFP (provided by Dr. Xiaoming Zhang, 
Institut Pasteur of Shanghai, Chinese Academy of Sci-
ences, Shanghai, China) and sacrificed at 0, 12, 48 and 
96 h, and the mice immunized at 0 h was control group. 
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Then, mice spleen and inguinal LN were removed and 
perfused with 400 U/ml collagenase type IV (Invitrogen, 
USA) containing 50  µg/ml DNase I (Invitrogen, USA). 
Single spleen and LN cell suspensions were prepared, 
DCs (CD11c +) and MΦs (CD11c− CD11b+) were both 
sorted with an autoMACS separator (Miltenyi Biotec, 
Germany). Then the percentage of murine LN DCs and 
MΦs infected with rBCG-GFP was analysed using a 
FACSCalibur instrument and FlowJo software (FlowJo 
LLC, USA).

CFU measurement
C57BL/6 mice were s.c immunized with 1 × 108 CFUs of 
BCG. LN MΦs were sorted with an autoMACS separa-
tor as described above, then pelleted and resuspended in 
lysis buffer. Ten-fold serial dilutions of these suspensions 
were then plated on solid Middlebrook 7H10 medium, 
and colonies were counted after incubation at 37  °C for 
2–3 weeks as previously reported [11].

RT2 profiler PCR array
C57BL/6 mice were s.c immunized with 1 × 108 CFUs of 
BCG in PBS and sacrificed at 0, 12 and 48 h, and the mice 
immunized at 0 h were control group. Then, inguinal LNs 
DCs and MΦs were sorted with an autoMACS separa-
tor as described above. Cellular RNA was purified with 
an RNeasy kit (Qiagen, USA) according to the manufac-
turer’s instructions. Then, cDNA was reverse-transcribed 
from total RNA using iScript cDNA synthesis kits. The 
RT2 profiler PCR array was carried out by Qiagen accord-
ing to the manufacturer’s instructions. The P-values were 
calculated based on Student’s t-test of the replicate 2−ΔΔCt 
values for each gene in the control and treatment groups.

Antigen presentation assay
C57BL/6 mice were i.v or s.c immunized with 1 × 108 
CFU BCG and sacrificed at 2, 4, 12, 24, 48 and 72 h, then 
splenic and inguinal LNs DCs and MΦs were sorted with 
an autoMACS separator as described above. For the ex 
vivo Ag presentation assay, the purified DCs and MΦs 
were transferred to 96-well microplates and serially 
diluted in complete medium. DE10 T-cell hybridomas 
(provided by Dr. Claude Leclerc, Institut Pasteur, Paris, 
France) were then added at 1 × 105/well and incubation 
for 24  h, the cellular supernatants were collected and 
detected for IL-2 content by ELISA kits (BD Biosciences) 
as previously reported [11].

Cell phenotype analysis
C57BL/6 mice were s.c immunized with 1 × 108 CFUs of 
BCG and sacrificed at 0, 12 and 96 h, and the mice immu-
nized at 0 h were control group, then splenic and ingui-
nal LN MΦs were sorted with an autoMACS separator 
as described above. LN MΦs were then labelled with 

biotinylated antibodies against CD40, CD80, CD86, and 
MHC II. Biotin conjugates were visualized using allophy-
cocyanin-conjugated streptavidin, then analysed using a 
FACSCalibur instrument (BD Biosciences, USA).

Analysis of transcription level of MHC II and MHC class II 
transactivator (CIITA)
C57BL/6 mice were s.c immunized with 1 × 108 CFUs of 
BCG and sacrificed at 0, 24, 48, and 96 h, and the mice 
immunized at 0 h were control group. LN MΦs (CD11c− 
CD11b+) were sorted using the autoMACS system as 
described above, then were pelleted and resuspended in 
lysis buffer. Cellular RNA was purified with RNeasy kit 
(Qiagen, Valencia, CA, USA) according to the manu-
facturer’s instructions, and total RNA was reverse-tran-
scribed into cDNA. One-tenth of the resulting cDNA 
template was used for real-time PCR analysis of tran-
scriptional levels of MHC II, total CIITA, and CIITA type 
I and type IV. The following primers were shown as Table 
S1.

Statistical analysis
All data are expressed as means ± SE. Statistical analysis 
was performed using Student’s t-test. P values < 0.05 were 
considered statistically significant.

