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Abstract  29 

Tuberculosis is the deadliest infectious disease worldwide. Although the BCG vaccine is 30 

widely used, it does not efficiently protect against pulmonary tuberculosis and an improved 31 

tuberculosis vaccine is therefore urgently needed. Mycobacterium tuberculosis uses different 32 

ESX/Type VII secretion (T7S) systems to transport proteins important for virulence and host 33 

immune responses. We recently reported that secretion of T7S substrates belonging to the 34 

mycobacteria-specific Pro-Glu (PE) and Pro-Pro-Glu (PPE) proteins of the PGRS 35 

(polymorphic GC-rich sequences) and MPTR (major polymorphic tandem repeat) subfamilies 36 

required both a functional ESX-5 system and a functional PPE38/71 protein for secretion. 37 

Inactivation of ppe38/71 and the resulting loss of PE_PGRS/PPE-MPTR secretion were 38 

linked to increased virulence of M. tuberculosis strains. Here, we show that a predicted total 39 

of 89 PE_PGRS/PPE-MPTR surface proteins are not exported by certain animal-adapted 40 

strains of the M. tuberculosis complex including M. bovis. This Δppe38/71-associated 41 

secretion defect therefore also occurs in the M. bovis-derived tuberculosis vaccine BCG and 42 

could be restored by introduction of the M. tuberculosis ppe38-locus. Epitope mapping of the 43 

PPE-MPTR protein PPE10, further allowed us to monitor T-cell responses in splenocytes 44 

from BCG/M. tuberculosis immunized mice, confirming the dependence of PPE10-specific 45 

immune-induction on ESX-5/PPE38-mediated secretion. Restoration of PE_PGRS/PPE-46 

MPTR secretion in recombinant BCG neither altered global antigenic presentation or 47 

activation of innate immune cells, nor protective efficacy in two different mouse vaccination-48 

infection models. This unexpected finding stimulates a reassessment of the 49 

immunomodulatory properties of PE_PGRS/PPE-MPTR proteins, some of which are 50 

contained in vaccine formulations currently in clinical evaluation. 51 

 52 
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Introduction 55 

Tuberculosis is the deadliest infectious disease worldwide and is responsible for more 56 

than 1.7 million deaths per year [1]. Its causative agent, Mycobacterium tuberculosis, is a 57 

slow growing bacterium inherently resistant to many antibiotics. This problem is further 58 

exacerbated by rising levels of acquired drug resistance, resulting in multi-drug-resistant 59 

(MDR) and extensively-drug-resistant (XDR) strains of M. tuberculosis, which require 60 

treatment regimens of two years with low treatment success rates and severe side effects [1–61 

3]. These worrying developments highlight the need for a successful vaccine, halting the 62 

transmission of tuberculosis [4]. The currently used vaccine is based on of Mycobacterium 63 

bovis, attenuated through serial culture by Calmette and Guérin and therefore known as 64 

Bacille Calmette-Guérin (BCG) [5–7]. BCG is generally believed to protect relatively well 65 

against severe forms of disseminated tuberculosis in children, but is unable to induce full 66 

protection or halt transmission of M. tuberculosis in adolescents and adults [4,8,9]. 67 

Furthermore, even these protective traits are subject to controversy, which may be caused by 68 

the plethora of genomic mutations and recombination events that have accrued during the 69 

worldwide sub-culturing of the original BCG strain [5,6,10,11].  70 

One possible reason for sub-optimal protection by BCG and other candidate vaccines is the 71 

absence or secretion defect of certain immunogenic proteins. M. tuberculosis secretes many 72 

proteins through its different secretion systems, including Sec-translocation (Sec), Twin-73 

arginine-translocation (Tat), or Type VII secretion (T7S) systems [12,13]. M. tuberculosis 74 

possesses five different T7S systems called ESX-1 to ESX-5 [14]. The first T7S system to be 75 

discovered was ESX-1, identified by the Region of Difference (RD)1 deletion in BCG [15], 76 

responsible for the loss of ESX-1-mediated secretion in this vaccine strain [16,17]. Substrates 77 

of the ESX-1 system are responsible for the rupture of mycobacterium-containing 78 

phagosomes and represent a major virulence factor of pathogenic mycobacteria [18–21]. 79 

Corresponding to this information, the expression of the ESX-1 secretion system in BCG 80 

increased protective activity, but was also associated with increased pathogenesis [22]. 81 

Interestingly, a recently developed recombinant BCG strain expressing ESX-1 of 82 

Mycobacterium marinum was able to induce cytosolic pattern recognition and better 83 

protective responses, without a significant increase in virulence [23]. Similarly, the vaccine 84 

candidate MTBVAC was recently shown to induce immune responses to selected ESX-1 85 

substrates and this ability was found to be the major determinant of improved protective 86 

efficacy as compared to BCG [24]. 87 
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While the ESX-1 system is the best studied T7S system in mycobacteria, the ESX-5 system 88 

has the largest repertoire of substrates [25–27]. The ESX-5 system is essential for slow-89 

growing mycobacteria, because of its role in outer membrane permeability [26,28]. Therefore, 90 

this system is present and considered functional in BCG. The coding sequences of the 91 

potential substrates of the ESX-5 system together form almost 8% of the coding potential of 92 

the M. tuberculosis genome [29]. Most notable amongst the ESX-5 substrates are the PE and 93 

PPE proteins, named for the proline and glutamic acid residues in their N-terminal domains. 94 

Defined functions have been described for some PE-PPE proteins, such as the lipase LipY 95 

[30,31] and PPE10, the latter of which is important for capsular integrity of M. marinum [32]. 96 

Furthermore, many studies have ascribed immunomodulatory functions to PE-PPE proteins, 97 

such as altering host cytokine responses by interaction with Toll-like receptors or inhibition of 98 

antigenic presentation [33–36]. However, most PE and PPE proteins have no known functions 99 

and their high degree of homology makes them difficult to study. The latter is especially true 100 

for the two most-recently evolved subgroups of ESX-5 substrates, i.e. the PE_PGRS and PPE-101 

MPTR proteins. Both these sub-groups are characterized by their GC-rich DNA sequences, 102 

repetitive glycine-rich amino acid motifs and high molecular weight ranging up to ~4500 kDa 103 

[27,29]. 104 

We recently identified the PPE protein PPE38 and its highly similar duplicated variant 105 

PPE71, as essential factors in the secretion of both the PE_PGRS and PPE-MPTR proteins, in 106 

both M. marinum and M. tuberculosis [37]. The genes encoding PPE38 and PPE71 are 107 

organized in a 4-gene locus that also includes the esxX and esxY genes (Figure1A), which 108 

however are not required for PE_PGRS secretion in M. tuberculosis strain CDC1551 [37]. 109 

Strains with naturally occurring, or engineered, loss-of-function mutations of the ppe38-locus 110 

were unable to secrete both PE_PGRS and PPE-MPTR proteins and were more virulent in a 111 

mouse infection model [37]. Indeed, deletion of the ppe38-locus occurred at the branching 112 

point of modern Beijing (Lineage 2) strains and may have aided in their global dispersal [37]. 113 

Moreover, the ppe38-locus was previously shown to be a hypervariable genetic region and 114 

many strains within the M. tuberculosis complex (MTBC) have polymorphisms in this locus 115 

[38]. The most well-known of these polymorphisms is the deletion of the RD5 region from 116 

BCG and several other animal-adapted strains of the MTBC [38,39].  117 

The biological impact of the RD5 deletion has been a controversial subject of research and 118 

has focused solely on the phospholipase C encoding genes plcABC. Deletion of plcABC was 119 

reported to either attenuate [40] or increase virulence of M. tuberculosis [41]. However, a 120 
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more recent study of the plc-genes in different mouse and cellular models showed no relevant 121 

contribution of these genes to the virulence of M. tuberculosis [42].  122 

Here, we investigated the effect of RD5-like polymorphisms of the ppe38-locus in a number 123 

of MTBC-branches and discovered that the RD5 deletions in animal-adapted strains and the 124 

BCG vaccine strains have profound effects on the repertoire of secreted substrates in these 125 

strains. Restoration of PPE38-dependent secretion results in a wider antigenic repertoire of 126 

BCG, whereby the identification of two immunogenic epitopes in one of the substrates, i.e. 127 

the PPE-MPTR protein PPE10, has allowed us to monitor the immunological impact of the 128 

corresponding secretion characteristics on host immune responses.  129 

  130 
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Results 131 

Variation in PE_PGRS secretion in MTBC lineages and outgroups indicate genome 132 

sequence errors 133 

The genetically most-distant tubercle bacilli are represented by the Mycobacterium canettii 134 

clade. This outgroup mirrors the genomic diversity likely present within the ancestor of M. 135 

tuberculosis before branching and clonal expansion of the MTBC [43]. Recent studies of M. 136 

canettii have improved our understanding of adaptations that have shaped the transition from 137 

an M. canettii-like ancestor into extant M. tuberculosis, such as the gain of surface 138 

hydrophobicity through loss of lipooligosaccharide production [44] and the apparent loss of 139 

the capacity to exchange chromosomal DNA in the MTBC [45]. Interestingly, the available 140 

genome sequence information of five M. canettii isolates revealed potential polymorphisms in 141 

the ppe38-locus [43]. While strains D, K and L all possessed copies of the ppe38 and ppe71 142 

genes, the sequence of strain J in the database indicated the potential absence of ppe38 and 143 

ppe71 from the strain. Such a deletion would be expected to affect PE_PGRS secretion [37]. 144 

However, secretion analysis revealed that all 5 isolates secreted PE_PGRS proteins 145 

(Supplemental Figure 1A). Subsequent PCR analysis confirmed the presence of a complete 146 

ppe38-71 locus, similar to M. tuberculosis H37Rv, for all tested M. canettii strains, including 147 

strain J (Supplemental Figure 1B). It is likely that the sequence polymorphisms in the 148 

previously deposited dataset may have arisen due to automated sequence assembly-associated 149 

bio-informatic artefact, which is a known problem for this region [37,38]. 150 

Another interesting group of strains, which were reported to have major polymorphisms in the 151 

RD5/ppe38-locus, was recently described by Lee et al. [46]. The Inuit population of the 152 

