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Abstract

Mycobacterium tuberculosis (M.tb) infection leads to active tuberculosis (TB), a disease that kills
one human every 18 seconds. Current therapies available to combat TB include chemotherapy and
the preventative vaccine Mycobacterium bovis Bacille Calmette et Guérin (BCG). Increased
reporting of drug resistant M.tb strains worldwide indicates that drug development cannot be the
primary mechanism for eradication. BCG vaccination has been used globally for protection
against childhood and disseminated TB, however, its efficacy at protecting against pulmonary TB
in adult and aging populations is highly variable. In this regard, the immune response generated by
BCG vaccination is incapable of sterilizing the lung post M.tb infection as indicated by the large
proportion of individuals with latent TB infection that have received BCG. Although many new
TB vaccine candidates have entered the development pipeline, only a few have moved to human
clinical trials; where they showed no efficacy and/or were withdrawn due to safety regulations.
These trials highlight our limited understanding of protective immunity against the development
of active TB. Here, we discuss current vaccination strategies and their impact on the generation
and sustainability of protective immunity against TB.
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Introduction

WHO estimates that by 2020 up to 36 million people will die of TB every year [1]. BCG
vaccination has been used globally for over 80 years to protect against TB [2] with variable
results. In humans, at best, BCG is 80% effective in preventing TB and, in the majority of
the cases protection lasts for only 10-15 years, with the exception of a study in the Native
Alaskan Indians community, where protection lasted for over 50 years [3]. Conversely,
complete lack of protection has also been reported in communities in India, specifically in
Chengalpattu (formerly known as Chingleput) [4], thus highlighting the importance of the
human genetic pool and the environment in generating protection. For unknown reasons, the
protective efficacy of BCG and its duration vary according to geography and population age
[2]. Many new vaccines seek to improve upon BCG using genetic modifications, and
although new vaccines are in development there remain several challenges to implementing
them worldwide. Here we present and discuss reasons why new vaccine strategies against
TB have failed to enhance or replace the current BCG vaccine, discuss the impact of
generating a vaccine against the development of active TB vs. targeting M.tb infection, and
introduce an element commonly disregarded in vaccine design, the lung environment.

BCG: Route of Vaccination

In the following section, we discuss the protective effect conferred by the different routes of
BCG vaccination against TB. Figure 1A summarizes results based on our literature search.

Oral Immunization

Although this route of immunization is not widely used today, the first dose of BCG
administered in 1921 was given orally. Oral BCG remained the chosen route of
immunization until 1924 when it was replaced with more immunogenic routes [5]. Several
advantages place oral vaccination above other forms of vaccination; it eliminates the need
for needles, the requirement for trained clinical staff, and it is more feasible to implement on
a large scale [6]. In 1993, Lagranderie et al. were the first to demonstrate that systemic and
mucosal immunity could be generated through oral vaccination by producing a recombinant
BCG (rBCG) strain expressing the immunogen LacZ, encoding a p-galactosidase from the
lac operon [7]. Currently, alternative formulations are being developed to improve oral
BCG, mainly focused on lipid-based BCG preparations. Formulas such as lipid
microencapsulation of BCG administered via the oral route to mice and Guinea pigs can
establish specific systemic cell-mediated immune responses [8-10], and induce long-lived,
diverse memory CD4 T cell populations [11], associated with reduced bacterial burden and
pathological scores in the lung when compared to unformulated oral vaccines [10;12;13].
However, similar studies in humans failed to generate systemic IFNy responses to oral BCG
vaccination [14]. Hence more studies on oral vaccination are needed before claims about its
efficacy can be made, including further exploration of novel delivery systems to enhance its
potential.
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Cutaneous and Intradermal Immunization

