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ABSTRACT

Vaccines are critical for the control of tuberculosis (TB) affecting humans and animals worldwide.
First-generation vaccines protect from active TB but new vaccines are required to protect against
pulmonary disease and infection. Recent advances in post-genomics technologies have allowed
the characterization of host-pathogen interactions to discover new protective antigens and
mechanisms to develop more effective vaccines against TB. Studies in the wild boar model
resulted in the identification of complement component 3 (C3) as a natural correlate of protec-
tion against TB. Oral immunization with heat-inactivated mycobacteria protected wild boar
against TB and showed that C3 plays a central role in protection. These results point at C3 as a
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target to develop novel vaccine formulations for more effective protection against TB in humans

and animals.

Tuberculosis (TB) is a pandemic caused
by members of the Mycobacterium
tuberculosis complex (MTBC) infecting
2.5 billion people worldwide with 1-13
million with TB.[1] Additionally, animal
TB affects cattle industry and wildlife
management and conservation; there-
fore, vaccines are required for TB con-
trol in reservoir host species involved in
pathogen transmission cycle to cattle
and wildlife.[2] The widely used
Mycobacterium bovis Bacillus Calmette-
Guérin (BCG) vaccine and other first-
generation vaccines protect against
some forms of TB but are not 100%
efficacious in humans and new vaccines
| are required to protect against pulmon-
ary disease and infection.[3,4]
Additionally, although BCG may be
effective against animal TB,[2] its use
in animals may interfere with tuberculin
skin test for TB diagnosis in eradication
programs. Despite the fact that vaccines are among the
best achievements in science, new strategies for vac-
cine development need to be conceived to increase
possibilities for developing effective vaccines for TB

control. These new strategies may benefit from latest
post-genomics technologies to explore new possibili-
ties for the discovery of new protective antigens and
mechanisms to develop more effective vaccines for the
control of TB in humans and animals.

Wild boar are natural reservoir hosts for MTBC in
some regions and a model for mycobacterial infection
and TB reproducing some of the clinical characteristics
observed in human cases such as lung pathology and
latent infection.[5] Recently, the characterization of the
molecular interactions between wild boar and M. bovis
showed that upregulation of genes encoding for com-
plement component 3 (C3) and other innate and adap-
tive immune response proteins in lymph nodes and
tonsils correlates with resistance to natural mycobacter-
ial infection.[6,7] These results in the wild boar TB
model were obtained using transcriptomics and proteo-
mics approaches for the identification of natural corre-
lates of protection against TB but resulted in the
identification of a well-known component of the innate
immune response such as C3. Consequently, these
results prompted the question addressed here on how
the C3-mediated protective mechanism could be used
to develop more effective vaccines for TB control.

Bordet and Gengou recognized in 1901 the com-
plement system as an important component of host
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protection against infection [8] and since then its role
in infectious diseases has been well characterized.[9]
C3 activation is required for both classical and alter-
native complement activation pathways, which have
been shown to be involved in innate immune defense
against several microorganisms including mycobac-
teria.[9-11] Additionally, the complement system
links innate and adaptive immunity through C3
enhancement of antigen delivery to B cells.[12] Not
surprisingly, certain bacterial inhibitors have evolved
to act by blocking C3 activation and have been pro-
posed as candidate protective antigens for vaccina-
tion against infectious diseases.[13] a
opsonophagocytosis by macrophages results in the
inhibition of bactericidal responses and survival of
mycobacteria [14] while complement receptor CR3-
mediated nonopsonic phagocytosis of mycobacteria
may be essential for infection of macrophages after
inhalation of mycobacteria.[15]

The connection between TB and C3 came from its
role in innate immunity. Initial experiments using BCG
demonstrated that infected mice develop an effective
cell-mediated immune response that depends on sen-
sitization with live organisms and require a secondary
antigenic challenge that is antigen-specific and cannot
be replaced by a nonspecific inflammatory stimulus.[16]
In the wild boar model, immunization with BCG induces
the increase in peripheral blood mononuclear cell
(PBMC) C3 mRNA levels before infection with M. bovis.
[2,17,18]