Nunavik region in Canada is affected by high levels of tuberculosis incidence. The majority of 153 

all cases in this cohort were shown to have resulted from the introduction of a single, 154 

particular M. tuberculosis strain, about one century ago. This sublineage was defined by 155 

genomic deletions, two of which affect the ppe38 locus. A 5,759bp RD5-like deletion 156 

removed the three phospholipase C genes plcABC and truncated ppe38 (Figure 1A). The other 157 

ppe gene in this locus, ppe71 (mt2422), was reported to be affected by 22bp frameshift 158 

deletion (Figure 1A)[46]. Reinvestigation of the sequence of ppe71 by inspection of the whole 159 

genome sequence data, and by PCR and Sanger sequence analysis, revealed that this deletion 160 

was in fact a 21bp deletion causing a 7 amino-acid deletion (PPE38 Amino acid 354-161 

MGGAGAG-361) instead of a frameshift. This deletion has been previously described to 162 

occur also in other strains of M. tuberculosis, including CDC1551 (MT2422 - 163 
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http://www.genome.jp/dbget-bin/www_bget?mtc:MT2422) [38]. To test whether the RD5-164 

like polymorphism (CDC1551-D17) negatively affects PE_PGRS secretion, five strains with 165 

and one strain without this deletion were subjected to secretion analysis by immunoblotting. 166 

All strains exhibited similar secretion levels of both PE_PGRS proteins and the ESX-1 167 

substrate EsxA, as compared to reference strain CDC1551 (Supplemental Figure 1B). These 168 

data show that the PPE71 variant carrying the MGGAGAG-deletion is able to sustain 169 

PE_PGRS secretion levels in M. tuberculosis, independently of truncation of PPE38. 170 

Furthermore, there is no apparent phenotypic difference when M. tuberculosis has one or two 171 

functional copies of PPE38/71.  172 

  173 

RD5 deletions in animal-adapted strains and in M. bovis BCG block PE_PGRS secretion 174 

A striking amount of different RD5-like polymorphisms are present in the animal-adapted 175 

lineages/ecotypes of M. tuberculosis complex. These strains share their most recent common 176 

ancestor with M. africanum Lineage 6 [47,48], which is reported to have two copies of 177 

ppe38/ppe71 [49]. Mycobacterium pinnipedi, a pathogen for seals and sea lions, has one intact 178 

copy of the ppe38 gene, but no esxXY-genes (Figure 1A). M. bovis and Mycobacterium 179 

caprae share an identical RD5 deletion, while Mycobacterium orygis possesses a unique RD5 180 

deletion (Figure 1A) [38,50,51]. To investigate the effect of RD5 deletions on PE_PGRS 181 

secretion in animal-adapted strains, we performed secretion analysis of M. bovis, M. caprae, 182 

M. orygis and M. pinnipedi (Figure 1B). As expected, M. pinnipedi was the only tested 183 

species able to secrete PE_PGRS proteins in concordance with the presence of one functional 184 

copy of ppe38 (Figure 1B). In contrast, M. bovis, M. caprae and M. orygis were deficient in 185 

PE_PGRS secretion, while EsxA secretion was not affected and no marked cell lysis occurred 186 

(Figure 1B). Intracellular PE_PGRS expression was detected in strains with a secretion defect 187 

and was strikingly different between isolates (Figure 1B).  188 

Since M. bovis and M. caprae share the same RD5 deletion with M. bovis BCG, we 189 

hypothesized that this vaccine strain is also deficient in PE_PGRS secretion (Figure 1A). 190 

Indeed, five different M. bovis BCG isolates, which were selected for their relative genetic 191 

distance [6,10], were all deficient in PE_PGRS secretion (Figure 1C). It is of interest to note 192 

that M. bovis BCG Tice secretes higher levels of the ESX-5 substrates PPE41 and EsxN 193 

(Figure 1 C), likely because of its genetic duplication of the esx-5 genetic locus [10]. 194 

However, despite this ESX-5 duplication, BCG Tice is unable to secrete PE_PGRS proteins. 195 
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The PE_PGRS secretion defect of BCG was not restored in a previously constructed BCG 196 

strain with a cosmid containing the complete RD5 region of M. tuberculosis H37Rv 197 

(Supplemental Figure 1C) [16]. In contrast, introduction of the ppe38-71 locus from M. 198 

tuberculosis on an integrative plasmid constitutively expressing these genes under control of 199 

the hsp60 promoter [37], partially restored PE_PGRS secretion of recombinant M. bovis 200 

BCG. This finding was especially surprising since emergence of RD5-deleted M. bovis/M. 201 

caprae progenitor strains likely dates back thousands of years [47]. The obtained ppe38-71-202 

complemented M. bovis BCG Copenhagen strain was named BCG38.  203 

Taken together, our data show that the different BCG vaccines are all deficient for the 204 

secretion of PE_PGRS proteins and that this is at least partly revertible by complementation 205 

with the ppe38-71 locus of M. tuberculosis. Based on our previous work, this secretion defect 206 

is expected to affect up to 89 proteins classified as PE_PGRS or PPE-MPTR [27,37].  207 

 208 

Secretion of PE_PGRS/PPE-MPTR proteins in M. tuberculosis or BCG does not alter 209 

phenotypic and functional maturation of host innate immune cells, or antigenic 210 

presentation. 211 

The ability to restore PPE38-dependent secretion in M. bovis BCG allowed us to investigate 212 

to what extent this secretion defect affects properties of the BCG vaccine. Many of the 89 213 

members of the PE_PGRS and PPE-MPTR proteins have been suggested to perform 214 

biological roles in virulence and immune modulation, although the molecular mechanisms 215 

and biological relevance remain unestablished for most of these [14,27,33,34]. Increasing the 216 

repertoire of immunogenic proteins secreted by BCG could lead to increased protection, since 217 

protein secretion by mycobacteria is essential for the efficient induction of protective CD4+ T-218 

cell responses [22,52–55]. However, restoring secretion of proteins that have been proposed 219 

to exhibit immunomodulatory functions could also decrease efficacy of the vaccine strain. In 220 

particular, recent reports suggest that PPE38 itself downregulates Major Histocompatibility 221 

Complex class-I (MHC-I) expression in murine macrophages [56] and that PE_PGRS47 222 

inhibits autophagy and is responsible for reducing MHC-II-restricted antigen presentation 223 

during in vivo infection of mice [35].  224 

 We set out to establish whether presence of PPE38 and the ability to secrete PE_PGRS 225 

and PPE-MPTR proteins, affected phenotypic and functional maturation of infected murine 226 

innate immune cells. Bone marrow-derived dendritic cells (BM-DCs) of C57BL/6 mice were 227 
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infected (MOI = 0.5) with i) M. tuberculosis CDC1551, ii) an isogenic deletion-mutant of the 228 

complete ppe38-71 locus (∆ppe38-71), iii) or a complemented strain (ppe38-71-C) [37] and 229 

were tested in parallel with M. bovis BCG Copenhagen and the isogenic strain expressing 230 

ppe38-71 (BCG38). All the infected BM-DCs exhibited a clear upregulation of co-stimulatory 231 

markers CD40, CD80 and CD86, as well as modulation of MHC-I (H-2Kb) and MHC-II (I-232 

Ab) expression, compared to uninfected controls. However, no differences in the induction of 233 

any such phenotypic maturation markers could be observed for the different isogenic WT and 234 

recombinant strains (Figure 2, Supplemental Table 1). Quantification of several inflammatory 235 

cytokines in the culture supernatants of the infected BM-DCs showed highly similar levels of 236 

TNFα, IL-12p40/70 and IL-6 production induced by the isogenic strains of BCG and M. 237 

tuberculosis (Figure 2B). These results indicate that PPE38-dependent secretion defects are 238 

unlikely to have a major effect on the phenotypic or functional maturation of DCs, even 239 

though many PE_PGRS and PPE-MPTR proteins have previously been suggested to perform 240 

such biological roles [33,35]. 241 

In addition, we assessed whether PPE38-dependent protein secretion influences MHC-242 

II-restricted presentation of other mycobacterial antigens. Such a phenotype might possibly be 243 

caused by a direct effect on the host phagocytes due to restored PE_PGRS secretion [35,36], 244 

or by competition in the hosts antigen presentation machinery upon secretion of the large 245 

number of PPE38-dependent substrates. To test this hypothesis, BM-DCs were infected with 246 

serial two-fold dilutions of M. tuberculosis (CDC1551) or the isogenic ∆ppe38-71 deletion or 247 

complemented strains, as well as BCG or BCG38. MHC-II restricted T-cell hybridomas 248 

specific to FbpA (Ag85A101-120) or EsxH (TB10.474-88) T-cell epitopes were added after 249 

overnight infection and washing. IL-2 secretion in culture medium was quantified by ELISA 250 

as a measure of antigen presentation and hybridoma T-cell activation. T-cell hybridomas 251 

specific for both FbpA (Figure 2C, upper panel) and EsxH (lower panel) produced higher 252 

levels of IL-2 in response to M. tuberculosis strains compared to BCG strains. However, no 253 

differences were observed between isogenic strains with, or without, functional PPE38-254 

dependent PE_PGRS/PPE-MPTR secretion. These data show that PPE38-dependent 255 

PE_PGRS/PPE-MPTR secretion does not reduce MHC-II-restricted antigen presentation of 256 

other mycobacterial antigens by the host DCs. 257 

Together, these results suggest that introduction of PPE38 and restoration of 258 

PE_PGRS secretion do not negatively affect phenotypic and functional maturation of innate 259 

immune cells, or their capacity to present antigen to CD4+ T cells.  260 
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 261 

Restoration of PPE38-dependent PE_PGRS/PPE-MPTR protein secretion in BCG does 262 

not impact protection potential against M. tuberculosis in mice  263 

Since we found no evidence suggesting that antigen presentation of mycobacterial antigens by 264 

DCs is negatively affected by restoration of PPE38-dependent secretion, we hypothesized that 265 

the enlarged repertoire of secreted proteins in BCG38 could increase its vaccine potential 266 

compared to the parental BCG. In parallel, we hypothesized that the capsule of BCG could be 267 

altered upon restoration of PPE38-dependent secretion. We recently reported that transposon 268 

insertions in the gene encoding an ESX-5 associated chaperone (espG5), or in the PPE-MPTR 269 

encoding gene ppe10 (mmar_0761), reduce capsule integrity of M. marinum [32]. Similarly, 270 

an eccC5::tn mutant in the M. tuberculosis strain CDC1551, completely deficient in ESX-5 271 

secretion, also exhibited reduced capsule integrity [32,57]. Since PPE10 is dependent on 272 

