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Abstract Screening live mycobacterial vaccine candi-

dates is the important strategy to develop new vaccines

against adult tuberculosis (TB). In this study, the im-

munogenicity and protective efficacy of several avirulent

mycobacterial strains including Mycobacterium smegmatis,

M. vaccae, M. terrae, M. phlei, M. trivial, and M. tuber-

culosis H37Ra were compared with M. bovis BCG in

BALB/c mice. Our results demonstrated that differential

immune responses were induced in different mycobacterial

species vaccinated mice. As BCG-vaccinated mice did,

M. terrae immunization resulted in Th1-type responses in

the lung, as well as splenocytes secreting IFN-c against

a highly conserved mycobacterial antigen Ag85A.

M. smegmatis also induced the same splenocytes secreting

IFN-c as BCG andM. terrae did. In addition, M. terrae and

M. smegmatis-immunized mice predominantly increased

expression of IL-10 and TGF-b in the lung. Most impor-

tantly, mice vaccinated with H37Ra and M. vaccae could

provide the same protection in the lung against virulent M.

tuberculosis challenge as BCG. The result may have im-

portant implications in developing adult TB vaccine.
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Introduction

Currently, the threat of tuberculosis (TB) to global public

health continues to increase worldwide, particularly due to

the emergence of multidrug-resistant TB (MDR-TB) and

extensively drug-resistant TB (XDR-TB) and co-infection

with Mycobacterium tuberculosis and HIV [3]. The only

available TB vaccine M. bovis BCG, a live attenuated

strain derived from M. bovis, provides effective cross-

protection against children TB but unstable protective ef-

fect against adult pulmonary TB, ranging from zero in

southern India to 80 % in England [8]. Developing more

effective adult TB vaccine will undoubtedly benefit the

control of this serious disease.

Screening live mycobacterial vaccine candidates is an

important direction to develop new vaccines against TB.

There are more than 150 mycobacterial species documented

nowadays [32], including M. tuberculosis complex, M.

leprae, and nontuberculous mycobacteria (NTM). NTM

exists ubiquitously in our living environments, including

water, aerosols, soil, protozoans, plants, animals, and hu-

mans [7, 15, 27]. Only a few of NTM are important
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opportunistic pathogens of humans, animals, poultry, and

fish [31, 38], but the large majority are saprophytes, com-

mensals, and symbionts, which are also named avirulent

mycobacteria, such as M. smegmatis, M. vaccae, M. terrae,

M. phlei, andM. triviale. Because of their natural inhabitants

shared by humans, NTM are inclined to sensitize host.

Several NTM could prime the host immune system against

mycobacterial antigens shared with BCG [10, 11, 14, 16, 19,

23, 24] and result in accelerated clearance of BCG in vivo

thus decreasing the protection of BCG [4, 25, 36]. This

mechanism is generally regarded as the effect of BCG on

TB, which is also based on cross-protection induced by

sharing common antigens between both BCG and M. tu-

berculosis strains. Correspondingly, based on the mechan-

ism of cross-protection, heat-killed M. vaccae (Weika) has

been used as an immunotherapy drug for TB in China since

2001 [20] and entered the clinical trial in the other countries.

The other modifiedM. smegmatis has been under preclinical

investigation as the vaccine for the prevention TB [30]. M.

tuberculosis H37Ra is also the avirulent strain derived from

the virulent parent strain H37, which could result in no

disease in guinea pigs and mice [1, 17]. However, the im-

munogenicity of this strain in mice is still not understood.

Therefore, we hypothesize that live avirulent NTM

strains might elicit significant protection against M. tu-

berculosis as BCG does, which would benefit the devel-

opment of live vaccine candidates for TB. In order to

screen more effective vaccine candidates, the immuno-

genicity and protective effects of avirulent mycobacterial

strains such as M. smegmatis, M. vaccae, M. terrae, M.

phlei, M. trivial, and M. tuberculosis H37Ra were com-

pared with BCG in BALB/c mice.

Materials and methods

Animals

Six to eight weeks specific pathogen-free BALB/c male

mice were obtained from the Animal Center of Tongji

Medical College (Wuhan, China). All mice were main-

tained under barrier conditions in a BSL-3 lab and were fed

a sterile commercial mouse chow and water ad libitum.

Animal experiments were performed in accordance with

the guidelines of Chinese Council on Animal Care. The

research protocol was approved by Tongji Medical School

Committee on Biosafety.