Results
Kinetics of Ag85A-specific T-cell immune response in BCG 
infected mice
To investigate the kinetics of T-cell immune response 
against BCG infection, mononuclear cells were separated 
from mouse spleen and inguinal LN in BCG i.v immu-
nized mice, and stimulated in vitro with Ag85A peptide, 
Ag85A protein, or bovine purified protein (PPD), respec-
tively, following which the expression level of IFN-γ in 
culture supernatants were measured. The result showed 
that Ag85A-specific T lymphocytes in the spleen pro-
duced high levels of IFN-γ in Ag85A protein, Ag85A 
peptide and PPD group, which was a significant increase 
in Ag85A-specific IFN-γ production by splenic mononu-
clear cells at 6 and 9 days after BCG injection compared 
with 0 day control group, however, IFN-γ production was 
lower in the inguinal LN group (Fig. 1A).

Conversely, we evaluated the kinetics of the Ag85A-
specific T-cell immune response in C57BL/6 mice s.c 
immunized with BCG, in a previous study, and showed 
that IFN-γ production was 10-fold higher in the inguinal 
LN [11]. These results suggest that Ag85A-specific T-cell 
immune response began at 6 days post BCG infection, 
and the BCG immunization route can decide the main 
tissue of T-cell immune response. The specific T-cell 
immune response in inguinal lymph node was higher in 
BCG s.c immunized mice and spleen in BCG i.v immu-
nization route. As a result, we focus on the immune 
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response of spleen in i.v-injected mice and lymph nodes 
in s.c injected mice in subsequent research.

Both CD4+ and CD8+ T cell responses are crucial 
to the control of M. tb infection, the essential role for 
CD4+ and CD8+ T cells in immunity to M. tb is sup-
ported experimentally by the early mortality of mice 
lacking CD4+ and CD8+ T cells [12–14]. The CD4+ and 
CD8+ T cell proportion of murine spleen and inguinal 
LN in M. bovis BCG immunized mice were analysed via 
FACS. When BCG was i.v or s.c immunized, the propor-
tion of both CD4+ and CD8+ T cells in spleen or inguinal 
LN significantly increased in Ag85A protein stimulated 
group (Fig.  1B). However, the proportion of both CD4+ 
and CD8+ T cells in BCG infected group were lower than 
PBS control group, possibly due to the rapid recruitment 
of other mononuclear cells in mouse spleen and inguinal 
LN.

During M. tb infection, Th1 cytokines provide protec-
tive function whereas Th2 and Treg cytokines contrib-
ute to the pathologic effect, while Th17 cytokines play 
both protection and pathogenesis [15, 16]. To analyse the 
expression profile of Th1/Th2 cytokines in murine mono-
nuclear cells against M. bovis BCG infection, the mono-
nuclear cells of spleen and inguinal LN were stimulated 
in vitro with Ag85A peptide, Ag85A protein, or bovine 
PPD, respectively, then the expression level of a serial 
of inflammatory secreted cytokines in culture superna-
tants was measured. When mice were i.v immunized, 
splenic mononuclear cells showed enhanced production 
of IL-6, IL-10, IFN-γ and TNF-α in Ag85A peptide and 
Ag85A protein stimulated groups, however, IL-2 and IL-4 
were not detected in splenic mononuclear cells (Fig. 1C). 
Conversely, when mice were s.c immunized, inguinal 
LN mononuclear cells showed high level of IL-6, IL-10, 

Fig. 1  Dynamics of Ag85A-specific T-cell immune response in BCG infected mice. (A) Detection of IFN-γ production following BCG infection. C57BL/6 
mice (n = 5) i.v infected with 1 × 108 CFU BCG were euthanized by cervical dislocation under isoflurane anaesthesia at 0, 3, 6 and 9 days and the spleens 
and inguinal LNs were removed. IFN-γ levels in the culture supernatants of splenocytes and inguinal LN cells stimulated with Ag85A peptide, Ag85A 
protein and Bovine PPD were detected with ELISA. (B) Detection of CD4+ and CD8+ T cell ratio. Ratio of CD4+ and CD8+ T cells in spleen (i.v) and inguinal 
LN (s.c) were analysed using FACS stimulated with Ag85A protein. (C) Expression profile of Th1 and Th2 type cytokines. Different cytokines in the culture 
supernatants of splenocytes (i.v) and inguinal LN cells (s.c) stimulated with Ag85A peptide, Ag85A protein and Bovine PPD were detected using FACS. 
The results are representative of three independent experiments and presented as means ± SEM. Statistical significance was determined using Student’s 
t-test (*P < 0.05, **P < 0.01)
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IFN-γ and TNF-α, the difference was that IL-17 was 
highly expressed in inguinal LN mononuclear cells. This 
suggests that BCG infection induced Th1/Th2 balanced 
immune response, while when BCG was delivered in s.c 
route, Th17 immune response could be induced in ingui-
nal LN.