Although BCG was first administered orally, the vaccine later became cutaneously
administered due to enhanced induction of delayed type hypersensitivity responses (DTH) to
the purified protein derivative (PPD) diagnostic test [15]. Currently, WHO recommends
intradermal injection of BCG in the deltoid region [16], although cutaneous injections are
performed in some instances. Several studies comparing cutaneous vs. intradermal
immunization concluded that both stimulation of a DTH response and production of T
helper (Th1) cytokines were more prominent when BCG was intradermally delivered [17-
19]. These findings were supported by studies where intradermal vaccination reduced the
incidence of childhood TB meningitis [20-22]. Conversely, a randomized trial in South
Africa evaluating the efficacy of these two vaccination routes found no significant
differences among documented TB cases [23]. These conflicting outcomes were further
addressed using animal models, where no immunological differences were found between
cutaneous and intradermal BCG delivery [24-26]. Such discrepancies could be attributed to
many different factors, including but not limited to the genetics of the subject population,
environmental factors, and the origin of the BCG substrain used for vaccination. Referring
to the latter, it has been documented that different BCG substrains can induce diverse
immune responses and degrees of protection in humans [27;28] and animal models [29;30],
although differences were minimal and not significant [31]. Thus, a direct association
between BCG substrain immunogenicity and protection cannot be inferred, mainly because
correlates of protection against the development of active TB in infected individuals have
yet to be identified.

Intranasal Immunization

Using different animal models, aerosolized BCG immunization was shown to limit M.tb
growth in the lung and enhance the immunogenic control of TB development potentially due
to the combination of mucosal and systemic immune activation [32-36]. However, a
potential safety concern may be associated with this vaccination route, as more pronounced
immunopathologic side effects were observed in the lungs of aerosol vs. intravenously post-
vaccinated animals [35]. Thus, by defining bacterial and host components that elicit such
inflammatory damage in the lung during intranasal immunization without affecting its
protective efficacy, a candidate vaccine could be engineered to induce systemic and mucosal
immunity while limiting undesired tissue damage. This could potentially be achieved
through limiting the expression/production of some BCG cell wall components such as
phosphatidyl-myo-inositol dimannosides, phosphatidyl-myo-inositol, trehalose mono- and
di-mycolates, phenolic glycolipid mycoside B and/or other waxes [37]; all abundantly
present on the mycobacterial cell wall and known to cause substantial damaging
inflammation in tissue [38;39] (Table 1). However, this needs to be carefully balanced, as
pathology produced by aerosol vaccination may also be the driving force for the increased
protection observed using this route of vaccination. Overcoming intranasal vaccination
driven pathologies may allow for the emergence of highly effective tissue specific TB
vaccines, where the manipulation of the lung mucosa components (discussed below) may
play a significant role in defining the protective immune response to M.tb infection and
subsequent development of TB.
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BCG: Substrain Diversity

The efficacy of different BCG substrains has been thoroughly discussed [29;30], and
reviewed [40]; however it is necessary to describe some of their aspects in the context of
vaccination studies. BCG vaccination currently covers 80% of the countries where TB is
considered endemic. Although one strain of BCG was originally produced, subsequent
passages by many laboratories have generated 21 BCG substrains [40-43] (Table 2).
Denmark/Copenhagen strain 1331, Russian/Moscow, and Japanese/Tokyo 172 BCG are the
predominant substrains currently used for vaccine production, distribution, and
administration worldwide [16]. Though unclear, Japanese/Tokyo 172 appears to provide the
lowest efficacy at reducing M.tb growth in animal models [40]. Russia/Moscow and
Denmark/Copenhagen substrains, although biochemically and genetically different, are
equally protective against the development of TB [44;45]. Recently, the presence of
different Regions of Difference (RD) with different open reading frames has been suggested
as the potential source of variability observed among several BCG substrains in their ability
to prevent TB morbidity [41-43;45]. Although genetic and phenotypic analyses have
revealed substantial information on the requirements for virulence of M. bovisand the
derived BCG strain, they have failed to clarify our understanding of the ability of the
original BCG and daughter substrains to stimulate a durable immune response.