Bacterial Strains and Cultures

Mycobacterial strains including M. tuberculosis H37Rv

and H37Ra, BCG China, M. smegmatis, and M. vaccae

were kept in our lab. M. terrae, M. phlei, and M. triviale

were obtained from Shanghai Key Laboratory of TB

(Shanghai, China). All strains were grown firstly for 3 days

to 4 weeks in either Middlebrook 7H9 medium (Difco

Laboratories, USA) or on Middlebrook 7H11 agar (Difco

Laboratories, USA), supplemented with 10 % ADC, 0.5 %

glycerol, and 0.05 % Tween 80. Different mycobacterial

strains were then separately harvested by centrifugation,

diluted in PBS to 107 CFU/ml by plating on Middlebrook

7H11 agar, and frozen in aliquots at -80 �C before use.

Immunization of Mice

The mice BALB/c were divided into eight groups and each

group contains ten mice. Five group mice were immunized

subcutaneously on the back with 2 9 106 CFU diluted with

100 ll PBS of M. smegmatis, M. vaccae, M. terrae, M.

phlei, and M. triviale, respectively. Two weeks later, the

same immunization procedure was repeated. However, a

dose of 106 CFU of BCG and H37Ra separately immunized

two group mice only once. PBS-immunized group was

used as negative control. Eight weeks after immunization,

five mice from each group were sacrificed for the detection

of cytokines expression in the lung and five mice in each

group were challenged with virulent M. tuberculosis

H37Rv strain for efficacy comparison. All experiments

were replicated twice.

Expression of Cytokines in Lung Detected by Real-

Time PCR

Differential mRNA expression of cytokines, including

IFN-c, TNF-a, TGF-b, IL-4, and IL-10, in different vac-

cinated mice was detected by real-time PCR with the pa-

rameters as listed in Table 1. The detail procedures were

performed as previously described [35]. Tested cDNAs

were normalized to the endogenous RNA levels of

GAPDH. Increased fold of gene expression was calculated

using 2-DDCT.

Splenocytes IFN-c ELISPOT Assay

Spleen lymphocytes from each mouse were prepared using

EZ-SepTM Mouse 1 9 Lymphocyte Separation Medium

(Dakewe Biotech., China) according to the manufacturer0s
recommendations and splenocytes were diluted to a con-

centration of 2 9 106/ml with Lympho-Spot serum-free

medium for rodent (Dakewe Biotech., China). Mouse IFN-

c ELISPOT kit (U-CyTech biosciences, The Netherlands)

was used to determine the number of Ag85A-specific IFN-

c expressing cells in splenocytes following the manufac-

turer0s instructions. About 2 9 105 cells were added to

each well of the ELISPOT plate and stimulated with PBS,
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or 2 lg of PPD and Ag85A, respectively. IFN-c spot-

forming cells (SFC) were enumerated using an ELISPOT

Reader (Biosys Bioreader 4000 PRO, Germany). For each

animal, the number of spots in wells with medium alone

was subtracted from the number of spots in test wells. The

mean number of Ag85A-specific IFN-c spot-forming cells

(SFC) per million cells for each group was determined.

Challenge Infection

Eight weeks after immunization, mice in different groups

were challenged with a dose of 5 9 105 CFU virulent M.

tuberculosisH37Rv strain via the tail vein. Four weeks post-

challenge, five BALB/c mice per group were separately

sacrificed for efficacy comparison. Spleen, lung, and liver

were removed aseptically, homogenized, and cultured for

CFU of M. tuberculosis on Middlebrook 7H11 agar. The

number of CFUwas counted after 4 weeks and the result was

calculated as mean (±SEM) log10 CFU per organ.

Statistical Analysis

When the difference between groups was indicated the

presence of a significant difference by analysis of variance

(ANOVA), a Tukey–Kramer multiple comparisons test was

used. The difference was considered statistically significant

when P\ 0.05.

Results

Differential mRNA Expression Levels of Cytokines

in the Lung

It is generally accepted that the expression of Th1, Th2,

or Treg cytokines in the lung plays a vital role in the

outcome of infection. In order to evaluate the expression

of Th1, Th2, and Treg cytokines in the lung, mRNA

levels from the lung of mice vaccinated with different

mycobacterial strains were extracted and detected with

real-time PCR. Among all groups, the highest mRNA

levels of IFN-c were detected in the lung of BCG-vac-

cinated mice (Fig. 1), which had a more than 40-fold

increase when compared with PBS control mice. In ad-

dition, only M. terrae group increased very lightly the

expression of IFN-c in the lung, while other groups de-

creased the expression of IFN-c at different degrees. The

expression of TNF-a was increased most significantly in

M. terrae group and BCG groups, while other groups

decreased the expression of TNF-a at different degrees.

However, only M. terrae and M. smegmatis groups in-

creased more significantly the expression of both IL-10

and TGF-b than PBS group. The expression of IL-4 was

decreased significantly in all experimental groups, when

compared with PBS control (Fig. 1).