PPE38 for its secretion [37], we hypothesized that restoration of PPE10 secretion might 273 

positively affect capsule integrity. The presence of an intact capsule on BCG, achieved by 274 

culturing in detergent-free growth medium, has recently been shown to be important for a 275 

more potent immune response and could therefore be relevant for the protective efficacy of 276 

BCG38 [58].  277 

To test both hypotheses, C57BL/6 mice were subcutaneously (s.c.) immunized with 1 million 278 

CFU of either BCG, or BCG38, cultured either in shaking condition in the presence of 279 

0.025% Tween-80, or in unperturbed conditions without detergent. Four weeks post-280 

immunization, mice were challenged by an aerosol infection of M. tuberculosis H37Rv 281 

(bacterial load: 680 CFU/lung at Day 1, prepared without detergent). Mice were killed four 282 

weeks post infection, at which time lungs and spleens were harvested and assessed for 283 

bacterial burdens by CFU counting. An approximate 100-fold reduction in bacterial lung 284 

burdens was achieved by all conditions of vaccination irrespective of the presence of 285 

detergent, or the BCG vs BCG38 vaccine strains (Figure 3A). This reduction of bacterial lung 286 

burden coincided with improved macroscopic state of the lungs (Supplemental Figure 2A). 287 

Similarly, an approximately 10-fold reduction in spleen CFUs and reduction in splenomegaly 288 

was detected in the vaccinated mice irrespective of the method of vaccine preparation (Figure 289 

3A, Supplemental Figure 2B). No significant (p<0.05) differences in bacterial burdens were 290 

observed between any of the four tested conditions in either the spleens or lungs. Together, 291 

these results show that restoration of PPE38-dependent PE_PGRS/PPE-MPTR secretion in 292 

BCG does not significantly improve protection against M. tuberculosis in the murine model 293 
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used. Moreover, we did not find a significant difference in protective efficacy between 294 

conventional and detergent-free preparation of either BCG or BCG38, suggesting that 295 

capsular integrity is not altered or does not affect protection in this model. 296 

 297 

Identification of immunogenic T-cell epitopes of the PPE-MPTR protein PPE10 298 

Secretion of T7S-mediated mycobacterial proteins is essential to induce host CD4+ T-cell 299 

responses and the great majority of immunogenic and protective antigens of M. tuberculosis 300 

are secreted proteins [59]. Many of the known immunodominant antigens are PE and PPE 301 

proteins and these form an integral part in a number of subunit or recombinant vaccines 302 

[52,60–63]. Therefore, the finding that restoration of PPE38-dependent PE_PGRS/PPE-303 

MPTR secretion in BCG did not significantly affect protective efficacy was surprising, 304 

particularly as up to 89 individual proteins are predicted to be concerned. In order to explain 305 

these unexpected data, we reflected on our hypotheses and found additional variables that 306 

could affect the assumptions on which they are based. In particular, while PPE-MPTR 307 

secretion was shown to be strictly dependent on PPE38 in both M. marinum and M. 308 

tuberculosis, we had no direct evidence of PPE-MPTR secretion in BCG38. In contrast to 309 

PPE-MPTR proteins, PE_PGRS proteins may not contain immunodominant epitopes or be 310 

protective antigens [64–67]. Furthermore, although previous studies have found a strict 311 

correlation between in vitro secretion and the capability to induce CD4+ T-cell responses 312 

[23,52,63], it is conceivable that the PPE38-dependant substrates are still membrane, or 313 

surface, associated in ppe38-71-deficient strains and thereby remain able to induce T-cell 314 

responses.  315 

Since tools to study PPE-MPTR proteins are scarce and currently insufficient to answer the 316 

questions above, we set out to develop an immunological approach to study PPE-MPTR 317 

secretion and their immunogenicity in more detail. We selected PPE10 as a model MPTR-318 

protein, because PPE10 is predicted to be the most ancestral MPTR protein in mycobacteria 319 

[27]. The PPE domain covers the N-terminal 181 residues of PPE10 and is highly similar to 320 

other PPE proteins. The middle of the protein contains a typical MPTR repeat domain, which 321 

is very similar to other MPTR proteins. The C-terminus contains a domain unique to PPE10, 322 

which is secreted in vitro [25,32,37]. PPE10 is also of biological interest, since it is detected 323 

in vivo in guinea pig lungs and this protein is required for capsular integrity of M. marinum 324 

[32,68]. We set out to assess whether PPE10 has the potential to induce CD4+ T-cell mediated 325 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 14, 2018. ; https://doi.org/10.1101/265462doi: bioRxiv preprint 

https://doi.org/10.1101/265462
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12

immune responses in mice. To increase the likelihood of identifying immunogenic epitopes, 326 

we immunized not only C57BL/6 mice, but also C57BL/6 x CBA (H-2b/k) F1 mice, which 327 

express a more diverse repertoire of MHC restricting elements. While C57BL/6 mice only 328 

express a single MHC-II molecule (I-Ab), C57BL/6 x CBA F1 mice can potentially express 329 

six different MHC-II variants (Supplemental Table 2). Mice were s.c. immunized with wild-330 

type M. tuberculosis H37Rv and were killed three weeks later. Splenocytes were isolated and 331 

stimulated in vitro with a peptide library consisting of sixty 15-mers with a 5-amino acid 332 

shifting frame spanning PPE10181-487 of M. tuberculosis H37Rv [29,69]. None of the sixty 333 

peptides were able to induce specific T-cell mediated IFN-γ responses by splenocytes from 334 

unimmunized mice or immunized C57BL/6 mice (Supplemental Figure 3). However, two 335 

peptides were immunogenic in the C57BL/6 x CBA (H-2b/k) F1 mice and induced high levels 336 

of IFN-γ, similar to the positive control peptide ESAT-61-20 (Figure 4, Supplemental Figure 337 

3). Interestingly, one of these immunogenic peptides (PPE10221-235: GSGNTGSGNLGLGNL) 338 

was situated in the MPTR domain of PPE10, while the other (PPE10381-395: 339 

NVLNSGLTNTPVAAP) was derived from the PPE10-specific C-terminal domain. The 340 

MPTR peptide PPE10221-235 has 17 close homologues within the M. tuberculosis genome 341 

(identity > 65%, but no 100% homologues), while this was not the case for PPE10381-395 342 

(Supplemental Table 3). These results show that immunization with M. tuberculosis induces 343 

immune responses against PPE10 and that this response can be elicited both against the 344 

PPE10-specific C-terminal domain or the MPTR domain. 345 

 346 

Deletion of ppe10 does not significantly alter protein secretion of other Type VII 347 

secretion substrates in M. tuberculosis 348 

The newly identified immunogenic peptides derived from PPE10 are a tool that allowed us to 349 

answer different questions regarding the PPE-MPTR proteins. First, to determine the 350 

specificity and cross-reactivity of the epitopes, we constructed a deletion mutant of ppe10 351 

(Rv0442c) in the M. tuberculosis CDC1551 background by homologous recombination and 352 

phage transduction (Supplemental Figure 4) [70]. In contrast to M. marinum-ppe10::tn [32], 353 

no altered colony morphology or other growth phenotype was observed in M. tuberculosis-354 

∆ppe10. This finding is in concordance with the absence of such a phenotype in ESX-5 355 

mutants of M. tuberculosis and highlights this as a species-specific difference between M. 356 

marinum and M. tuberculosis [32,57,71].    357 
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We performed biochemical secretion analysis on the ∆ppe10 strain in parallel with the strains 358 

that were examined for their immunogenic potential (see below). This secretion analysis 359 

confirmed the expected PE_PGRS secretion defects of BCG, M. tuberculosis-∆ppe38-71 and 360 

eccC5::tn, which were restored in the complemented strains, i.e. ppe38-71-C and BCG38 361 

(Supplemental Figure 4C) [37,57]. As expected, BCG and BCG38 were deficient in secretion 362 

of the ESX-1 substrate EsxA (ESAT-6) and exhibited only low levels of PPE41 and EsxN. 363 

The increase of PPE41 secretion in BCG38 compared to the parental strains (Figure 1C) was 364 

consistent in this experiment and other replicates. In contrast to a previous report, we found 365 

that M. tuberculosis ∆ppe25-pe19 did secrete PPE41 and EsxN, which may be due to 366 

differences in bacterial growth conditions and/or methods in protein extraction and detection 367 

[71]. This strain harbors intact genes coding for the ESX-5-membrane complex [57,72] and is 368 

able to induce in vivo CD4+ T-cell responses against PE and PPE proteins, in contrast to the 369 

general ESX-5 deficient strain ∆eccD5 in the same background [52,63]. The ∆ppe10 strain 370 

showed no difference in PE_PGRS secretion. Similarly, secretion of EsxA and EsxN was not 371 

affected by deletion of ppe10. Although slightly elevated levels of PPE41 secretion were 372 

observed, we concluded from these combined data that M. tuberculosis-∆ppe10 does not have 373 

a general supersecretion phenotype as was previously reported for M. marinum-ppe10::tn 374 

[32].    375 

 376 

BCG and M. tuberculosis-∆ppe38-71 are unable to induce immune responses against 377 

PPE10 378 

To assess the specificity of the newly identified PPE10 epitopes and to better understand the 379 

effect of the ppe38-dependent secretion on immunogenicity, we immunized C57BL/6 x CBA 380 

F1 mice with the different M. tuberculosis and BCG strains for which the secretion phenotype 381 

was characterized (Supplemental Figure 4C). Three weeks post-immunization, splenocytes 382 

were collected and stimulated with the PPE10221-235 and PPE10381-395 peptides, as well as 383 

purified protein derivate (PPD - a positive control for immunization by Mycobacteria) and a 384 

number of known antigenic peptides derived from proteins secreted via ESX-1 (EsxA1-20  [73] 385 

and CFP-1011-25 [74]), ESX-5 (PE191-18 and PPE251-20 [52]) or the twin-arginine-translocation 386 

(TAT) pathway (Ag85A241-260) [75,76]. As expected, splenocytes of mice immunized with M. 387 

tuberculosis CDC1551 produced high levels of IFN-γ after stimulation with PPE10221-235, 388 

