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Abstract

Mycobacterium bovis bacillus Calmette-Guerin (BCG), the only vaccine currently used against
tuberculosis, is an attenuated derivative of M. bovis that has been propagated in vitro for more
than 40 years. We have previously reported that the experimentally-verified human T cell epitopes
of the M. tuberculosis complex (MTBC) are the most conserved elements of the genome; whether
immune recognition is the force driving the conservation of epitopes in the MTBC is unknown.
Therefore, we sequenced the genomes of 12 BCG strains to determine whether T cell epitopes
were under selection pressure during BCG in vitro evolution. We constructed a genome-wide
phylogeny and refined the previously-determined BCG phylogeny. Notably, we identified a new
cluster between BCG Japan and BCG Russia, and repositioned the relationships of several strains
within the lineage. We also compared the sequence diversity of 1,530 experimentally verified
human T cell epitopes in the BCG vaccines with those in the MTBC. We found 23% of the known
T cell epitopes are absent, and that the majority (82%) of the absent epitopes in BCG are
contained in 6 proteins encoded in 2 regions of difference (RD) unique to BCG strains. We also
found that T cell epitope sequences in BCG are more conserved than non-epitope sequences in the
same gene. Finally, we find evidence that epitope sequence variation in BCG potentially affects
human T cell recognition. These findings provide new insight into sequence variation in a slow-
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growing bacterium closely related to the MTBC that has been subjected to prolonged passage
outside of a mammalian host, and indicate little difference in the extent of variation in vivo and in
vitro.

Introduction

Tuberculosis (TB) remains a major global health challenge, causing an estimated 8.8 million
new cases and 1.3 million deaths in 2012 [1]. In 1921, Albert Calmette and Camille Guérin
developed the only vaccine currently used against TB. This vaccine, known as Bacillus
Calmette-Guerin (BCG), is an attenuated derivative of Mycobacterium bovis, the causative
agent of bovine TB. More than 120 million doses of BCG are administered annually in more
than 100 countries [2]. Although BCG is effective in preventing disseminated TB in children
[3, 4], the efficacy of BCG against pulmonary TB in adults varies from 0 to 80% [5].
Various hypotheses have been put forward to explain the low and variable efficacy of BCG.
These include human genetic factors, variable exposure (and immune responses) to
environmental mycobacteria, and differences in the circulating M. tuberculosis populations
[6-8]. Mismatches between the antigenic composition of BCG and virulent M. tuberculosis
may also contribute, but have not been systematically examined. Shortly after its original
development, BCG was distributed to laboratories in multiple countries in Europe, Asia, and
North- and South America for local preparation of vaccine. This process led to the
diversification of BCG into distinct sub-strains. Lyophilization was introduced in 1961,
which allowed long-term storage of seed stocks, with each of the BCG sub-strains named
after the country, city, or laboratory where it was propagated. By that time, BCG Pasteur for
example, had been subjected to 1,173 passages [9]. Although it is likely that most
laboratories established seed stocks shortly after lyophilization became available, detailed
information is not readily available.

Several studies have compared the genomic diversity of BCG sub-strains and identified
several deletions, known as regions of difference (RD), as well as tandem duplications (DU)
and single nucleotide polymorphisms (SNPs)[10, 11]. This diversity has been used to
construct phylogenetic trees for BCG and infer the evolutionary history of individual BCG
sub-strains [12]. Whether the diversity between individual BCG strains contributes to the
variable outcomes of BCG vaccine trials is unknown, but evidence from studies in humans
(reviewed in [6]) and experimental animals [13] have shown that BCG strains differ in their
ability to induce specific cellular immune responses.

Immunity to TB depends on T lymphocytes. Infection with M. tuberculosis induces antigen-
specific T cell responses in humans [14] and mice [15]. Moreover, T cell-deficient humans,
nonhuman primates, and mice are susceptible to rapidly-progressive disease [16-18].
Immunization with BCG induces antigen-specific T cell responses in humans [7], although a
clear correlate of vaccine-induced immunity to human TB has not yet been identified.
Activation of conventional T cells after infection or vaccination depends on recognition of
specific peptides bound to MHC (HLA in human) molecules on antigen presenting cells. For
a given peptide to be immunogenic, it must bind with sufficient affinity to one or more
MHC/HLA proteins, of which there are numerous allelic variants. The peptide/MHC
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complex must then be recognized by clonotypic T cell antigen receptors in the repertoire of

the host. Variation in the sequence of a peptide epitope can result in loss of recognition by T
cells [19], indicating that a close match between the sequence of immunogenic peptides in a
vaccine and in the natural pathogen may be necessary to induce optimal immunity.