M. bovis BCG infected the inguinal LN antigen presentation 
cells and induced M1-type activation phenotype
APCs play a dual role in M. tb infection, on one hand, 
they are the main antigen-presenting cells responsible 
for anti-tuberculosis immunity, while on the other hand, 
they are a target of M. tb and represent a “safe harbour” 

for the mycobacteria [17]. First, to investigate the ability 
of DCs (CD11c +) and MΦs (CD11c− CD11b+) to engulf 
M. bovis BCG in vivo, we detected the infection rate of 
rBCG-GFP cells following i.v and s.c infection using 
FACS. When mice were i.v immunized, both the infec-
tion rate of splenic DCs and MΦs reached the peak at 
12 h (1.43 and 3.27%, respectively) and decreased at 48 h 
(1.16 and 1.53%, respectively) (Fig. S1). Conversely, when 
mice were s.c immunized, the infection rate was differ-
ent, 1.47% of inguinal LN MΦs exhibited green fluores-
cence at 48 h, and by 96 h post-injection this proportion 
increased to 5.53% (Fig. 2A). We also found that 0.4% of 
LN DCs engulf rBCG-GFP after 12 h of infection, which 

Fig. 2  Activation and expression profiles of murine DCs and MΦs against BCG infection. (A) Detection of infection rate of LN MΦs against rBCG-GFP. 
C57BL/6 mice (n = 5) were s.c injected with 1 × 108 CFU rBCG-GFP, LN cells were harvested at different time points, and MΦs were sorted and analysed for 
the presence of rBCG-GFP. The results are representative of three independent experiments. (B) CFU detection of LN MΦs against BCG. Mice (n = 5) were 
s.c injected with 1 × 108 CFU BCG; BCG in MΦs was quantified in CFUs by culturing on Middlebrook 7H10 agar. (C) Transcriptome analysis of murine LN 
DCs and MΦs against BCG infection. C57BL/6 mice were s.c injected with 1 × 108 CFU BCG cells in PBS. Mice were sacrificed at 12 and 48 h, and inguinal 
LNs single-cell suspensions were prepared, DCs and MΦs were sorted with an autoMACS separator. The RT2 profiler PCR array about antigen presentation 
pathway associated genes was carried out by QIAGEN, where RNA isolation and quality control were completed. The matrix numbers 1–12 and A-G in 
heat maps correspond to distinct genes about antigen presentation cells. The results are presented as means ± SEM. Statistical significance was deter-
mined using Student’s t-test (*P < 0.05, **P < 0.01)
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increased to 2% at 96  h post-injection [11]. Then we 
determined the number of intracellular M. bovis BCG 
CFUs during the infection. BCG CFUs in inguinal LN 
MΦs increased until 120  h after s.c administration, fol-
lowed by a gradually decrease (Fig. 2B), which was simi-
lar in LN DCs after s.c administration [11]. These results 
suggested that both DCs and MΦs can serve as reservoirs 
of BCG, MΦs have stronger activity of BCG uptake, and 
BCG remains longer in inguinal LN APCs following s.c 
infection.