Total RNA samples were extracted from the lung tissue

of different groups (n = 5) by Trizol and cytokines were

measured by real-time PCR. Gene expression was

determined using the relative quantification: DDCT =

(CTTarget - CTGAPDH)Test - (CTTarget - CTGAPDH)Control.
DDCT is the difference between gene expression in tested

groups and PBS control group. The increased fold (vs.

PBS) is calculated using 2-DDCT 9 100 %.

IFN-c SFC

In order to evaluate the number of CD4? Th1 cells se-

creting IFN-c of splenocytes, both M. terrae and M.

smegmatis were chosen for the investigation of cell-medi-

ated immunity based on Ag85A- or PPD-specific IFN-c
ELISPOT assay. Figure 2 demonstrates that M. terrae, M.

smegmatis, and BCG-vaccinated groups produced much

Table 1 Primers and real-time PCR cycling parameters for murine cytokines

Cytokines Primer sequences Conditions

IL-4 F: CGTCCTCACAGCAACGGAGA 95 �C for 45 s, 55 �C for 45 s and 72 �C 45 s, 40 cycles

R: GCTTATCGATGAATCCAGG

TGF-b F: GACCGCAACAACGCCATCTA

R: GGCGTATCAGTGGGGGTCAG

IL-10 F: GGTTGCCAAGCCTTATCGGA

R: ACCTGCTCCACTGCCTTGCT

TNF-a F: AAGGGAGAGTGGTCAGGTTGCC

R: CCTCAGGGAAGAGTCTGGAAAGG

IFN-c F: GGCTGTCCCTGAAAGAAAGC

R: GAGCGAGTTATTTGTCATTCGG

GAPDH F: GACCAGGTTGTCTCCTGCGACTTC

R: GGTGGGTGGTCCAGGGTTTCTTAC
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more IFN-c SFCs than PBS-treated mice, whatever

stimulation with PPD or Ag85A (P\ 0.05).

IFN-c secretion was measured in an ELISPOT assay

with splenocytes isolated from M. smegmatis and M. terrae

immunized BALB/c mice. Freshly isolated spleen cells

were plated in duplicate at 2 9 105 cell and incubated with

2 lg per well of PPD, Ag85A, or culture medium control

for 72 h at 37 �C, 5 % CO2, respectively. Results are ex-

pressed as the mean (±SD).

Protective Effects of Different Avirulent

Mycobacterial Strains

Bacterial loads in different organs of challenged mice with

virulent M. tuberculosis H37Rv were used for the com-

parison of protection efficacy (Fig. 3). When compared

with PBS group, all other groups except M. phlei, provided

protection in the lung at different degrees against M. tu-

berculosis H37Rv infection (P\ 0.05). Comparatively,

BCG immunization provided the strongest protection

against M. tuberculosis H37Rv challenge in the lung

(P\ 0.01). However, there were no statistically significant

differences in the bacterial loads among BCG, M. vaccae,

and H37Ra-vaccinated mice (P[ 0.05). Among all

groups, both H37Ra and BCG most significantly inhibited

the multiplication of M. tuberculosis H37Rv in the spleen

of vaccinated mice (P\ 0.01). In addition, M. vaccae and

M. triviale also conferred protection against M. tubercu-

losis H37Rv infection in the spleen (P\ 0.05). The num-

ber of M. tuberculosis H37Rv in the liver was inhibited

most significantly by M. smegmatis, BCG, and H37Ra,

respectively (P\ 0.01). M. vaccae vaccinated mice also

inhibited the growth of M. tuberculosis H37Rv in the liver,

when compared to PBS group (P\ 0.01).

Immunized BALB/c mice (n = 5) were challenged i.v.

with 5 9 105 CFU virulent M. tuberculosis H37Rv strain.

Four weeks post-challenge, lung (A), spleen (B), and liver

(C) were harvested and numbers of bacterial CFU per or-

gan were enumerated, respectively. Results are shown as

the mean (±SEM) log10 CFU/organ. This experiment was

repeated with the similar result. *P\ 0.01 versus PBS

group; Dp\ 0.05 versus PBS group.