An additional concern that should not be overlooked is the way BCG substrain vaccines are
selected, prepared, and administered by different laboratories and countries [46]. There
remains no consensus or proper regulations in place to control this process. For example,
China has developed four BCG substrains; where the protective effects of BCG Shanghai
and BCG Beijing are comparable to the Danish BCG Copenhagen-1331 strain (strain from
which these were originated); however, BCG Lanzhou is slightly less potent, and BCG
Chanchun is completely devoid of protection as measured by the recovery of M.tb colony
forming units (CFUs) in the spleen of vaccinated Guinea pigs (both were originally derived
from BCG Tokyo-172) [40]. These four BCG substrains are still widely used in China.
Moreover, the Russia BCG substrain is predominantly used in countries with high TB
burdens [47]. These discrepancies highlight problems associated with lack of
standardization. In addition, it underlines that vaccination success may directly depend on
the country's social, political, and economic status.

An additional element to consider is the human manipulation of the original BCG vaccine
strain, when compared to the natural selection of M.tb strains. Recent studies showed that
188 T cell epitopes essential to the human immune response to M.tb infection had been lost,
to varying degrees, in all BCG substrains [48]. BCG Tokyo-172 substrain had the highest
number of T cell epitopes in relation to M.tb strains; however this BCG substrain has
consistently induced poor immunity against TB in animal models and in clinical trials
[4;40]. Thus, the number of expressed epitopes is not necessarily a good indicator for
vaccine design. In fact, some BCG substrains with fewer epitopes may prevent TB more
efficiently compared to substrains with greater number of epitopes [48].

Overall, bacterial genetics may play an important role in determining the ability of BCG
substrains to prevent TB morbidity, but this is not the sole factor. Other factors, including
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global standardization of BCG vaccination, minimizing adverse reactions to BCG
vaccination, and the potential variable susceptibility to mycobacterial chemotherapeutics by
different BCG substrains are critical to develop an efficient TB vaccine program. In this
regard, it is considered costly to standardize the global use of a given BCG vaccine
substrain, which is likely one of the reasons why we still use poor-protecting substrains for
vaccination programs. In the end, the question of substrain diversity and use lingers, and
whether this diversity is harmful or beneficial remains unanswered. Directing the use of a
specific BCG substrain for vaccination while keeping in mind M.tb strain diversity and
environmental/co-morbidity factors in the targeted region could reveal that a certain BCG
substrain may be ideal for one region but not for another. This may also be an approach to
bypass the potential interference of other endemic co-infections (i.e. helminthic, HIV, non-
tuberculous mycobacteria) and co-morbidities (i.e. smoking, diabetes, aging) that could
interfere with the protection induced by BCG substrains; though no evidence has yet been
linked between this potential masking effect and the BCG substrain efficacy in protecting
against the development of TB [49].

BCG: Novel Approaches

Past and current TB vaccines under development have been extensively discussed in other
reviews [50-52], and thus we provide here examples of successes and failures and what we
believe are experimentally promising solutions to improve the BCG vaccine. Published
results are summarized in Figure 1B. Despite an incomplete understanding of the basic
mechanisms of immunity conferred by BCG against the development of TB, researchers
have continuously sought to improve it. As a result, many rBCG have been generated
throughout the years. One of the pioneering studies tested the protective efficacy of a rBCG
vaccine expressing the outer surface protein A (OspA) antigen of Borrelia burgdorferi in
mice and found antibody responses against M.tb [53]. Following this initial study, many
rBCG vaccines to protect against TB have been developed.