PPE10381-395 or all other immunogenic peptides, but not when incubated with a negative 389 

control peptide (E. coli MalE100-114), or the medium control (Figure 5). Splenocytes from 390 
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unimmunized mice did not react against any of the peptides or PPD and only produced IFN-γ 391 

upon simulation by Concanavalin A (ConA). The ∆ppe10 deletion strain did not induce IFN-γ 392 

production in response to either PPE10221-235, or PPE10381-395, whereas responses against the 393 

other peptides were unaffected (Figure 5). Unexpectedly, this result shows that both of the 394 

newly identified PPE10 peptides are highly specific, even though we hypothesized cross-395 

reactivity to occur for PPE10221-235, because of the high similarity to other MPTR domains 396 

(Supplemental Table 3). As expected, the ESX-5 secretion mutant eccC5::tn did not induce T-397 

cell responses against the ESX-5 substrates PE19, PPE25 and PPE10, further confirming that 398 

the export of these antigens by the ESX-5 secretion system is indispensable for the induction 399 

of T-cell immune responses [52,63]. Importantly, ∆ppe38-71 was not able to induce 400 

immunogenicity against either of the PPE10 epitopes, a phenotype that was fully reverted in 401 

the complemented strain ppe38-71-C. This confirms that secretion and in vivo 402 

immunogenicity of PPE10 as a model PPE-MPTR protein are dependent on PPE38 in the M. 403 

tuberculosis CDC1551 background, which we were previously unable to assess. Similar to 404 

∆ppe38-71, also BCG was completely unable to induce immune responses against either of 405 

the PPE10 epitopes. In contrast, BCG38 induced immunogenicity against both PPE10 406 

epitopes at similar levels to the M. tuberculosis isolates. Together, these results clearly 407 

confirm that the secretion and in vivo immunogenicity of the ancestral PPE-MPTR protein 408 

PPE10 is strictly dependent on PPE38. These data also provide evidence that the in vitro 409 

observed PPE38-dependence of PE_PGRS and PPE-MPTR proteins is a phenotype that can 410 

be directly translated to the in vivo situation. Here, we show that the vaccine strain BCG is 411 

unable to induce T-cell responses against the ancestral PPE-MPTR protein PPE10, because of 412 

the deletion of its ppe38-71-locus as part of RD5.  413 

Finally, we compared the results obtained for the different WT and recombinant BCG strains 414 

with a recently developed attenuated M. tuberculosis strain, deleted for 5 pe/ppe genes in the 415 

esx-5 locus, named Mtb∆ppe25-pe19 [71]. Genes encoding the ESX-5 secretion core 416 

machinery [57,72] are intact in this strain, as is the ppe38 gene, a finding which is confirmed 417 

by the fact that this strain induced T-cell responses against both PPE10 epitopes. This result 418 

highlights that attenuated M. tuberculosis vaccine strains may avoid certain M. bovis related 419 

secretion differences that result in immunogenic properties. 420 

 421 

Prime-boost vaccination regimen to improve PPE10-specific immune responses does not 422 

increase protection against M. tuberculosis. 423 
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The results of our epitope mapping analysis showed that C57BL/6 mice were unable to 424 

develop T-cell responses against PPE10, which could provide an explanation for the lack of 425 

improved protection conferred by BCG38 compared to BCG. Therefore, we set out to perform 426 

a similar experiment in these C57BL/6 x CBA F1 mice. In order to maximize any potential 427 

increase in PPE-MPTR-specific immune responses, this experiment was designed to boost 428 

vaccination of BCG or BCG38 with the immunogenic peptides PPE10221-235 and PPE10381-395 429 

(Figure 6A). Sixty days after s.c. vaccination with BCG strains, a booster of peptides 430 

formulated in the adjuvant CpG(DOTAP), or the adjuvant alone, was administered s.c.. 431 

Twenty-nine days later, a second booster was administered intranasally. Nine days after this 432 

intranasal boost, mice were challenged by an aerosol challenge of M. tuberculosis H37Rv. 433 

Mice were killed 28 days later and both lung and spleen bacterial burdens were assessed 434 

(Figure 6B, C). No significant differences were observed among the groups of vaccinated 435 

animals. Only a modest decrease in spleen CFUs was achieved by any of the vaccination 436 

regimens. This reduction was not significant (p<0.05) for BCG-vaccinated mice and injected 437 

with the adjuvant alone, but was significant for the three other groups (Ordinary one way 438 

ANOVA – Dunnett’s test of multiple comparisons against a single control). However, no 439 

significant differences between any of the vaccinated groups was detected (Ordinary one way 440 

ANOVA, Tukey’s test of multiple comparisons). Vaccination with all regimens reduced lung 441 

CFU values at least 10-fold. In fact, vaccination with BCG38, boosted with PPE10-derived 442 

immunogenic peptides, had the highest average bacterial lung burden of the four different 443 

vaccination regimens. These data clearly oppose our hypothesis, that restoring the lack of 444 

PPE-MPTR immune responses in BCG increases its protective efficacy.  445 

Together, we could find no evidence of an immunomodulatory effect of PPE38-dependent 446 

proteins. Inversely, restoration of BCG’s capacity to secrete PE_PGRS and PPE-MPTR 447 

proteins and thereby enlarging the PE_PGRS/PPE-MPTR antigenic repertoire of BCG, did 448 

not result in improved vaccine protection in two mouse models.   449 

  450 

Discussion 451 

We previously demonstrated that loss-of-function mutations in the ppe38-locus of M. 452 

tuberculosis block PE_PGRS and PPE-MPTR secretion and increase virulence in a mouse 453 

model [37]. In this work, we examined the correlation of known ppe38 deletions in other 454 

lineages of the MTBC with a PE_PGRS/PPE-MPTR secretion defect. We hypothesized that 455 
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the success of certain clinical isolates of Lineage 4, could perhaps be explained by their RD5-456 

like deletion, which includes ppe38 [46,77]. However, secretion analysis of these Lineage 4 457 

strains revealed that a single copy of PPE71 carrying a the MGGAGAG-deletion, is still 458 

functional and sufficient to support PE_PGRS secretion. Similarly, although intriguing 459 

differences in protein secretion levels were observed between M. canettii strains, we found 460 

that all analyzed strains secreted PE_PGRS proteins. The anticipated polymorphisms in the 461 

ppe38-locus of selected M. canettii strains [43] were likely caused by a sequence assembly 462 

problem of repetitive sequences. These results highlight the difficulties of bio-informatic 463 

analyses of this locus, which is hampered by the high sequence similarity between ppe38 and 464 

ppe71, that seem to cause already some discrepancies between the reference genomes of M. 465 

tuberculosis H37Rv and CDC1551 [29,37,38,78].  466 

In contrast, our investigation of RD5-like polymorphisms did reveal that multiple 467 

members of the animal adapted lineage of the MTBC are completely devoid of PE_PGRS 468 

secretion because of their RD5 deletion. It should be emphasized that the RD5-like deletion of 469 

M. orygis occurred independently of that of M. bovis and M. caprae. Furthermore, even more 470 

members of the animal adapted lineage, such as M. microti, M. suricattae and the Dassie 471 

Bacillus, are reported to have independent RD5-like deletions, which we hypothesize to also 472 

block PE_PGRS and PPE-MPTR secretion [38,79–81]. Together, these findings suggest a 473 

specific selective advantage associated to loss of the ppe38-locus and its associated secretion 474 

phenotype in certain animal adapted strains. The modern Beijing strains, also defective in 475 

PPE38-dependent secretion, have expanded concurrently with increased human population 476 

densities and mobility [82]. These changes in the host-population alter the optimal balance 477 

between virulence/infectivity and lower the advantage to stay dormant or subclinical in the 478 

host [83]. It is tempting to speculate that the loss of PPE38 and its associated secretion and 479 

virulence phenotype has helped ancestral M. tuberculosis strains derived from human hosts, to 480 

adapt towards survival and transmission in a new host niches.  481 

We were surprised that we were able to restore the secretion defect of BCG by 482 

introducing the ppe38-locus from M. tuberculosis. Since the RD5 deletion of BCG already 483 

occurred in the most-recent common ancestor of M. bovis and M. caprae, this deletion likely 484 

dates back millennia [47]. Furthermore, the 13 years of in vitro culturing by Calmette and 485 

Guérin to create BCG and the ensuing decades of culturing while it was distributed worldwide 486 

has caused accumulation of even more mutations [6,10,11]. Still, introduction of the 487 
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integrative vector constitutively expressing the ppe38-locus was clearly able to restore both 488 

PE_PGRS and PPE-MPTR secretion in BCG.  489 

Our newly identified immunogenic epitopes in the PPE-MPTR protein PPE10, provide 490 

a tool to gain more understanding about this group of proteins. Firstly, although previous 491 

work only definitively detected the C-terminal domain of PPE10 to be secreted [25,32,37], 492 

immunization with M. tuberculosis also clearly induced immune responses against the 493 

MPTR-associated epitope. This provides evidence that the MPTR domain is accessible to the 494 

host antigen presentation machinery and that these repetitive domains have the potential to 495 

contain functional T-cell epitopes. Furthermore, wild-type BCG and M. tuberculosis with 496 

impaired PPE38-dependent secretion were completely unable to induce immune responses 497 

against PPE10, similar to a general ESX-5 secretion mutant. This is important evidence that 498 

PPE38 is essential for the translocation of PPE-MPTR proteins through the ESX-5 secretion 499 

machinery in vivo and that without PPE38, these proteins are not surface associated or 500 

otherwise accessible to the immune system.   501 

It is perhaps striking that the PE_PGRS and PPE-MPTR secretion defect of BCG has 502 

not been previously reported, considering the amount of research done on this vaccine. Based 503 

on the available literature on PE_PGRS and PPE-MPTR proteins, it is logical to hypothesize 504 

that a vaccine strain that does not secrete these proteins might in fact be a relatively effective 505 

vaccine. Many immunomodulatory properties have been attributed to PE_PGRS and PPE-506 