Components of M. tb will initiate the antibacterial 
activity of APCs during infection [18]. Recognition of M. 
tb by APCs induces the production of proinflammatory 
cytokines, which plays a crucial role in the inflammatory 
response and the outcome of mycobacterial infections 
[19, 20]. Finally, to evaluate the transcription levels of 
cell activation associated genes, we performed RT2 pro-
filer PCR array, which contains various 84 genes, includ-
ing antigen uptake, chemotaxis, cytokines, cytokine 
receptors and signal transduction-related genes (Table 
S2). Compared with untreated control group, a 2-fold or 
greater difference in mRNA expression levels was used 
as the cut-off to determine the significant regulatory 
effects on genes involved in inguinal LN DCs and MΦs 
activation. The results showed that the expression level 
of up-regulated genes was both higher in inguinal LN 
DCs and MΦs at 12 h and decreased at 48 h. In inguinal 
LN DCs, 11 genes were significantly up-regulated (fold-
change > 2.0) at both 12 and 48 h after s.c infection with 
BCG, 13 genes were upregulated only at 12 h, and there 
were also 17 downregulated genes (fold-change < 0.5) at 
12 and/or 48  h. Some chemotaxis, cytokines, cytokine 
receptors genes, such as CCL2, CCL8, CCL12, CXCL10, 
FCER1A and FCGR1 were significantly increased in 
inguinal LN DCs after BCG s.c immunization (Fig.  2C, 
Table S3). Conversely, in MΦs, 18 genes were signifi-
cantly up-regulated at both 12 and 48 h after s.c infection 
with BCG, and 17 and 5 genes were only up-regulated at 
12 and 48 h, respectively. And there were also 16 down-
regulated genes at 12 and/or 48  h (Fig.  2C, Table S4). 
M1-type inflammatory cytokines TNF-α, IL-6 and IL-12, 
as well as chemokines CCL2, CCL3, CCL4, CXCL2, 
CXCL10 and CCL17 were significantly increased in 
inguinal LN MΦs after early BCG infection. Additionally, 
antigen presentation-associated genes CD80, CD86 and 
MHCII, were also significantly up-regulated. Together, 
these results indicated that BCG could induce M1-type 
activation phenotype in inguinal LN MΦs, and the acti-
vation period of inguinal LN APCs induced by BCG was 
momentary.

Activation of antigen presentation activity of DCs and MΦs 
induced by M. bovis BCG in vivo
To investigate the dynamics of Ag85A specific Ag pre-
sentation, the splenic and inguinal LN DCs and MΦs 
were sorted using autoMACS. We tested their capacity to 
stimulate DE10 T-cell hybridomas at several time points 
after i.v or s.c injection of mice with Ag85A protein or 
BCG. When mice were i.v injected with Ag85A protein, 
high level of IL-2 was detected in the supernatants of 
splenic DCs after co-cultured with DE10 T-cell hybrid-
omas at 4 h, yet disappeared at 48 h, while splenic MΦs 
also showed Ag presentation activity at 4  h (Fig.  3A). 
When mice were s.c injected with Freund’s adjuvant 
emulsified Ag85A protein, the emerge of IL-2 produc-
tion of inguinal LN DCs was delayed to 24 h, and peaked 
at 48 h, low IL-2 level was also detected in the superna-
tants of inguinal LN MΦs. When mice were s.c immu-
nized with BCG, the highest IL-2 production was only 
observed in response to DCs from mice infected at 12 h 
[11], while the Ag presentation activity was not detected 
in inguinal LN MΦs, and specific Ag presentation activ-
ity were also not detected in either splenic DCs or MΦs 
in BCG i.v immunized mice. Together, these results indi-
cated that Ag-presenting activity was transient on DCs 
and MΦs in vivo and was initiated earlier in splenic DCs 
and MΦs with i.v injection route, and suggested that the 
MHC II presentation of mycobacteria-derived peptides 
by DCs was more efficient than MΦs.

MHC molecule expression on the cell surface is 
required for successful antigen presentation [21]; CD80 
and CD86 play an important role in enhancing intercel-
lular contacts and increasing T-cell functional activation 
[22]. The ability of APCs to prime adaptive T cell immu-
nity is primarily dependent on the interaction between 
the co-stimulatory molecules such as CD40, CD80 and 
CD86 on APCs and the corresponding ligand on T cells 
[7]. Inguinal LN DCs undergo functional activation in 
the early stages of BCG infection [11]. Subsequently, to 
evaluate the activation of inguinal LN MΦs after BCG s.c 
infection in vivo, we measured the expression of cell-sur-
face markers involved in T cell interaction in inguinal LN 
MΦs using FACS analysis. Sorted inguinal LN MΦs were 
stained with mAbs against cell-surface markers CD40, 
CD80, CD86 and MHC II. No obvious change in CD40 
or CD86 was detected in LN MΦs during infection. 
However, high levels of CD80 were noted at 12  h after 
infection, which subsequently decreased by 96  h. MHC 
II was upregulated in all sorted MΦs following infection 
from 12 to 96 h (Fig. 3B). Collectively, the up-regulation 
of selected cell-surface markers showed that LN MΦs 
were activated during BCG s.c infection in vivo. And we 
also investigated the expression of cell-surface markers in 
splenic MΦs, the results showed that the levels of CD40, 
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Fig. 3 (See legend on next page.)
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CD80 and CD86 both increased significantly at 96 h fol-
lowing i.v infection (Fig. S2).