Researchers have aimed to improve BCG by having it expressing single and/or multiple
M.tb molecules. One of the first successful attempts to improve BCG was conducted by
Horwitz et al. [54]. They constructed a rBCG strain expressing and secreting the M.tb 30-
kDa major secretory protein (or Ag85B). rBCG30 vaccinated Guinea pigs challenged with
M.tb via aerosol had fewer lung lesions and 0.5 log,g fewer CFUs in the lung when
compared to conventional BCG vaccinated animals, while spleen CFU decreased ten-fold
[54]. This study highlighted Ag85B antigenicity and linked it to protective immunity against
TB. In this regard, rBCG30 can cross-protect against Mycobacterium leprae challenge,
which is further enhanced by M.tb 30-kDa Ag85B boosting [55]. In order to address if M.tb
secreted antigens are also capable of inducing a protective response, Pym et al. constructed a
rBCG strain (BCG:RD1-2F9) containing the complete region of deletion-1 (RD1) locus,
which contains 11 genes including the ones encoding the potent, secreted T-cell antigens
ESAT-6 (6-kDa early secretory antigenic target) and CFP-10 (10-kDa culture filtrate
protein) [56]. Contrary to rBCG30, vaccination of Guinea pigs with rBCG:RD1-2F9 did not
significantly reduce M.tb CFUs in the lung when compared to BCG alone; however,
dissemination to the spleen was reduced 10% [56]. The failure to reduce M.tb CFUs in lung
by rBCG:RD1-2F9 was considered to be tissue specific as this rBCG vaccine was able to
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reduce dissemination and prolong survival, thus fuelling the idea that a vaccine that inhibits
M.tb dissemination from the lungs may have a major positive impact on TB outcome [56].
However, the majority of subsequent studies that are focused on improving TB vaccination
emphasize controlling M.tb infection and active TB development in the lung.

Many other rBCG vaccines have been constructed, including rBCG strains expressing a
fusion protein of Ag85A-ESAT-6[57;58], the M.tb hspX, perfringolysin O from Clostridium
perfringens, human IL-12p70 and Ag85A individually or jointly, Mtb72f (Mtb39 + Mth32),
and many more, all with variable levels of success in reducing M.tb CFUs after challenge.
However, similar to BCG, none fully prevent the development of TB [56;59-66].
Nevertheless, a promising development in the TB vaccine field may be the vaccine
engineered by Grode et al. based on improving access of mycobacterial antigens to the
MHC class | pathway to boost CD8 T-cell responses [67]. Their strain, rBCGAUre:CHIy* (a
BCG strain that secretes listeriolysin (Hly) from Listeria monocytogenes), is highly
protective against M.tb challenge via the aerosol route with almost 3 logg reduction in
bacterial load in the lung at day 200 post infection. This enhanced efficacy was attributed to
an efficient perforation of the phagocyte phagosomal membrane by Hly [68], promoting
antigen translocation into the phagocyte cytoplasm and enhancing cross-priming to both
helper and cytotoxic T-cells [69]. The protection afforded by rBCGAUre:CHIy* supports an
important role for CD8 T-cells in reducing M.tb CFUs and potentially establishing
protection against the development of active TB. Furthermore, the ability of
rBCGAUre:CHIy™ to induce greater numbers of central memory CD4 T-cells was also
considered an important step in this process [70]. Due to its increased potential at protecting
against TB, rBCGAUre:CHIy* is now in clinical trials [50-52]. Similarly, autophagy, a
catabolic process by which the cell digests cellular components, has been shown to assist
DCs in processing extracellular antigens for MHC class | presentation [71]. Jagannath et al.
hypothesized that by inducing autophagy, immunity to BCG could be enhanced by
increasing MHC class | antigen presentation. Indeed, induction of autophagy in BCG
infected DCs which were subsequently transferred to mice reduced M.tb CFU in the lungs
by an additional 2 log1g compared to conventional BCG [72]. Thus, in combination with the
enhanced protection shown by rBCGAUre:CHIy*, these data indicate that CD8 T-cells may
play an underestimated role in reducing the burden of M.tb in the lung and perhaps
protection against TB.

Researchers have sought to improve BCG in other ways, by vaccinating with cytokines [73],
chemokines [74], lipid mediators [75], nucleotides [76], and antigenic components from
M.tb [77]; all with variable levels of success. Other studies have focused on the role of IL-10
as an immunomodulator [78]. The absence of IL-10 enhances the ability of the immune
system to clear M.tb infection in the lung and spleen of mice [79]. Recently, Pitt et al.
reasoned that by inhibiting IL-10 and simultaneously vaccinating with BCG, a more robust
immune response could be mounted against M.tb challenge. Their results showed enhanced
cellular activation and 10-fold decrease in bacterial burden in the lung compared to
conventional BCG vaccination [80]. This study highlights the importance of understanding
the innate immune responses to BCG and the mechanisms that can lead to effective
immunity to mycobacteria. As outlined by the many studies above, a basic understanding of
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the cellular responses generated after BCG vaccination can elucidate bacterial and/or host
components required for optimal protection against the development of active TB.