MPTR proteins [14,33,34,62]. Perhaps the most relevant of these, is the reported function of 507 

certain PE_PGRS proteins to inhibit antigen presentation [35,36]. If PE_PGRS proteins 508 

indeed inhibit antigen presentation, it would be highly detrimental to introduce a vaccine that 509 

secretes these proteins. Notably, this is an urgent question since a number of novel 510 

tuberculosis vaccine candidates based on attenuated M. tuberculosis are currently in clinical 511 

or pre-clinical development. We showed for one of these candidate vaccines (i.e. M. 512 

tuberculosis-∆ppe25-pe19), that PE_PGRS and PPE-MPTR secretion is indeed fully 513 

functional [52,63,71]. Our isogenic ∆ppe38-71 strains of M. tuberculosis and the BCG38 514 

strain form an ideal tool to answer such questions and to understand more about these proteins 515 

as a group. In this work, we did not find any evidence of inhibition of antigen presentation in 516 

strains secreting PPE38-dependent substrates, or lack thereof in strains without PPE38. 517 

Similarly, and in contrast to many reports of immunomodulatory effects of PE_PGRS 518 

proteins, we did not find any evidence of differential immune modulation by strains with, or 519 

without, functional PPE38-dependent secretion. More specifically, no differences were 520 
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observed in DC maturation [84], MHC-I or -II expression [56] or cytokine production [85–521 

87]. Finally, PE_PGRS and PPE-MPTR proteins have often been implicated as mycobacterial 522 

virulence factors [14,34,35,88,89]. The previously described increased virulence in strains 523 

lacking PPE38-dependent secretion, including the hypervirulent Beijing isolates, put this 524 

work in perspective [37]. Here, we bolster our previously published evidence that strains 525 

without PPE38, including a number of animal adapted species and the BCG vaccine, are truly 526 

unable to translocate these proteins. Although many of these animal adapted strains have 527 

reduced virulence in humans compared to M. tuberculosis, they are clearly pathogenic for 528 

their natural host and should not be seen as attenuated [90]. This is in line with a role for 529 

PPE38-dependent substrates as virulence attenuating factors [37]. Therefore, the biological 530 

roles of the PE_PGRS and PPE-MPTR proteins that are reported to be required for virulence, 531 

may not require secretion of these effector proteins or might in certain cases be due to indirect 532 

effects on other proteins. This hypothesis is further supported by the fact that many of the 533 

studies that attribute virulence traits to PE_PGRS and PPE-MPTR proteins, are performed in 534 

M. smegmatis, which lacks an ESX-5 secretion system and is unable to secrete these proteins 535 

[27,33,72]. Further work on the biological function of PE_PGRS and PPE-MPTR proteins, 536 

either on an individual basis or grouped, will have to take into account these findings and 537 

critically assess the impact of localization on effector function.  538 

Perhaps the most relevant finding of this work is that BCG is unable to secrete 539 

PE_PGRS and PPE-MPTR proteins and therefore does not raise T-cell responses against 540 

these proteins. Previous studies have shown that antibodies can be raised against PE_PGRS 541 

proteins, suggesting that it could be a beneficial property of a vaccine to secrete these proteins 542 

[25,91,92]. Here we provide evidence that PPE-MPTR proteins can be immunogenic in mice, 543 

which is further supported by a recent publication investigating immunogenicity of the PPE-544 

MPTR protein PPE39 [67]. Kim et al. identified two immunogenic epitopes of which one 545 

(MTBK_2482085-102) is located in the PPE-domain and has high homology to non-MPTR PPE 546 

proteins, while the other (MTBK_24820217-234) was located in the MPTR domain of this 547 

protein. Interestingly, the authors reported that vaccination with the recombinant PPE39 548 

protein induced a higher level of protection against M. tuberculosis Erdman, compared to a 549 

hypervirulent Beijing isolate [67]. This difference could be explained by our data, which 550 

would suggest immune responses against that MPTR epitope would not be helpful against a 551 

PPE38-deficient Beijing isolate. A related issue that requires further work is whether the 552 
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PPE38-dependent secretion effect in modern Beijing isolates is somehow related to that of the 553 

BCG vaccine and whether their respective secretion defects affect vaccine efficacy.   554 

There is strong evidence for the importance of PPE-MPTR proteins in human immune 555 

responses, because the PPE-MPTR protein PPE42 (Rv2608) is an integral part of the subunit 556 

fusion-protein vaccine candidate ID93 [60,66]. The fusion protein ID93 consists of four 557 

different proteins and has been tested as a vaccine candidate in both a Phase 1 and Phase 2A 558 

clinical trial [93,94]. Bertholet et al. 2008 demonstrated that PBMCs isolated from PPD+ 559 

healthy subjects produced IFN-γ in response to PPE42 and that almost 70% of subjects 560 

showed a reaction against the recombinant protein in a recall experiment [66]. Interestingly, 561 

100% of PPD+ subjects exhibited recall responses against the other (non-MPTR) PPE proteins 562 

that were tested, which could possibly be explained by exposure to modern Beijing, or other 563 

PPE38-deficient strains, in the subject cohort. PPE42 was selected as part of the ID93 vaccine 564 

due to its excellent ability to induce both humoral and cellular immune responses and 565 

immunization with PPE42 provided protection in mice almost comparable to BCG [60,66]. In 566 

Guinea pigs, ID93 significantly boosted the protection induced by BCG, which was 567 

interpreted as an ability to boost immune responses elicited by BCG [60]. However, based on 568 

our work it should be assumed that BCG does not induce immune responses against the PPE-569 

MPTR protein PPE42 and that boosting with ID93 may in fact broaden antigenic repertoire of 570 

the combined vaccination. Similarly, ID93 is able to induce protective immune responses to 571 

the M. tuberculosis Beijing isolate HN878, but it is unclear what the role of PPE42 is in this 572 

response. The analyses performed in Bertholet et al. 2010 and Baldwin et al. 2015 were 573 

performed with the four-gene fusion protein ID93 and not with the individual PPE42 subunit, 574 

which makes it impossible to assess these questions more thoroughly. What remains clear 575 

however, is that the PPE-MPTR protein PPE42 is an important part of a vaccine currently in 576 

clinical trials. The finding that ID93 includes a protein to which parental BCG is likely not 577 

able to induce immune responses, may actually put the proven booster qualities of this 578 

vaccine candidate in a different light and lead to optimal strategies to employ it.  579 

The question whether immune responses against PPE38-dependent proteins are important for 580 

a vaccine to be protective against tuberculosis, needs an urgent answer, especially since it 581 

concerns a total of 89 proteins. There are multiple vaccine candidates in clinical, or pre-582 

clinical, development that are based on attenuated M. tuberculosis strains and which likely 583 

secrete PE_PGRS and PPE-MPTR proteins [24,52,62,63,71,95]. Should we knock-out ppe38-584 

71 in these vaccine candidates to avoid immune modulation by the secreted substrates, or 585 
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should we prioritize these vaccine candidates, because they have a broader potential repertoire 586 

of epitopes? Should BCG vaccination be boosted by vaccine candidates including PPE-MPTR 587 

proteins such as ID93, or should this be avoided? Are there differences between designing 588 

vaccine candidates against strains secreting PE_PGRS/PPE-MPTR proteins and those with a 589 

PPE38-dependent secretion defect, such as the modern Beijing isolates? Are murine or other 590 

small animal infection models appropriate to predict PE_PGRS and PPE-MPTR-mediated 591 

impact on vaccine efficacy? These are questions that we are not yet able to answer in this 592 

work, but they reveal the need to increase our understanding of PE_PGRS and PPE-MPTR 593 

proteins. Better knowledge on PE_PGRS/PPE-MPTR proteins is not just an intellectual goal, 594 

but may also help to make more informed decisions in the design of novel vaccines against 595 

tuberculosis.   596 
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Figure Legends 622 

Figure 1: RD5-like genetic deletions in the M. tuberculosis complex and their effect on 623 

PE_PGRS secretion. A) The genetic organization of the RD5 locus in M. tuberculosis strains 624 

CDC1551 and H37Rv is depicted in colored arrows. Bars below the genes indicate the size 625 

and location of different RD5-like and ppe38-deletions examined in this work. Arrows above 626 

the genes indicate primers used in this study to verify the presence of RD5 associated genes, 627 

sequences can be found in Supplementary Table 4. Functional PE_PGRS secretion is 628 

indicated by shading of the strain name in green, while red shading represents strains in which 629 

PE_PGRS secretion is not functional (based on immunoblot analysis). Figure adapted from 630 

Mc Evoy et al. 2009 with permission from the authors [38]. B) Immunoblot secretion analysis 631 

of animal-adapted MTBC strains verifies that strains with RD5 deletions do not secrete 632 

PE_PGRS proteins. C) Immunoblot secretion analysis of five genetically divergent BCG 633 

isolates confirms the PE_PGRS secretion defect in all BCG isolates. Cop. 38 indicates the 634 

strain M. bovis BCG Copenhagen, transformed with vector pMV::ppe38-71 and is hereafter 635 

referred to as BCG38. Full western blots corresponding to panels depicted in B-C are depicted 636 

in Supplemental Figure 5.  637 

 638 

Figure 2: Secretion of PPE38 and PE_PGRS/PPE-MPTR proteins in BCG or M. 639 

tuberculosis does not alter phenotypic and functional maturation, or antigen 640 

presentation by innate immune cells. A) BM-DCs (C57BL/6, H-2b) infected with the 641 

indicated mycobacterial strains were stained for surface expression of co-stimulation markers 642 

CD40, CD80 and CD86, or MHC components I-Ab and H-2Kb. Depicted are the cell counts 643 

(Y-axis) and fluorescent intensity (X-axis) as quantified by flow cytometric analyses. 644 

Quantification of mean fluorescent intensity and quantification of cell survival can be found 645 

in Supplemental Table 1. B) Culture supernatant of the experiment described in A was 646 

assessed for the presence of cytokines IL-12p40/70, IL-6 and TNF-α. No differences were 647 

detected between cells infected with the isogenic BCG or M. tuberculosis isolates. C) 648 

Antigenic presentation by infected DCs is not affected by disruption or restoration of PPE38–649 

dependent protein secretion in M. tuberculosis or BCG. BM-DCs (BALB/c, H-2d) were 650 

infected with two-fold dilutions (data points in graph) of the indicated M. tuberculosis or 651 

BCG strains starting at MOI=10 (indicated by black arrow). IL-2 production was quantified 652 

by ELISA after overnight co-culture with I-Ed-restricted T-cell hybridoma specific for FbpA 653 
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(Ag85A101-120 (2A1), upper panel) or with I-Ad-restricted T-cell hybridoma specific for EsxH 654 