We previously reported that 491 experimentally-verified human T cell epitopes of the M.
tuberculosis complex (MTBC) were highly conserved [20], with 95% of the epitopes
examined harboring no amino acid sequence variants in 21 genetically-diverse M.
tuberculosis clinical strains. These findings implied that for the majority of these immune
targets, antigenic variation does not contribute to immune evasion. If epitopes in M.
tuberculosis are conserved by selection pressure exerted by human T cell recognition, we
hypothesized that 40 years of in vitro evolution between the first derivation of BCG and its
lyophilization would lead to accumulation of diversity. The goals of the present study were
1) to determine the sequence variation in a close relative of M. tuberculosis (i.e. BCG)
following prolonged in vitro passage in the absence of immune selection; and 2) to define if
MTBC epitopes in BCG are more diverse than in clinical MTBC isolates because of the
absence of immune pressure.

Genome sequences and comparative genomics

To study the genetic content, variation, and phylogenetic relationship of contemporary BCG
variants, we sequenced the genomes of 12 M. bovis BCG strains, including Australia,
Connaught, Copenhagen, Denmark, Glaxo, Japan, Mexico, Pasteur, Phipps, Prague, Tice,
and Russia. On average, these strains differed from one another by 28 SNPs, with a
minimum of 9 SNPs between BCG Denmark and Glaxo, and a maximum of 50 SNPs
between BCG Russia and Mexico (Table S1). The majority (119 of 144, 84%) of the SNPs
in the BCG strains were present in coding regions. This proportion was not significantly
different from that observed between BCG strains and the inferred common ancestor of the
MTBC (88%; 1,149/1,316) [20]. We used the 144 SNPs to generate a genome-based
phylogeny of BCG strains (Figure 1A). This phylogeny was congruent with previously
reported genealogies using RDs and SNPs [11], except that BCG Tice was genetically closer
to BCG Pasteur (11 SNPs difference), and BCG Connaught was more distantly related (28
SNPs difference) to BCG Pasteur, as previously reported [21]. Additionally, the whole
genome phylogeny allowed us to further resolve relations among samples. We found that
BCG Russia and Japan were monophyletic, indicating that these strains originated from a
common progenitor. Also in the past, it has been unclear whether or not BCG Copenhagen
and BCG Denmark were the same strain [12]. Our findings show that these strains differ by
12 SNPs, with BCG Denmark being more closely related to BCG Glaxo.

To assess the impact of in vitro evolution on the substitution rate in BCG sequences, we
used a Bayesian approach [22] and the historical dates of strain distribution [12] as
calibration points to determine the date of origin of the most recent common ancestor
(MRCA) of all BCG strains (Figure 1A); our estimate indicated an MRCA dated between
1915 and 1923. We then calculated an evolutionary rate of 1.5 x 10~/ substitutions/site/year
(95% highest posterior density HPD [1.2 x 107, 1.9 x 10~7]) (Figure S1), which is similar
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to the mutation rate for M. tuberculosisin clinical settings [23], but higher than the long
term substitution rate estimated for the MTBC [24].

To characterize the selection forces driving BCG sequence diversity, we determined the
ratio of nonsynonymous to synonymous single nucleotide changes (dN/dS) of each BCG
strain with respect to the inferred MTBC ancestor. Overall, the genome-wide dN/dS ranged
from 0.51 to 0.57, indicating that BCG sequences are generally under purifying selection.
Similar to what we reported for MTBC [20], we found that the dN/dS for BCG genes that
correspond to the essential genes of M. tuberculosis was significantly lower than for the
corresponding non-essential genes (Figure 2A, 0.42 vs 0.57; Mann-Whitney test
p<0.00001). When we compared dN/dS in BCG strains with those reported for MTBC [20],
we obtained a similar dN/dS range for essential (0.41-0.53 in BCG compared to 0.45-0.67 in
MTBC) and non-essential genes (0.53-0.58 in BCG compared to 0.56-0.78 in MTBC). To
evaluate the selection pressures acting during the in vitro evolution of the different BCG
sub-strains (that is, after derivation from the parental M. bovis), we determined the dN/dS
between any two pairs of BCG genomes. Median pairwise dN/dS among BCG strains was
0.37.