Unfortunately, the failure of the MVVA85 vaccine trial was a significant step back for the TB
vaccine development field [81]. MVA is an attenuated strain of the vaccinia virus lacking all
virulence factors including its ability to replicate within human cells [82]. MV A was turned
into MVAB85A when it was made to express Ag85A from M.tb. When mice were vaccinated
with BCG and boosted with MVVA85A, this combination generated higher levels of antigen
specific CD4 and CD8 T-cells [83]. In phase | human clinical trials, MVA85A was found to
induce high levels of antigen-specific IFNy secreting T-cells [83] and showed enhanced
IFNYy activity in volunteers who were previously vaccinated with BCG (range of 0.5-38
years)[82]. However, despite its success in animal models and early phase human clinical
trials, MVABS5A (delivered to a BCG vaccinated cohort of infants) was 17.3% effective
against the development of TB as detected by microbiological, radiological, and clinical
criteria, and had similar efficacy against controlling M.tb infection measured by the
QuantiFERON TB Gold In-tube conversion test [81]. No additional protection against the
development of TB, on top of that afforded by BCG, was reported in this study [81]. This
significant setback highlights the required need for a better understanding of the host
immune responses generated by BCG during vaccination, and the need to identify irrefutable
correlates of protection against pulmonary and disseminated TB.

Other vaccines designed against TB relate to therapeutic vaccines, useful for TB patients
that can no longer be cured by pharmacotherapy (i.e. patients infected with XDR, or XXDR-
M.tb strains). These vaccines are mainly based on mycobacterial products (i.e. heat killed
whole or fragmented [84] M.tb or its lysates) thought to generate a strong immune response;
however, there are concerns about their safety and immunogenicity [85]. To bypass these
issues, the concept of using auxotroph attenuated M.tb strains as vaccine candidates
appeared more than 20 years ago [86], where recent advances in the development of
attenuated M.tb auxotrophs containing mutations that enhance the adaptive immune
response are reported [87].

BCG Vaccination and the Lung Environment

Of particular interest to us is the impact of the lung environment in generating and
modulating the immune response to M.tb infection. Our laboratory has reported that the
human lung mucosa is rich in hydrolytic activities capable of modifying the M.tb cell wall
surface exposing previously masked motifs, and releasing M.tb cell wall fragments into the
alveolar milieu [88]. These M.tb cell wall alterations had direct consequences on the
recognition of M.th by human macrophages and neutrophils as well as on the ability of these
phagocytes to control M.tb intracellular growth [88;89]. As a consequence, immune
recognition in the lung may be through modified M.tb bacilli expressing different epitopes
on their cell wall surface that could have direct impact on antigen recognition and
presentation. Our current findings assessing the bioactivity of the M.tb released fragments
by lung mucosa hydrolases suggest that these fragments may be capable of modifying the
macrophage phenotype to an alternative state, enhancing its capacity to control infection
(unpublished results). Our data suggest a potential role for human lung mucosa components
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in orchestrating the immune response against M.tb infection. Hence, a way to improve BCG
may simply lie in accounting for the lung environment and understanding how it
orchestrates M.tb infection and the development of active TB.

Concluding Remarks

Based on all current results and efforts to improve the BCG vaccine, it is first critical to
improve our understanding of immunity to mycobacteria, and how this immunity arises,
stabilizes and dampens down through the period of post-BCG vaccination. It is also
important to contemplate the impact of the route of administration, co-infections with other
endemic microbes, as well as the impact of the lung environment in defining how the
immune response to M.tb infection is orchestrated. Another concern is the standard
laboratory M.tb strain(s) being used to verify the protective role of these rBCG vaccines that
present different virulent patterns and pathologies than the strains found in endemic areas,
and thus what we may be assessing in the laboratory is a vaccine with the wrong pattern of
protection [90]. Moreover, laboratory strains vary between researchers and thus add to the
difficulty of comparing vaccine efficacy across studies.