(TB10.474-88 (1G1), lower panel). Data are representative of biological duplicates.  655 

 656 

Figure 3: Restoring PPE38-dependent protein secretion of BCG does not increase 657 

protection against M. tuberculosis in C57BL/6 mice. Lung (A) or spleen (B) bacterial 658 

burdens of C57BL/6 mice infected with M. tuberculosis H37Rv via aerosol administration. 659 

Mice were vaccinated s.c. four weeks before the challenge, with 1 x 106 CFU/mouse of either 660 

BCG or BCG38 (indicated in green). Both strains were prepared, either in standard culture 661 

conditions in medium containing 0.025% Tween-80 considered as no capsule (indicated with 662 

(-)), or in culture allowing capsule formation/retention in detergent free condition (indicated 663 

with (+)). Photographs of the assessed organs are depicted in Supplemental Figures 2A, B. 664 

Each data point represents the CFU/organ of one single mouse counted and averaged from 665 

two technical duplicates. Error bars depict the standard deviation. Differences between 666 

different vaccination conditions were non-significant (p>0.05), but all vaccination conditions 667 

were statistically different from the unimmunized control group (p<0.01). Significance was 668 

calculated with Prism software using ordinary one-way ANOVA followed by Tukey’s test for 669 

multiple comparisons. 670 

  671 

Figure 4: Epitope mapping of PPE10 identifies two novel immunogenic T-cell epitopes. 672 

C57BL/6 H-2b (black) or C57BL/6 x CBA (H-2b/k) F1 mice (B6CBAF1, blue) were 673 

immunized s.c. with 1 x 106 CFU/mouse of M. tuberculosis H37Rv (Mtb, filled bars), or were 674 

left non-immunized (N.I. empty bars). Three weeks post-immunization, splenocytes were 675 

restimulated with control peptides or a library of 15-mers spanning PPE10 excluding the PPE 676 

domain. T-cell mediated IFN-γ responses were quantified buy ELISA as a measure of 677 

immunogenicity. Two immunogenic PPE10-peptides were identified (PPE10221-235 & 678 

PPE10381-395) in B6CBAF1 mice. Error bars depict standard deviation over two technical 679 

replicates. This figure depicts only newly identified epitopes and controls. Full results of the 680 

pep-scan epitope mapping can be found in Supplemental Figure 2.    681 

 682 

Figure 5: Ability of mycobacteria to induce T-cell responses against PPE-MPTR protein 683 

PPE10 is dependent on functional ESX-5- and PPE38-dependent secretion. C57BL/6 x 684 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 14, 2018. ; https://doi.org/10.1101/265462doi: bioRxiv preprint 

https://doi.org/10.1101/265462
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24

CBA F1 mice were immunized with the indicated mycobacterial strains. Three weeks post-685 

immunization, splenocytes were stimulated with the indicated peptides and IFN-γ production 686 

was measured by ELISA. Responses to the newly identified PPE10-derived immunogenic 687 

peptides are depicted in blue. Error bars represent the standard deviation over two technical 688 

duplicates. The results are representative two biological replicates performed on different 689 

timepoints.     690 

 691 

Figure 6: Boosting PPE10 specific immune responses does not increase protection 692 

against M. tuberculosis. A) Graphical representation of the prime-boost vaccination protocol. 693 

Mice were immunized with either BCG or BCG38 (Green). 60 days post-infection (d.p.i.) 694 

C57BL/6 x CBA F1 mice were injected s.c. with a booster consisting of adjuvant 695 

CpG(DOTAP), alone or in combination with a mix of PPE10221-235 and PPE10381-395 peptides 696 

(blue). The same formulation was intranasally administered four weeks later. Nine days after 697 

the intranasal boost, mice were exposed to M. tuberculosis H37Rv aerosol infection (220 698 

CFU/lung 1 d.p.i). Bacterial lung (B) and Spleen (C) burdens were assessed by dilution and 699 

counting 4 weeks post-infection (experimental end-point) after being photographed for 700 

macroscopic investigation (Supplemental figures 2C, D). Each data point represents the CFU 701 

value of one organ from a single mouse, error bars depict the standard deviation. No 702 

significant differences between the vaccination conditions were detected by ordinary one-way 703 

ANOVA followed by Tukey’s test of multiple comparisons. All vaccination conditions 704 

resulted in a significant (p<0.01) reduction in lung burden compared to unimmunized control. 705 

Reduction in spleen CFUs was not significant for any of the vaccination conditions. Statistical 706 

analyses were performed using PRISM software.     707 

 708 

Supplemental Figure 1: Immunoblot secretion analysis reveals no PPE38-dependent 709 

secretion effect in M. canetti, or M. tuberculosis Mj-sublineage Lineage 4 strains 710 

affecting the Nunavik Inuit. Immunoblots of whole-cell lysates or culture filtrates of the 711 

indicated M. canetti (A), M. tuberculosis (B) or BCG (C) isolates [43,46]. A) Although 712 

differences in protein secretion could be observed between different M. canetti isolates (A-J), 713 

all isolates exhibited PE_PGRS secretion.  B) PE_PGRS secretion of Mj-sublineage strains 714 

with a deletion affecting ppe38, but not ppe71 (Lanes 4-8) was not discernible from Lineage 4 715 

control isolate CDC1551 or an isolate from the same cohort without this deletion (MT13848). 716 
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C) Introduction of plasmid pMV::ppe38-71 in BCG complemented PE_PGRS secretion 717 

(BCG38), while complementation was not observed when performed with pYUB::RD5, even 718 

though presence of genetic presence of RD5 was PCR-confirmed with primers RD5B-719 

plcA.int.F/R [47]. Anti-SigA staining is uses as a lysis control in A, while anti-GroEL2 is 720 

used in B and C. Strain details can be found in Supplemental Table 5. Full blots of panels A-C 721 

are depicted in Supplemental Figure 6. 722 

 723 

Supplemental Figure 2: Harvested lungs and spleens from vaccinated and M. 724 

tuberculosis infected mice. Organs depicted in A and B correspond to the experiment 725 

depicted in Figure 3. Organs depicted in C and D correspond to the experiment depicted in 726 

Figure 6. After photography of the lungs (A, C), a single lung lobe was used for lung CFU 727 

quantification. Splenomegaly (B, D) was reduced, by all vaccination conditions, but did not 728 

differ markedly between vaccination conditions.    729 

 730 

Supplemental Figure 3: Epitope mapping of a peptide library identifies two PPE10 731 

epitopes that are immunogenic in C57BL/6 x CBA mice. IFN-γ production in response to 732 

peptides covering the indicated amino acid positions of PPE10 (Rv0442c) in C57BL/6 733 

(grey/green) or C57BL/6 x CBA F1 (B6CBAF1, blue/brown) mice. Mice were immunized 734 

with M. tuberculosis H37Rv (left) or unimmunized (right).   735 

 736 

Supplemental Figure 4: Construction and secretion analysis of M. tuberculosis 737 

CDC1551-∆ppe10. A) Schematic representation of deletion strategy and primers. The genetic 738 

region around PPE10, as taken from tuberculist, is depicted in colored arrows [69]. Flanking 739 

fragments used for homologous recombination are depicted in black bars. Left (PPE10KO-LF 740 

and PPE10KO-LR) and right (PPE10KO-RF and PPE10KO-RR) flanking regions were 741 

amplified by primers depicted in black. Primers used to verify successful homologous 742 

recombination are depicted in dark blue. All primer sequences can be found in Supplemental 743 

Table 4. B) PCR verification of successful homologous recombination in seven different 744 

colonies that grew on hygromycin selection plates. Colony 1 was taken for further analyses. 745 

C) Immunoblot analysis of strains tested for immunogenicity in Figure 5. Samples were 746 

prepared as described in materials and methods section. SigA was used as a loading in lysis 747 
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control. Some lysis could be found in both BCG and BCG38, but was not markedly different 748 

between strains. Full gels and blots used to create B and C are depicted in Supplemental 749 

Figure 7 750 

 751 

Supplemental Figure 5: Full blots corresponding to panels depicted in Figure 1B-C. 752 

Supplemental Figure 6: Full blots corresponding to panels depicted in Supplemental 753 

Figure 1A-C. 754 

Supplemental Figure 7: Full blots and gels corresponding to panels depicted in 755 

Supplemental Figure 4B-C.  756 
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 CD40 CD80 CD86 H-2Kb I-Ab % Live 

Cells 

Uninfected 218 338 264 663 904 94.9 

CDC1551 282 449 427 982 1404 82.5 

∆ppe38-71 287 424 446 925 1360 81.7 

ppe38-71-C 303 457 454 969 1419 81.5 

BCG  273 430 390 810 1348 86.6 

BCG38  276 429 381 832 1417 86.8 

 757 

Supplemental Table 1: Mean Fluorescent Intensities and percentage of live C57BL/6 BM-758 

DCs, infected (MOI = 0.5) with indicated strains of M. tuberculosis or M. bovis BCG with or 759 

without the ppe38-locus. As expected, the percentage of live cells was higher for BCG-760 

infected cells than for cells infected with M. tuberculosis strains, but did not vary significantly 761 

between isogenic strains (≤ 1.0 % difference between isogenic strain). These values are 762 

derived from the experiment depicted in Figure 2A.    763 
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 MHC-II MHC-II MHC-II MHC-II 

MHC Haplotype H-2b (C57BL/6 mice) I-Aα
b I-Aβ

b I-Eα
b I-Eβ

b 

Functional MHC-II available in H-2b I-Aα
b I-Aβ

b No I-E available in H-2b 

MHC Haplotype H-2k (CBA mice) I-Aα
k I-Aβ

k I-Eα
k I-Eβ

k 

Functional MHC-II available in H-2k I-Aα
k I-Aβ

k I-Eα
k I-Eβ

k 

H-2b/k (C57BL/6 x CBA) I-Aα
b 

I-Aα
k 

I-Aβ
b 

I-Aβ
k 

I-Eα
b 

I-Eα
k 

I-Eβ
b 

I-Eβ
k 

Functional MHC-II  

available in H-2 b/k 

Not only I-Aα
b I-

Aβ
b 

I-Aα
k  

I-Aβ
k 

I-Eα
k  

I-Eβ
k 

But also  I-Aα
b I-

Aβ
k 

I-Aα
k  

I-Aβ
b 

I-Eα
k  

I-Eβ
b 

 764 

Supplemental Table 2: Why there are more MHC-II restricting molecules available in 765 