Comparison of M. tuberculosis antigen and epitope content and sequence variation in
BCG strains

Experimentally-verified human T cell epitopes were filtered to generate a list of 1,530
nonredundant peptide T cell epitopes. For each peptide, we established the number of
epitope sequences affected by amino acid substitutions or complete or partial deletions in the
sequenced BCG strains. On average, 23% (358/1,530) of the human T cell epitopes
identified in M. tuberculosis were deleted from the BCG strains; all of the deleted epitopes
are encoded in previously reported RDs. Notably, RD1, RD2 and RD14, which are deletions
in BCG strains relative to the remainder of the MTBC, account for 87% of the deleted T cell
epitopes (Table 1). The remaining deleted epitopes were associated with other RDs also
identified in the parental M. bovis. We thus classified BCG strains into three groups based
on the deletions defined by RD1, RD2 and RD14, and calculated the number of intact T cell
epitopes present in each group (Figure 1B). BCG Russia and Japan constituted Group 1 with
the fewest T cell epitopes deleted (320/1,530; 20.9%). All other BCG strains with the
exception of BCG Pasteur were classified into Group 2 with an intermediate number of
absent T cell epitopes (376/1,530; 24.6%). BCG Pasteur had the highest number of deleted
epitopes and is the sole member of Group 3 (380/1,530; 24.8%).

To evaluate the impact of duplication events on T cell epitope content of BCG strains, we
initially inspected the available genome data for the published BCG strains for the presence
and number of copies of each M. tuberculosis T cell epitope. We found 15 duplicated
epitopes in the DU2 of BCG Pasteur, and 5 in the DU2 of BCG Prague and Danish. To
extend this analysis on the unpublished BCG genomes included in this work, we used the
CNV-seq computational method to detect copy number variation of epitope-encoding genes
[25]. Amongst the 12 BCG genomes, a total of 77 (0.5%) T cell epitopes encoded in 37
proteins were found in more than 1 copy when compared to M. tuberculosis H37Rv,
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indicating that duplication events have a minor impact on the antigen content and diversity
of BCG strains (Table S2).

Although more than 95% of the variation affecting M. tuberculosis T cell epitopes in BCG
strains was due to deletion of genes, we also identified 9 BCG proteins containing M.
tuberculosis T cell epitopes affected by amino acid substitutions (Table 2). Notably, two
antigens used in new TB vaccines, rv0934 (encoding PstS1) and rv1886c (FbpB/Ag85B),
had one amino acid substitution each in all BCG strains, which affected 2 and 5 epitopes,
respectively (Table 3). Using algorithms that predict peptide-HLA binding (see Methods)
we observed that in PstS1, substitution of a valine at position 352 for an alanine in all BCG
strains diminished the epitope binding affinity to all HLA class Il alleles considered (Table
3). We also evaluated the predicted impact of SNPs on protein structure as this may relate to
protein function and/or stability. We found that the amino acid substitution identified in
FbpB/Ag85B common to all BCG strains was predicted to affect the protein's structure
and/or stability (Table S3). FbpB/Ag85B is one of the most antigenic proteins of M.
tuberculosis, harboring 139 experimentally confirmed human T cell epitopes indexed in the
Immune Epitope Database. The mutation we identified replaces phenylalanine at position
140 with a leucine located 20 amino acids from the active site (Ser 166). This may impact
the catalytic activity of FbpB/Ag85B as a mycolyl transferase and/or decrease the stability
and lifespan of the protein.

Characterization of the selective forces acting on T cell epitope sequences in BCG strains