Importantly, most vaccine clinical trials in humans assess vaccine protection by infection
transmission or development of TB [91]. In this regard, there is an urgent need to identify
correlates of protection that can be extrapolated from the laboratory to the field. Although
valuable information can be deduced from animal models of M.tb infection and disease as
well as from human field trial records, an important point of concern in the TB field is the
disparity between efficacy testing in the laboratory vs. the field. Animal models have
revealed great insight into the pathological mechanism employed by M.tb to invade host
cells in addition to the immunological responses required for its control [92]. However,
these measurements are not always an accurate reflection of TB progression in humans [93].
Studies on animal models center on the idea that reducing CFU in the lung decreases overall
morbidity, whereas human clinical trials measure the development of active TB in the
vaccinated population as their primary indicator of protection [4;94]. By equating the
measurement outcomes in animal models and in humans we can expect to reduce the
uncertainty associated with BCG vaccination and its protective efficacy. No current or
developed vaccines generate protective immunity sufficient to clear M.tb in animal models.
How this protection extends to humans is unclear and leads to some critical questions.
Should we expect complete protection from TB disease by BCG in humans, when this
cannot be achieved in animal models? Should the measurement of a successful vaccine trial
be a delay to active TB disease and prolonged survival? More importantly, should our
expectations of protection be held to a higher standard in animal models before returning to
human trials? These questions remain to be answered and we may need to reassess and
better align the definition of a protective vaccine in humans and animal models.

BCG, the only approved vaccine against TB, falls short of protecting against pulmonary
disease in humans. New research has focused on shifting the route of immunization from the
most commonly used parenteral route to more immunogenic sites within the body. Of
particular significance is intranasal immunization, the most protective route against
pulmonary TB. However, the caveat associated with this form of immunization lies in the
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pathology accompanied by delivering live BCG directly into the lung. Thus, exploring the
mechanism(s) induced by BCG to cause such pathology could reveal a novel method of
immunizing mucosal routes while minimizing tissue damage. Important unconsidered
factors in TB vaccine development are the impact of the lung environment on the M.tb cell
wall as well as the use of M.tb clinical isolates from TB endemic areas to assess the potential
of the candidate vaccine. The prolific generation of rBCG strains has been both promising
and unsatisfactory. In this regard, the use of the most protective BCG substrain as the
background in the development of all rBCG vaccine candidates has not been standardized.

Other questions remain, why are we only working towards the improvement of a TB vaccine
that protects against the development of the disease; and why are we not addressing our
efforts in developing a TB vaccine that will prevent M.tb infection and/or assist in
eliminating the infection at the very early stages prior to granuloma formation? Are early
events (i.e. M.tb-environment contact) dictating the protection and infection outcome? If this
is the case, we need to start considering the role of the lung environment in modifying M.tb
contact with the host, where this interaction could be dictating the protective balance
towards an initial infection that progresses to latency or towards active disease. If infection
cannot be circumvented, a vaccine could be designed to maintain M.tb in persistent
dormancy, avoiding an uncontrollable reactivation and subsequent active TB.

Despite many setbacks, further research on the immunogenicity of BCG will answer critical
questions as to what constitutes immunity to mycobacteria. The answer may be that BCG is
not the right vaccine to improve, and thus the use of other Mycobacterium spp as a
background to produce an efficient vaccine against TB may need to be considered.
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Figure 1.
A. Different routes of vaccination with BCG vary in their reduction of M.tb CFU in the lung