Recently, parenteral and oral immunization with
heat-inactivated M. bovis protected wild boar against
TB with special reduction in thoracic lesions,[2,10] sug-
gesting that this approach might provide a novel vac-
cine for TB control with special impact on the
prevention of pulmonary disease, which is one of the
limitations of current vaccines.[4] Additionally, the
immunotherapeutic use of heat killed Mycobacterium
vaccae as an adjunct to anti-TB treatment in previously
treated and untreated patients, multidrug-resistant TB
patients and as a preventive agent for people at high
risk for TB has provided evidence for its effectiveness
through enhancement of cellular immune function by
several mechanisms including regulation of comple-
ment system.[19] These experiments showed that C3
plays a central role in the protective mechanism elicited
after oral immunization with heat-inactivated M. bovis
in wild boar, resulting in C3 upregulation at both PBMC
MRNA and serum protein levels.[10] Furthermore, a
positive correlation was obtained between C3 mRNA
and protein levels and the reduction in lesion and
culture score after infection with M. bovis.[10] These
results suggested a protective mechanism by which

natural resistance to TB is enhanced in response to
the oral immunization of wild boar with heat-inacti-
vated M. bovis. The proposed protective mechanism in
response to immunization of wild boar with heat-inac-
tivated M. bovis in the absence of adjuvant includes the
activation of dendritic cells (DCs) by pathogen-asso-
ciated molecular patterns (PAMPs) present in the vac-
cine formulation through a surface Toll-like receptor
(TLR), which triggers signaling cascades that lead to
the transcription of genes encoding pro-inflammatory
cytokines such as Interleukin-1 beta (IL-1b) that stimu-
lates the production of C3 by DCs and other innate
immune cells.[10]

The results of these experiments support the
hypothesis that higher C3 levels may allow increased
opsonophagocytosis and effective bacterial clearance,
while interfering with complement receptors (CR3)-
mediated opsonic and nonopsonic phagocytosis of
mycobacteria, a process that could be enhanced by
other mechanisms stimulating the production of C3,
IL-1b and other cytokines by DC and other innate
immune cells.[10] These mechanisms may include
adaptive features of innate immune response related
to C3 and IL-1b that could also contribute to increase
vaccine efficacy against mycobacterial infection.[20]

In summary, these results suggest that C3 plays a
central role in protection against TB after oral immuni-
zation with heat-inactivated M. bovis in the wild boar
model and with heat-killed M. vaccae in humans. The
upregulation of C3-coding gene expression in lymph
nodes and tonsils correlates with resistance to TB in
wild boar and this mechanism may be enhanced by
immunization with heat-inactivated M. bovis to protect
animals against mycobacterial infection and pulmonary
disease. These results were obtained using the wild
boar TB model reproducing some of the clinical char-
acteristics observed in humans and may therefore be
relevant for humans and probably other animal species.
The C3-mediated mechanism challenges the standard
assumptions on TB vaccination that for decades has
ruled out both the use of inactivated bacteria and
vaccine delivery by the oral route. Future research
directions should include the development of novel
vaccine formulations to increase the impact of immuni-
zation on the levels of C3, IL-1b and other cytokines for
more effective protection against mycobacterial infec-
tion and TB. These results also point at a more relevant
role of nonspecific innate immune responses in protec-
tion against TB for which C3 might be a readily avail-
able indicator to develop novel vaccine formulations
against TB for humans and animals as well as a surro-
gate of protection when antigen-specific immune
responses are not effective.



Acknowledgements

The authors would like to thank members of their groups for
fruitful discussions.

Financial and competing interests disclosure

Funding for TB research was obtained from grants AGL2014-
56305 (Ministry of Economy, Spain and FEDER) and European
Union FP7 WildTBvac No. 613779. The authors have no other
relevant affiliations or financial involvement with any organiza-
tion or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript
apart from those disclosed. No writing assistance was utilized
in the production of this manuscript.

References

Parrish NM, Dick JD, Bishai WR. Mechanisms of latency
in  Mycobacterium  tuberculosis.  Trends  Microbiol.
1998;6:107-112.