To determine whether T cell epitope sequences in BCG strains are as conserved as
previously described for the MTBC [20], we compared the number of SNPs in the T cell
epitope-encoding sequences found in BCG (using the MTBC MRCA as reference) and in
sequences selected randomly in the remaining BCG genome (Figure 2B). T cell epitopes
showed significantly fewer SNPs than random sequences (Paired t test, p=0.0012),
indicating that human T cell epitopes were also conserved in the BCG genomes. To test if T
cell epitopes were under purifying selection in BCG strains, we compared the dN/dS in the
epitope and non-epitope regions of each antigen. Similar to MTBC [20], we found a
significantly lower dN/dS in epitope regions (median 0.15) when compared to non-epitope
regions (median 0.44; Mann-Whitney test, p<0.00001; Figure 2A). Notably, all SNPs found
in epitope-encoding sequences were shared among all BCG strains and thus existed in the
ancestor of BCG or emerged de novo during in vitro passage before the diversification of the
individual sub-strains in different laboratories. However no additional SNP emerged in these
epitope regions despite 40 years of in vitro diversification, which corresponds to 1172
passages for BCG Pasteur. To explore if the absence of an accumulation of SNPs in T cell
epitope sequences during in vitro diversification might reflect the action of a particular
selective pressure, we used the estimated in vitro substitution rate of BCG to predict the
number of SNPs expected in the epitope regions of the 12 BCG genomes, assuming epitopes
accumulate mutations at the same rate as the remainder of the genome. We estimated that
between 0.12 and 0.23 SNP per genome would accumulate during 40 years (corresponding
to up to 15,000 generations, assuming a generation time of 14-24 hours [27]. When
combining the 12 BCG genomes, this corresponds to a maximum of 1 to 3 new SNPs in T
cell epitopes. As this value is so low, these estimates suggest that even though immune
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selection against new mutations in epitope regions was absent during in vitro evolution of
BCG, four decades of in vitro passage might be insufficient for new variation to emerge
among T cell epitope sequences.

Discussion

In this study of 12 BCG genome sequences, we found that genes corresponding to the
essential genes in M. tuberculosis were more conserved than the corresponding non-
essential genes, and that T cell epitope regions in BCG strains were highly conserved, as in
the rest of the MTBC [20]. The low dN/dS that we determined for T cell epitope regions in
BCG genomes indicates that absence of immune recognition during in vitro passage did not
affect the conservation of T cell epitope-encoding sequences in BCG. Although it is possible
that structural and functional constraints that are independent of T cell recognition
contribute to conservation of T cell epitope sequences as previously shown for M canettii
[26], we determined that 40 years of in vitro evolution is insufficient to observe
diversification of T cell epitope sequences.

Our comparative analysis of the genome sequences of BCG strains was undertaken to
understand the impact of in vitro evolution on the genetic diversity of M. tuberculosis T cell
epitopes. Our previous results showed that in the MTBC, T cell epitope sequences were
more conserved than the rest of the genome, indicating purifying selection [20]. These
findings suggested that T lymphocyte recognition may be an important factor in sequence
conservation of these loci. Because BCG strains evolved for decades in the absence of T cell
selection pressure, the characterization of T cell epitope diversity in their genomes is a
unique opportunity to test this hypothesis. Moreover, our finding that the BCG evolutionary
rate is comparable with that found for M. tuberculosis in clinical settings [23], facilitates the
comparison of diversity and evolutionary pressures acting on BCG compared to the MTBC.

Whereas most of the T cell epitopes analyzed here were highly conserved, fifteen epitopes in
nine antigens harbored amino acid changes with respect to the MRCA of the MTBC. Our
results also showed that sequence diversity in epitopes can affect human T cell recognition.
While the mutation we identified in PstS1 was predicted to decrease peptide binding to
diverse HLA alleles without a functional impact on the protein's structure or function, the
amino acid substitution in FopB/Ag85B was predicted to impact the structural integrity
and/or stability of the protein. This is consistent with results of a study comparing the
culture supernatant proteome of M. tuberculosis and M. bovis BCG Copenhagen that
revealed that the mature form of FbpB is absent from the supernatant of the vaccine strain
[28], and is consistent with results of studies indicating increased immunogenicity when
BCG is engineered to overexpress FbpB/Ag85B from M. tuberculosis [29].

Although SNPs are a minor cause of antigen variation in BCG strains, gene deletion has a
major impact on the T cell epitope composition of BCG. Our analysis revealed that
compared with the M. tuberculosis H37Rv reference sequence, ~120 genes were lost in
BCG strains including 33 genes that encode as many as 380 M. tuberculosis T cell epitopes.
These results confirm and extend the findings of Zhang et al. using a smaller dataset
corresponding to one third of the currently known M. tuberculosis T cell epitopes [30]. In
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contrast to the findings of that study, we found that BCG Pasteur, and not BCG Phipps, has
the largest number of T cell epitope sequences depleted from its genome. The vast majority
of those absent sequences are encoded in only 6 proteins contained in RD1 and RD2. RD2
delimits the border between the early and the late BCG vaccines. The unique presence of the
60 RD2-encoded epitopes in BCG Russia and Japan led the same authors to propose that
these strains represent superior candidates for development of a new vaccine against TB
[30]. However, the results of clinical trials do not provide evidence for a correlation between
the strain of vaccine used and the efficacy in preventing tuberculosis [7] [31] [32] [33].
Moreover, most of the epitopes present in RD2 are encoded in two proteins, Rv1985c (23
epitopes) and Mpt64 (24 epitopes) and it is thus likely that the large number of known
epitopes in RD2 is due at least in part to the intensive epitope discovery effort targeting
these two antigens.