C57BL/6 x CBA F1 mice than in C57BL/6 or CBA mice. A promoter mutation disrupts 766 

production of I-Eαb in C57BL/6 mice (Grey font with strikethrough), which are therefore 767 

unable to produce MHC-II I-E (Grey). In contrast, H-2k mice can produce both I-Aαk I-Aαk 768 

and I-Eαk I-Eαk. C57BL/6 x CBA F1 mice have an even bigger repertoire of possible 769 

functional MHC-II isoforms available due to recombination between the subunits.  770 
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Epitope 
PPE10221-235 

Protein 
Number 

Amino acid 
 Sequence Identity 

Sequence identity 
(100%) 

PPE10 Rv0442c GSGNTGSGNLGLGNL 100 
PPE13 Rv0878c GSGNEGSGNLGFGNL 86.7 
PPE39 Rv2353c GFGNTGSGNFGFGNT 80.0 
PPE53 Rv3159c GSGNTGSTNFGGGNL 80.0 
PPE16 Rv1135c GSGNDGNGNFGLGNI 73.3 
PPE21 Rv1548c GSGNLGSGNIGFGNK 73.3 
PPPE56 Rv3350c GLGNVGDGNLGLGNI 73.3 
PPE40 Rv2356c GFGNTGSGNFGFGNT 73.3 
PPE55 Rv3347c  GSGNVGFGNMGVGNI 66.7 
PPE34 Rv1917c  GIGNTGTGNFGIGNS 66.7 
PPE6 Rv0305c  GIGNSGTGNFGLGNT 66.7 
PPE8  Rv0355c GIGNTGTGNIGFGNT 66.7 
PPE5 Rv0304c GIGNTGTGNFGIGNS 66.7 
PPE62 Rv3533c GTGNAGSGNIGAGNT 66.7 
PPE54 Rv3343c GSGNVGSYNVGAGNV 66.7 
PPE24 Rv1753c  GFGNLGSNNVGVGNL 66.7 
PPE42 Rv2608 ASGNLGSGNVGVGNI 66.7 
PPE64 Rv3558 GAGNVGTGNIGFGNQ 60.0 
PPE35 Rv1918 GIGNAGANNFGLANL 60.0 
 771 

Epitope 
PPE10381-395 

Protein 
Number 

Amino acid 
Sequence Identity 

Sequence identity 
(100%) 

PPE10 Rv0442c NVLNSGLTNTPVAAP 100 
PPE12 Rv0755c GFLNSGLTNTGFANS 60.0 
PPE8 Rv0355c GLLNAGLVNTGIANP 53.3 
 772 

Supplemental Table 3: Sequence identity determined by BlastP search of immunogenic 773 

epitopes against the genome of M. tuberculosis H37Rv [29,96]. Black letters indicate identical 774 

amino acids. Red letters indicate non-identical amino acids.  Top: homologues of the MPTR-775 

containing peptide PPE10221-235 ordered by percentage of sequence identity. Bottom: 776 

Homologues of the peptide PPE10381-395, which is part of the C-terminal secreted domain of 777 

PPE10.   778 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 14, 2018. ; https://doi.org/10.1101/265462doi: bioRxiv preprint 

https://doi.org/10.1101/265462
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30

Supplemental Table 4: Primers used in this study 779 

Primer name Sequence 5’�3’ 

RD5B-plcA.int.F CAAGTTGGGTCTGGTCGAAT [47] 

RD5B-plcA.int.R GCTACCCAAGGTCTCCTGGT [47] 

PPE38F TTTTCGGTGTGGATTGTCT [38] 

PPE38R CCAGGGATTTCCAACGAC [38] 

PPE10 KO LF TTTTTTTTCAGCTTCTGACCGGCGCCAACATCGTGAA 

PPE10 KO LR TTTTTTTTCAGAGACTGCCTGGCGAACGTCCTCAACT 

PPE10 KO RF TTTTTTTTCAGTTCCTGACGGAGCCAAGCGACGCTAT 

PPE10 KO RR TTTTTTTTCAGAAACTGCTCGACCGCACTGGCATTCA 

PPE10(mtb) flank F GAACAGCGACTCCGACTACG 

PPE10(mtb) flank R  CTCGACCGCACTGGCATTCA 

p0004s-HL AGGATCCAGGACCTGCCAAT 

p0004s-HR CTTCACCGATCCGGAGGAAC 

  780 
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Supplemental Table 5: Bacterial strains used in this study  781 

  782 

Species Strain code reference Notes 
Mycobacterium canettii STB-A [43]  

Mycobacterium canettii STB-D [43]  
Mycobacterium canettii STB-J [43]  
Mycobacterium canettii STB-K [43]  
Mycobacterium canettii STB-L [43]  
Mycobacterium bovis CVL 

AF2122/97 
[97]  

Mycobacterium caprae 140080001 
 

 Pasteur strain 
collection 

Mycobacterium orygis 802564 [51] Pasteur strain 
collection 

Mycobacterium pinnipedii 140090001  Pasteur strain 
collection 

Mycobacterium bovis BCG BCG Pasteur [5,6]  

Mycobacterium bovis BCG BCG Danish [5,6]  
Mycobacterium bovis BCG BCG Tice [5,6]  
Mycobacterium bovis BCG BCG Tokyo [5,6]  
Mycobacterium bovis BCG BCG Russia [5,6]  
Mycobacterium bovis BCG BCG38 This study BCG Danish - 

pMV::ppe38-71 
CDC1551    
CDC1551 Δmt2419-22 Δppe38-71 [37]  
CDC1551 Δmt0458 Δppe10 This study  

CDC1551 Δmt2419-22, 
pMV::ppe38-71 

Δppe38-71-C [37] Δppe38-71 -
pMV::ppe38-71 

CDC1551 eccC5::tn eccC5::tn BEI resources & [57] BEI resources strain: 
JHU1783-2086  

H37Rv wild-type   Reference strain 

H37Rv Δppe25-pe19  Δppe25-pe19 [71]  
MT13848  [46] Clinical strain, 

Sublineage Mn 
MT5531  [46] Clinical strain, 

Sublineage Mj-III.a 
MT4854  [46] Clinical strain, 

Sublineage Mj-III.b 
MT140  [46] Clinical strain, 

Sublineage Mj-IV.c 
MT4884  [46] Clinical strain, 

Sublineage Mj-V.a 
MT3000  [46] Clinical strain, 

Sublineage Mj-V.c 
BCG::RD5   [16] BCG Pasteur 

containing cosmid 
pYUB::RD5  
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Materials and methods  783 

Strains and growth conditions 784 

All strains used in the study and the sources they are derived from can be found in 785 

supplemental table 5. Unless otherwise specified, all mycobacterial strains were grown on 786 

Middlebrook 7H11 solid medium (Difco) supplemented with OADC (BD Biosciences), or 787 

liquid 7H9 medium supplemented with ADC supplement and 0.05% Tween-80. Antibiotics 788 

were added where opportune at a concentration of 50µg/ml for Hygromycin (Euromedex), or 789 

25µg/ml for Kanamycin (Sigma). Strains were incubated at 37ºC. Liquid cultures were grown 790 

in shaking conditions at 80 rotations per minute. For animal-adapted strains M. bovis, M. 791 

caprae, M. orygis and M. pinnipedii, 0.2% w/v of Pyruvate (Sigma) was added to the growth 792 

medium [98]. Infection stocks of M. tuberculosis H37Rv used for aerosol infection 793 

experiments and BCG or BCG38 vaccination stocks without Tween-80 were prepared by 794 

inoculating 0.1 OD/ml bacteria in 100ml liquid culture without Tween-80. This culture was 795 

incubated for 7 days, after which it was washed with phosphate buffered saline (PBS) and 796 

sonicated (5x (100 pulses of 0.1s)) and left to rest for at least one hour before collecting the 797 

cell suspension considered to obtain a single-cell solution of encapsulated mycobacteria. 798 

Standard vaccination stocks were prepared in Dubos medium containing 0.025% Tween-80 in 799 

standing conditions and were harvested at an optical density between 0.4 and 0.7 OD600/ml.  800 

 801 

PCR verification of RD5 deletions 802 

RD5 deletions were PCR verified by previously published primers specific for plcA (rv2351c 803 

- Supplemental Table 4), which produce a product of approximately 500bp when this gene is 804 

present [47]. Primers amplifying the ppe38-71-locus (Supplemental Table 4) produce a 805 

3378bp product when the complete ppe38-71 locus is present [38]. This includes two copies 806 

of ppe38/71 (mt2419/mt2422) flanking the esxX (mt2420) and esxY (mt2421) in between in 807 

CDC1551. When only one copy of ppe38 and no esxX/esxY are present this PCR produces a 808 

product of approximately 1500 bp [38].  809 

 810 

Recombinant strains and mutant construction 811 

The complementation plasmid containing the ppe38-locus from CDC1551 (mt2419-22) under 812 

expression of hsp60 promoter was previously described [37]. The cosmid containing the RD5 813 
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region (pYUB::RD5) was part of the library described by Bange et al. 1999 and contains the 814 

genetic region spanning 2,611 kb – 2,645 kb of the M. tuberculosis H37RV reference genome 815 

[29,99].  816 

M. tuberculosis-Δppe10 was constructed as described by Bardarov et al. [70]. The 817 

homologous recombination construct was created by a PCR combining primers PPE10 KO 818 

LF & LR to amplify the 3’ end of rv0442c and another PCR with primers PPE10 KO RF & 819 

PPE10 KO RR to amplify the 5’ end of rv0442c (See Supplemental Table 4 for primer 820 

sequences). After phage packaging and infection, seven transformed colonies were tested by 821 

PCR with either primer PPE10(mtb) flank F & p0004s-HR, or PPE10(mtb) flank R & 822 

p0004s-HL (Supplemental Figure 4A, B). All colonies were found to have the correct deletion 823 

spanning from 152bp to 1133bp after the 5’ of rv0442c. We attempted to complement the 824 

∆ppe10 mutant with a previously published plasmid (p19kPro::rv0442c-HA) overexpressing 825 

HA-tagged PPE10 under control of the lpqH promotor [25]. Although clones expressing the 826 