Discussion

In this study, the immunogenicity and protective efficacy of

M. smegmatis, M. vaccae, M. terrae, M. phlei, M. trivial,

and M. tuberculosis H37Ra were compared with BCG

vaccine in vaccinated BALB/c mice. Our results

Fig. 1 Differential expression

of IFN-c, TNF-a, IL-4, IL-10,
and TGF-b mRNA in the lung

(vs. PBS control) detected by

real-time PCR

Fig. 2 IFN-c SFCs from splenocytes stimulated with PPD or Ag85A

in M. terrae and M. smegmatis vaccinated mice by ELISPOT assay

(n = 5)
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demonstrated that differential immune responses in mice

were induced by different mycobacterial species. Most

importantly, mice vaccinated with different mycobacterial

species could inhibit the growth of a virulent M. tubercu-

losis H37Rv strain in the lung at different degrees, espe-

cially H37Ra and M. vaccae, which could provide the

protection as BCG did. The result may have important

implications in developing adult TB vaccine candidates.

M. tuberculosis is a facultative intracellular pathogen.

CD4? Th1 cells secreting cytokines IFN-c and TNF-a, and
CD8? T cells have been accepted as the main anti-TB

protective immune responses of host [5]. Because lung is

the major target organ of infection, the expression level of

Th1, Th2, Treg cytokines in the lung may play a decisive

role in the progress and outcome of TB infection [28].

Interestingly, the expression level of cytokines in the lung

of avirulent mycobacterial strains vaccinated mice was

quite different in this study. Most avirulent mycobacterial

strains decreased the expression of IFN-c and TNF-a in the

infection site such as lung, except M. terrae. However, M.

terrae immunization predominantly induced increased ex-

pression of IL-10 and TGF-b in the lung, as M. smegmatis

did. Cytokines IL-10 and TGF-b are regarded as an indi-

cation of regulatory T (Treg) cell response and several

researches revealed that regulatory T cells played an im-

portant role in the inhibition of BCG-induced specific im-

mune responses against active TB [2, 13, 18, 22]. Although

the expression of TGF-b was also attributed to the im-

pairing protective effect of BCG after helminth infection

[6, 34], both M. terrae and M. smegmatis strains also re-

sulted in more significant decrease of bacterial load in the

lung of vaccinated mice challenged with virulent M. tu-

berculosis than PBS control. Therefore, high expression of

Treg cytokines in the lung might not play a vital role in the

protection. CD4? Th2 cells secreting IL-4 are considered

to impair the anti-TB protective immune responses [5].

Importantly, all avirulent mycobacteria significantly

decreased the expression of IL-4 in the lung, when com-

pared with PBS control. Although H37Ra and M. vaccae

could provide the most significant protection against viru-

lent M. tuberculosis infection in the lung, they did not

increase the expression of IFN-c and TNF-a in the lung as

BCG does. Therefore, other protection mechanisms remain

to be investigated. In the following works, both M. terrae

and M. smegmatis strains were chosen to evaluate the

CD4? Th1 cells secreting IFN-c in the spleen. Ag85A is a

highly conserved antigen among mycobacterial species and

was selected as a stimulator.M. smegmatis vaccinated mice

also induced more significantly splenocytes secreting

Ag85A- or PPD-specific IFN-c than PBS control. More-

over, more significantly increased PPD- or Ag85A-specific

IFN-c SFCs of splenocytes were also detected in M. terrae

group than PBS control. Therefore, these avirulent my-

cobacterial strains including H37Ra could provide partial

cross-protection against M. tuberculosis infection based on

shared common antigens. Although no similarity sequence

of Ag85A from M. tuberculosis was found in the genome

of M. vaccae, which has been newly finished the program

of genomic sequencing [12], immunization with heat-kill-

ing M. vaccae could result in the generation of CD8? T

cells which kill macrophages infected with M. tuberculosis

[29], which might explain the effective effects against in-

fection with virulent M. tuberculosis.

H37Ra is an avirulent variant strain of virulent H37Rv

strain. The molecular basis for the attenuation of virulence

in H37Ra has been thought as the result of a single-base

substitution in PhoP (Rv0757) gene, which is an important

virulence factor in M. tuberculosis [37] and plays a role in

the controlling the expression of genes involved in syn-

thesis of cell wall lipids [9, 26, 33]. A M. tuberculosis

DphoP mutant strain could not grow very well in mouse

macrophages as wild-type strain did and became highly

attenuated for growth in mouse organs [26], which also

could provide protection against virulent M. tuberculosis

Fig. 3 Bacterial load per lung, spleen, and liver in BALB/c mice (n = 5)
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infection more significantly than BCG [21]. In our study,

the protection against virulent M. tuberculosis provided by

H37Ra was also comparable to that of BCG, which sup-

ports the previous conclusion.

In conclusion, our results indicate that different aviru-

lent mycobacterial strains used in this study could elicit

quite different immune responses, which might inhibit the

growth of following M. tuberculosis infection. Better un-

derstanding the mechanisms underlying the immunological

effects of avirulent mycobacterial strains would help to

improve the efficacy of these vaccines candidates, and

develop more effective TB vaccines for adults.
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