Our findings suggest that the decreased epitope content of the BCG vaccine strains
compared with M. tuberculosis may be one factor that contributes to the low efficacy of
BCG vaccination in preventing pulmonary tuberculosis. Our findings also indicate that the
remaining M. tuberculosis T cell epitopes are highly conserved between BCG strains; this is
most likely due to a mutation rate that is insufficient to generate sequence diversity in these
regions during in vitro passage.

Complete methods and any associated references are available as supplemental information.

BCG Sequencing and assembly

Detailed information about the BCG strains sequenced is listed in Table S4. Bacterial strains
were cultured from single colonies. Genomic DNA was extracted as described in [20] and
sequenced with the lllumina Genome Analyzer of GATC-Biotech.

Phylogenetic and evolutionary analyzes

Phylogenetic analysis was based on 144 high-confidence variable positions by specifying M.
bovis as the outgroup. Maximum likelihood phylogenies were obtained using PhyML [34],
and HKY model. Evolutionary rates were determined using BEAST 1.7.5 [35]. CODEML
from PAML 3.14b [36] was used to estimate dN/dS rates.

T cell epitope variability in BCG

Human M tuberculosis T cell epitopes were retrieved from the Immune Epitope DataBase
(http://www.iedb.org/). An epitope was considered absent from a BCG genome if its
sequence identity was lower than 20% when compared to its orthologous sequence in M
tuberculosis. For each polymorphic position in the epitopes, an independent PCR product
was sequenced.

Copy Number variations involving epitopes

CNV-seq was used to detect copy number variation from data generated via next-generation
sequencing using BCG Pasteur as reference [25]. Data were retrieved using R. A p value
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<10~4 was used to proclaim a gene as duplicated. The analysis focused exclusively on T cell
encoding genes and other potential duplicated genes were not considered in the present
work.

Epitope and amino acid tolerance prediction

NetMHCpan 2.3 and NetMHClIpan 2.2 were used as described in [37] for predicting impact
of mutations observed in T cell epitopes in BCG protein sequences on HLA class | and class
Il binding-affinity, respectively [38, 39]. Sift (http://sift.jcvi.org/), Polyphen-2 (http://
genetics.bwh.harvard.edu/pph2/) and Provean (http://provean.jcvi.org/index.php) were used
to predict the impact of amino acid changes on protein function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Phylogenetic relationships among BCG strains. A. Maximum likelihood phylogeny based

on 144 variable common nucleotide positions across 12 Mycobacterium bovis BCG genome
sequences. The tree is rooted with M. bovis Ravenel SRR022532. Node support after 1000
bootstrap replications is indicated in black. Prior dates used to calibrate the phylogeny for
Bayesian coalescent analysis are indicated in grey. B. The stacked bars show the proportion
of missing M tuberculosis T cell epitopes in the 3 BCG groups identified in panel A and
delimited by the dashed lines. Group 1: BCG Russia and Japan. Group 2: BCG Australia,
Connaught, Copenhagen, Denmark, Glaxo, Mexico, Phipps, Prague and Tice. Group 3:
BCG Pasteur
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Figure 2.
Conservation of M. tuberculosis T cell epitopes in BCG strains. A. dN/dS in various gene

classes of BCG strains. The calculation was done after comparing each of the 12 BCG
genomes to the inferred most recent common ancestor of MTBC. This shows the dN/dS in
1) non-redundant epitope regions, 2) non-epitope regions of antigens, 3) M. tuberculosis
essential genes, 4) M. tuberculosis non-essential genes. B. Comparison between the number
of synonymous and non-synonymous SNPs found in M. tuberculosis non-overlapping T cell
epitope regions in BCG and random sequences of same size selected from the rest of BCG
genomes. The graph shows that T cell epitope regions in BCG are less affected by SNPs
than expected by chance (95% confidence interval in the random replicates is indicated as
error bars).
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