HA-tag on this plasmid were obtained, these had a considerable in vitro growth defect, which 827 

would conflict with in vivo and in vitro studies and therefore this complemented strain was 828 

not analyzed further. 829 

 830 

Secretion analysis 831 

Strains were pre-cultured until mid-logarithmic phase under normal growth conditions 832 

(described above). Cultures were washed two times in 7H9 medium without ADC, 833 

supplemented with 0.2% Dextrose and 0.05% Tween and were incubated in this medium for 834 

48 hours. Cultures were centrifuged to separate cells and the supernatant was filtered through 835 

a 0.02µm filter, after which it was TCA-precipitated to concentrate. Cellular material was 836 

washed with PBS, resuspended in solubilisation/denaturation buffer and boiled for 10 min at 837 

95°C. After sterilisation by heating for 2 hours at 80°C, samples were sonicated to disrupt 838 

cells and boiled at 95°C during 10 minutes.    839 

Samples were loaded on 12% or 4-12% SDS-Page gels (NuPage ®, Novex, Life technologies) 840 

and transferred to nitrocellulose filters by dry western blotting (iBlot ®, Invitrogen). Proteins 841 

were stained by primary antibodies:  Anti-PGRS 7C4.1F7 [25] (Clone 7C4.1F7 was a kind 842 

gift from Michael J. Brennan, USA), polyclonal anti-SigA (Kind gift from I. Rosenkrantz, 843 

Denmark), Rabbit polyclonal anti-EsxN (rMTb9.9A) [100], monoclonal ESAT-6 (hyb76-8), 844 

or anti PPE41 [101].     845 
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 846 

Cell infection, ELISA and flow cytometry 847 

BM-DCs derived from C57BL/6 (H-2b) female mice were generated directly in 6-well plates 848 

and infected at day 6 of culture with different mycobacterial strains at M.O.I of 0.5 in RPMI 849 

1640-GlutaMax medium (Invitrogen) containing 10% FBS (4 x 106 cells/well in 4 ml 850 

volume). After over-night of infection at 37°C and 5% CO2, IL-6 (clone MP5-20F3 for 851 

coating and clone MP5-32C11 for detection, BD Pharmingen), IL12p40/70 (clone C17.8 852 

RUO, BD Pharmingen) and TNF-α (clone 1F3F3D4 for coating and clone clone XT3/XT22 853 

for detection, eBioscience) cytokine production was quantified in the culture supernatants by 854 

ELISA. 855 

For viability and phenotypic maturation evaluation, infected DCs were washed with PBS and 856 

incubated first with Live/Dead-Pacific Blue reagent (Invitrogen) during 35 minutes at 10°C in 857 

the dark. Cells were then washed twice and incubated with appropriate dilution of anti-858 

CD16/CD32 (2.4G2 mAb, BD Pharmingen) during 20 minutes followed by surface staining 859 

by 30 minutes of incubation with appropriate dilutions of APC-anti-CD11b (BD Pharmingen), 860 

PE-Cy7-anti-CD11c (BD Pharmingen), FITC-anti-CD40 (clone HM40-3, SONY), FITC-anti-861 

CD80 (B7-1) (clone 16-10A1 Biolegend), FITC-anti-CD86 (B7-2) (clone PO3, SONY), 862 

FITC-anti-MHC-II (I-A/I-E) (clone MS/114.15.2, eBioscience), FITC-anti-MHC-I (H-2kb) 863 

(clone AF6-88-5-5-3, eBioscience) or FITC-anti-IgG1k isotype control. The stained cells 864 

were washed twice with FACS buffer (PBS containing 3% fetal bovine serum (FBS) and 865 

0.1% NaN3) and then fixed with 4% paraformaldehyde during 18h at 10°C prior to sample 866 

acquisition by a LSR Fortessa flow cytometer system (BD Bioscience) and BD FACSDiva 867 

software. The obtained data were analyzed using FlowJo software (Treestar, OR, USA). 868 

 869 

Antigen presentation assay 870 

BM-DCs derived from BALB/c (H-2d) female mice were used at day 6 of culture as antigen 871 

presenting cells. Cells were seeded in 96-well plates at 5 x 104 cells/well and loaded with 1 872 

μg/ml of homologous or negative control synthetic peptides, or infected with different 873 

mycobacterial strains with serial two-fold dilutions of M.O.I., starting at M.O.I. = 10, in 874 

RPMI 1640-GlutaMax medium (Invitrogen) containing 10% FBS. After 18h of infection at 875 

37°C and 5% CO2, cells were washed twice with RPMI medium to eliminate the IL-2 876 
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possibly produced by the infected DCs and then co-cultured with 1 x 105 cells/well of T-cell 877 

hybridoma specific to EsxH/TB10.474-88 (1G1) or Ag85A101-120 (2A1), respectively restricted 878 

by I-Ad or I-Ed. After over-night of co-culture at 37°C and 5% CO2, the IL-2 secretion was 879 

quantified in the culture supernatants by ELISA (clone JES6-1A12 for coating and clone 880 

JES6-5H4 for detection, BD Pharmingen). 881 

 882 

Epitope mapping of PPE10 and T-cell assay 883 

A peptide library of sixty 15-mers with a 5-amino acid shifting frame, spanning amino acids 884 

181-487 of PPE10 (Rv0442c), was constructed commercially (Mimotopes Europe, United 885 

Kingdom). Epitope screening of PPE10 and immunogenicity assays were performed as 886 

previously described [52], with some modifications. Briefly, 6-8-week-old female C57BL/6 887 

(H-2b) or C57BL/6 x CBA F1 (H-2b/k) mice were immunized s.c. with 1 x 106 CFU/mouse of 888 

different mycobacterial strains obtained from exponential culture in Dubos medium. Epitope 889 

mapping was performed with mice immunized with M. tuberculosis H37Rv. Three to four 890 

weeks post-immunization, mice were sacrificed and pool of total splenocytes (n = 2 mice per 891 

group) were restimulated in 96-well flat-bottom plates (TPP, Den- mark) at 5 x 105cells per 892 

well in HL-1 medium (Biowhittaker, Lonza, France), complemented with 2 mM GlutaMax 893 

(Invitrogen, Life Technologies, France), 5 x 10-5 M β-mercaptoethanol, 100 U/ml penicillin 894 

and 100 μg/ml streptomycin (Sigma-Aldrich, France) in the presence of 10-20 μg/ml of 895 

individual peptides. IFN-γ production in the supernatant was quantified by ELISA after 72h of 896 

culture at 37°C and 5% CO2 (clone AN-18 for coating and clone R46A2 for detection), BD 897 

Pharmingen.  898 

 899 

Protection assays 900 

BCG and BCG38 were grown in 10ml Dubos medium or in 100ml 7H9-medium with ADC-901 

supplement without Tween-80. M. tuberculosis H37Rv and BCG-strains cultured without 902 

Tween-80 were sonicated (5 X 100 pulses; 0.1 seconds/pulse; 0.9 seconds’ rest; amplitude 903 

30%) to disrupt clumps and were frozen at -80°C. Frozen stocks were counted for CFU’s 904 

before immunization to assess dose while the dose of Dubos-grown strains was estimated 905 

based on optical density.   906 
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Eight-week-old C57BL/6 mice (n = 5 mice/group), were immunized with 1 x 106 CFU/mouse 907 

of BCG Danish (cultured - or + Tween-80), or BCG38 (cultured - or + Tween-80) in 200 μl 908 

PBS. Eight mice were concurrently injected with sterile PBS. Thirty days after vaccination, 909 

mice were challenged with aerosolized WT M. tuberculosis H37Rv strain. Three mice were 910 

sacrificed to assess bacterial lung burdens 1 day post challenge (assessed at 680 CFU/lung). 911 

All other mice were killed four weeks post-challenge due to human end-point criteria of 912 

unvaccinated mice. Lungs and spleens were homogenized by beadbeating, serially diluted in 913 

PBS and plated on 7H11 plates with (Lungs) or without (spleens) BBLTM MGITTM PANTATM 914 

(Beckton Dickinson, Ireland).        915 

The Prime-boost vaccination and challenge experiment was performed similar as above, with 916 

the following modifications. BCG or BCG38 were precultured in Dubos medium and five 917 

first generation C57BL/6 x CBA crossover mice were left unvaccinated or s.c. immunized (n 918 

= 5 mice/group). Eight weeks post-immunization, a subcutaneous boost was administered. 919 

This boost consisted of 200 μl/mouse of formulation containing 50 μl of each PPE10-derived 920 

peptide (PPE10221-235 and PPE10381-395) ProteoGenix, France, 30 μg of CpG 1826 921 

oligodeoxynucleotides as adjuvant (Sigma-Aldrich, France) at 1 μl/mL concentration, 60 μl of 922 

liposomal transfection reagent DOTAP (N-[1-(2,3-DioleOyloxy)]-N,N,N-Trimethyl 923 

Ammonium Propane methylsulfate, Roche, France) and 10 μl Opti-MEM (Life Technologies, 924 

France) as described in Sayes et al., 2016 [63]). Four weeks later, an intranasal boost was 925 

given to mice via intra-nasal route, under anesthesia as described in Sayes et al., 2016, 25 926 

μl/mouse contained 10 μg of PPE10 peptides, 2 μg of CpG at 10 μl/mL concentration, 10 μl 927 

of DOTAP and 3 μl Opti-MEM contained in 20 μl/mouse [63]. Ten days after the intranasal 928 

boost, mice were aerosol challenged with WT M. tuberculosis H37Rv strain. Three non-929 

immunized mice were killed one day post challenge to assess infectious dose administered, 930 

which was calculated at 220 CFU/lung. Four weeks later all other mice were killed and one 931 

lung and the spleen were homogenized with a MillMixer organ homogenizer (Qiagen, 932 

Courtaboeuf, France) and plated to assess bacterial burdens on 7H11 Agar medium 933 

supplemented with ADC (Difco, Becton Dickinson). The CFU were counted after 3-4 weeks 934 

of incubation at 37°C. 935 

All immunized and infected mice for immunogenicity and protection experiments were placed 936 

and manipulated in isolator in BSL-III protection-level animal facilities at the Pasteur 937 

Institute. 938 

To determine the statistical significance of the data, analyses were performed by use of 939 
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GraphPad Prism software (GraphPad Soft- ware, La Jolla, CA, USA), using ordinary one-way 940 

ANOVA followed by Tukey’s test for multiple comparisons.   941 
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