Classical macrophage activation is characterized by 
high capacity to present antigen, activation of a polarized 
type I response, and high production of toxic intermedi-
ates [23]. CIITA is a master transcriptional regulator of 
MHC class II molecules. The three distinct promoters 
pI, pIII and pIV, which drive expression of CIITA types 
I, III and IV, respectively, regulate CIITA transcription 
[24]. When mice were s.c infected with BCG, MHC II 
expression in inguinal LN DCs increased at a relatively 
slow rate, while the total CIITA transcription rapidly 
induced at 24 h and CIITA type I declined at 96 h [11]. 
In this study, the mRNA levels of antigen presentation 
associated genes were also detected in inguinal LN MΦs 
against BCG s.c infection. Transcription of MHC II, total 
CIITA and CIITA type I was significantly induced at 48 h; 
all these genes significantly increased within 96 h of BCG 
infection (Fig. 3C). Interestingly, the transcription levels 
of MHC II and CIITA in splenic DCs and MΦs decreased 
from 4 h following BCG i.v infection (Fig. S3), although 
might have been activated at earlier time points.

Discussion
T cell immunity is essential for containment of M. tb 
infection; most TB vaccines in development elicit effec-
tive T cell immune responses [25]. In this study, we found 
that the Ag85A-specific T-cell immune response in 
inguinal lymph node was higher in BCG s.c immunized 
mice and the spleen in BCG i.v immunized mice. This 
suggests that high dose of i.v BCG would elicit a high fre-
quency of systemic and tissue resident T cells mediating 
durable protection against M. tb infection [3]. We found 
that when BCG was i.v or s.c administered, the ratio of 
both CD4+ and CD8+ T cells was up-regulated in mouse 
spleen and inguinal LN when stimulated with Ag85A 
protein.

The Th1/Th2 balance affects the outcomes of TB infec-
tion, CD4+ T cell cytokine expression pattern was asso-
ciated with alterations in the systemic levels of Th1 and 
Th2 cytokines [26]. When mice were i.v or s.c immu-
nized, splenic or inguinal LN mononuclear cells showed 
enhanced production of IL-6, IL-10, IFN-γ and TNF-α, 

while IL-17 only expressed highly in inguinal LN mono-
nuclear cells.

Most M. tb cells are initially deposited in the liver and 
spleen, while few reached peripheral LNs [27]. A higher 
proportion of LN MΦs were infected with rBCG-GFP 
compared with lymph node DCs [11]. When mice were 
s.c immunized, 1.47% of inguinal LN MΦs exhibited 
green fluorescence at 48  h, and by 96  h post-injection 
increased to 5.53%. Conversely, in i.v immunized mice, 
both the infection rate of splenic DCs and MΦs peaked at 
12 h (1.43 and 3.27%, respectively) and decreased at 48 h 
(1.16 and 1.53%, respectively). After infection, macro-
phages killed and reduced the replication of intracellular 
mycobacteria through multiple strategies [28]. Therefore, 
we also determined whether murine LN MΦs could con-
trol the intracellular mycobacteria growth during infec-
tion. CFU measurements showed that BCG increased up 
to 120  h after s.c administration of BCG to mice, then 
gradually decreased. The results suggested that BCG 
can persist infected within the LN MΦs, which serve as 
the reservoirs of BCG, while LN MΦs could also kill the 
intracellular mycobacteria.

The early activation of DCs and MΦs against M. tb 
infection has been elucidated [29, 30]. Lymph nodes are 
crucial organs for the host to initiate T-cell responses, 
which play an important role in protective immunity 
against M. tb infection [25, 31]. Chemokines are largely 
responsible for recruitment of inflammatory cells to the 
site of infection [32]. The number of up-regulated genes 
in inguinal LN DCs and MΦs were higher at 12  h, and 
decreased at 48  h. M1-type inflammatory cytokines 
TNF-α, IL-6, and IL-12 and chemokines CCL2, CCL3, 
CCL4, CXCL2, CXCL10 and CCL17 were significantly 
increased in inguinal LN MΦs after early BCG infection, 
suggesting that BCG can induce M1-type activation phe-
notype in inguinal LN MΦs, and the activation period of 
inguinal LN APCs induced by BCG was momentary.