Garrido JM, Sevilla IA, Beltran-Beck B, et al. Protection against
tuberculosis in Eurasian wild boar vaccinated with heat-
inactivated Mycobacterium bovis. PLoS ONE. 2011;6:e24905.

Ottenhoff THM, Kaufmann SHE. Vaccines against tuberculosis:
where are we and where do we need to go? PLoS Pathog.
2012;8:1002607.

Hj Z, Udwadia ZF. Advances in tuberculosis 2011-2012.
Thorax. 2013;68:283-287.

Bolin CA, Whipple DL, Khanna KV, et al. Infection of swine with
Mycobacterium bovis as a model of human tuberculosis. J
Infect Dis. 1997;176:1559-1566.

Naranjo V, Héfle U, Vicente J, et al. Genes differentially
expressed in oropharyngeal tonsils and mandibular lymph
nodes of tuberculous and nontuberculous European wild
boars naturally exposed to Mycobacterium bovis. FEMS
Immunol Med Microbiol. 2006;46:298-312.

Naranjo V, Ayoubi P, Vicente J, et al. Characterization of
selected genes upregulated in non-tuberculous European
wild boar as possible correlates of resistance to
Mycobacterium bovis infection. Vet Microbiol. 2006;
116:224-231.

EXPERT REVIEW OF VACCINES (&) 277

Bordet J, Gengou O. Sur I'existence de substances sensibilisa-
trices dans la plu- part des serum antimicrobiens. Annal Inst
Pasteur. 1901;15:289-302.

Merle NS, Noe R, Halbwachs-Mecarelli L, et al. Complement
system Part II: role in immunity. Front Immunol. 2015;6:257.

Beltran-Beck B, De La Fuente J, Garrido JM, et al. Oral vaccina-
tion with heat inactivated Mycobacterium bovis activates
the complement system to protect against tuberculosis.
PLoS ONE. 2014;9(5):e98048.

Carroll MV, Lack N, Sim E, et al. Multiple routes of complement
activation by Mycobacterium bovis BCG. Mol Immunol.
2009;46:3367-3378.

Gonzalez SF, Lukacs-Kornek V, Kuligowski MP, et al.
Complement-dependent transport of antigen into B cell
follicles. J Immunol. 2010;185:2659-2664.

Meri S, Jordens M, Jarva H. Microbial complement inhibitors as
vaccines. Vaccine. 2008;26(Suppl 8):1113-7.

Velasco-Veldzquez MA, Barrera D, Gonzalez-Arenas A, et al.
Macrophage-Mycobacterium tuberculosis interactions: role
of complement receptor 3. Microb Pathog. 2003;35:125-131.

Villeneuve C, Gilleron M, Maridonneau-Parini |, et al
Mycobacteria use their surface-exposed glycolipids to
infect human macrophages through a receptor-dependent
process. J Lipid Res. 2005;46:475-483.

Edelson PJ, Erbs C. Biochemical and functional characteristics
of the plasma membrane of macrophages from BCG-
infected mice. J Immunol. 1978;120:1532-1536.

Ballesteros C, Garrido JM, Vicente J, et al. First data on
Eurasian wild boar response to oral immunization with
BCG and challenge with a Mycobacterium bovis field strain.
Vaccine. 2009;27:6662-6668.

Perez De La Lastra JM, Galindo RC, Gortdzar C, et al.
Expression of immunoregulatory genes in peripheral
blood mononuclear cells of European wild boar immunized
with BCG. Vet Microbiol. 2009;134:334-339. Corrigendum
Vet Microbiol 2009;139:209-10.

Bazzi S, Modjtahedi H, Mudan S, et al. Analysis of the immu-
nomodulatory properties of two heat-killed mycobacterial
preparations in a human whole blood model.
Immunobiology. 2015;220:1293-1304.

Quintin J, Cheng SC, Van Der Meer JW, et al. Innate immune
memory: towards a better understanding of host defense
mechanisms. Curr Opin Immunol. 2014;29:1-7.



	Abstract
	Acknowledgements
	Financial and competing interests disclosure
	References