of vaccinated animals. Shown is a graph compiling the relative protection conferred by
distinct routes of vaccination against M.tb using BCG-Pasteur as a reference. The protection
by BCG via subcutaneous/intradermal inoculation results in approximately one-log
reduction in M.tb CFU in the lung. More immunogenic routes such as oral and
intraperitoneal vaccination offer a greater degree of protection mainly due to their ability to
stimulate systemic and mucosal immune responses. Immunization via BCG aerosol elicited
the greatest degree of protection however this route is associated with lung tissue pathology.
B. New vaccines/concepts that have shown greater reduction of M.tb CFU in the lung of
vaccinated animals compared to BCG. There is a plethora of vaccines that have been
investigated for enhanced protection against M.tb compared to BCG, however here only a
few have been summarized. Based on published data, the graph shows the relative number
of M.tb CFU in the lung of vaccinated animals challenged with M.tb. Novel strategies, such
as the induction of autophagy or blocking of the IL-10R, have been shown to enhance the
protective efficacy of the BCG vaccine. Interestingly, rBCG30 was shown to be more
protective than BCG: :RD1-2F9, both of which encode highly immunogenic antigens. To
date, the rBCG AUre:CHIy+ vaccine has been shown to be the most protective vaccines in
terms of reducing lung CFU.
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Table 1

Mycobacterial cell wall components and their host interaction outcome.
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M%’,Sgkl)ﬂc_t;;&tﬂioie” Mycobacterial Cell Wall Component Host Cell Receptor(s) Inflammation Tissue Damage Inducer | Sero-Activity
Outer Material a-Glucan DC-SIGN, CR3? Anti-inflammatory ND ND
Diacyl- and Triacyl-trehalose (DAT & TAT) ND Pro-inflammatory ND Yes
Hi9he"°rﬁ;ﬁgg§iﬂ'§?2§3{,‘\g¥°‘i”05”0' MR, DC-SIGN Anti-inflammatory ND Yes
Lipooligosaccharides (LOSs) ND Pro-inflammatory ND Yes
Lipomannan (LM) TLRs, DC-SIGN Pro-inflammatory ND Yes
'-°""er‘ordrf];ﬁgg:%gi“g:\h'g’o‘i”03“"' CR3, TLRs, DC-SIGN | Pro-inflammatory ND Yes
Peripheral lipid layer Mannose-capped lipoarabinomannan (ManLAM) MR, DC-SIGN Anti-inflammatory ND Yes
Phenolic glycolipid (PGL, Mycoside D) CR3? Pro-inflammatory Yes Yes
Phthiocerol dimycocerosate (PDIM) DLrg;:tt Ii\z(s;rerzgro;nigto Pro-inflammatory Yes ND
Sulfolipid-1 (SL-1) ND Pro-inflammatory Yes Yes
Trehalose dimycolate (TDM) Mincle-FcyR TLRs Pro-inflammatory Yes Yes
Trehalose monomycolate (TMM) ND Pro-inflammatory Yes Yes
Triglycerides TLRs Pro-inflammatory Yes ND
Arabinogalactan (AG) ND ND ND Yes
Cell wall Core Mycolic Acids CD1 (in Ag-presentation | Pro-inflammatory Yes Yes
Peptidoglycan (PG)-MDP Nod2 Pro-inflammatory ND ND
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Table 2
BCG substrains used for Production, Distribution and Administration

Frequently used substrains accounting for 90% of BCG vaccine administered worldwide are indicated by (*)

Origin BCG Strains

« Bulgarian BCG Sophia 222

 Czechoslovakian BCG Prague

« Danish Denmark/Copenhagen strain 1331 (*)

« French Original Bacille Calmete et Guérin strain
« French Pasteur 1173P2

Europe
« Polish BCG Poland

* Romanian BCG Romania 192
* Russian BCG Moscow (*)

« Swedish BCG Gothenburg

* UK Glaxo strain 1077

« Chinese BCG Beijing

* Chinese BCG Chandan

Asia * Chinese BCG Lanzhou

« Chinese BCG Shanghai

« Japanese BCG Tokyo strain 172 (*)

* American BCG Birkhaug
* American BCG Phipps

* American BCG Tice
North America .
« Canadian BCG Connaught

« Canadian BCG Frappier

* Mexican BCG Mexico

South America | ¢ Brazilian BCH Moreau
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