DCs can prime naive T cells and activate them to 
mature effector T cells via interactions through the 
upregulated surface molecules [33]. MΦs also play a 
role in presenting antigens to T cells as well as inducing 
other antigen-presenting cells to express costimulatory 
molecules, thereby initiating adaptive immune responses 
[34]. Jiao et al. have previously investigated the kinetics 

(See figure on previous page.)
Fig. 3  Antigen presentation activity of murine DCs and MΦs against BCG infection. (A) Detection of murine DCs and MΦs Ag-presenting activity ex vivo. 
LN DCs and MΦs from the inguinal LN were harvested and sorted at various time points groups after s.c injection of mice (n = 5) with BCG. Cells were then 
serially diluted and used to directly stimulate DE10 T-cell hybridomas. In vivo formation of Ag85A peptide-MHC complexes on LN DCs and MΦs from mice 
injected with Ag85A protein or BCG were estimated by measuring IL-2 production in DE10 T-cell hybridoma culture supernatants ex vivo. (B) Analysis of 
costimulatory molecules on MΦs following BCG infection. Inguinal LNs were obtained at different time points group following s.c infection of mice with 
1 × 108 CFU BCG (n = 5), and MΦs were sorted and stained with a panel of mAbs to detect cell-surface expression of CD40, CD80, CD86 and MHC II using 
FACS. The experiment was repeated at least three times. (C) Expression of MHC II and CIITA by MΦs following BCG infection. Inguinal LNs were obtained 
from mice of four group (n = 5) at different time points following s.c injection of 1 × 108 CFU BCG, transcription levels of MHC II, total CIITA, CIITA types I 
and IV were analysed using real-time PCR. The results are representative of three independent experiments and presented as means ± SEM. Statistical 
significance was determined using Student’s t-test (*P < 0.05, **P < 0.01)
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of Ag-presenting activity ex vivo at various times and 
detected the formation of MalE peptide/MHC complexes 
at 2, 4 and 12 h in spleen following rBCG.MalE i.v infec-
tion, then disappeared at 48 h. The authors then injected 
rBCG.MalE via an s.c route and detected MalE peptide/
MHC complexes in draining lymph nodes from 1 to 2 
days [33]. When mice were i.v or s.c injected with Ag85A 
protein, high level of IL-2 was detected in the super-
natants of splenic DCs and inguinal LN DCs, but the 
emerge time was delayed in s.c injected route, while the 
MHC II presentation of mycobacteria-derived peptides 
by DCs was more efficient than MΦs. However, specific 
Ag presentation activity was not detected in splenic DCs 
or MΦs in BCG i.v immunized mice.

Previous studies have indicated that DCs, but not MΦs, 
undergo functional activation/maturation in the early 
stages of BCG infection, almost 95% DCs were MHC 
class II positive in mice receiving BCG, whereas 25% of 
MΦs were positive in the BCG groups [33]. During infec-
tion, no obvious modulation of CD40 and CD86 on LN 
MΦs was observed. CD80 levels were high at 12 h, but by 
96 h, they decreased. All sorted LN MΦs demonstrated 
up-regulation of MHC II following the initiation of infec-
tion from 12 to 96  h. Collectively, the up-regulation of 
selected cell-surface markers showed that LN MΦs were 
activated during BCG infection in vivo. In this study, 
transcription of MHC II, total CIITA, and CIITA type I 
was significantly induced at 48 h, and these genes signifi-
cantly increased within 96 h of BCG s.c infection.

In conclusion, this study revealed that the BCG immu-
nization route can decide the main tissue of T-cell 
immune response. Compared with s.c injected route, 
DCs and MΦs undergo more rapid mycobacteria uptake, 
cell activation and antigen presentation in spleen fol-
lowing BCG i.v infection. Our results provided novel 
insights into the activation profile associated with DCs 
and MΦs during BCG infection in different routes, which 
will facilitate the development of improved BCG-based 
immunization strategies to control TB. M. tuberculosis 
spreads from one person with pulmonary tuberculosis 
through aerosols, entering the body via the respiratory 
tract, reaching the lungs where phagocytic cells become 
infected, and the first line of defense against M. tubercu-
losis is the APCs in lung. It showed that tissue resident 
memory cells in the lung are implicated in conferring 
protective immunity against TB with i.v vaccination [3]. 
Usually, the protective immunity of lung immune cells 
against TB should be evaluated in aerosol infection route, 
and we will try to investigate the immune response of 
lung APCs against TB in further research.
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