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General conclusions 

There is no effective vaccine against pulmonary TB in adults. The only currently available 

TB-vaccine, M. bovis BCG, reduces the risk of severe TB in infants, but protection against 

pulmonary TB in adults is highly variable and only limited. This thesis aimed to identify 

cellular responses that may account for the variable efficacy of BCG-vaccination, by 

assessing the induction of regulatory, pro-inflammatory and inhibitory marker-expressing 

T-cell subsets by M. bovis BCG in adults.  

Many pathogens induce, recruit and expand regulatory T-cells that act at the interface of 

human host and pathogen in immunity against diseases and following vaccination (Chapter 

2). Besides ‘specific’ suppression, also heterologous suppression can impact on (vaccine-

induced) immunity. M. tuberculosis induces Tregs, and CD4+ Tregs were also 

demonstrated in M. bovis BCG-vaccinated infants and adults. CD8+ Tregs are less studied - 

and often even overlooked - compared to CD4+ Tregs, especially in infectious diseases and 

vaccination. BCG-induced CD4+ Tregs had been reported, but no comparative analysis of 

BCG-activated CD4+ vs. CD8+ Tregs existed. 

We studied the induction of CD4+ and CD8+ Tregs following in vitro M. bovis BCG-

stimulation of PBMCs isolated from PPD-reactive healthy human donors. Next, we 

compared suppressive activity of live vs. heatkilled BCG-stimulated T-cells, and compared 

suppressive activity of live BCG-stimulated T-cell subsets (Chapter 3). We found that live 

BCG-stimulation induced a regulatory T-cell phenotype that consisted predominantly of 

CD8+, and not CD4+ T-cells. Expression, co-expression, and expression level of regulatory 

markers was higher on BCG-activated CD8+ T-cells compared to CD4+ T-cells, and 

selection of T-cells on co-expression of regulatory markers indeed enriched for CD8+ T-

cells. Heatkilled BCG-activated T-cells were not suppressive, while in contrast live BCG-

activated T-cells suppressed proliferation of Th1-cells. The suppressive activity of live 

BCG-activated T-cells was mediated predominantly by CD8+ Tregs, and not by CD4+ T-

cells.   

CD39 (E-NTPDase1) has previously been described as a functionally active marker of 

mycobacteria-induced CD4+ Tregs, but has not been studied on mycobacteria-activated 

CD8+ Tregs. Chapter 4 demonstrates specific CD39-expression on CD8+ T-cells following 

live BCG-activation of PBMCs from PPD-responsive donors. CD8+ T-cell lines sorted on 
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CD39-expression were highly enriched in expression of (other) regulatory markers. Only 

CD8+CD39+ T-cells, but not CD8+CD39- T-cells suppressed proliferation of Th1 cells, and 

blocking of CD39 resulted in partial reversal of suppression by CD8+CD39+ T-cells. This 

demonstrates the functional involvement of CD39 in mediating suppression by in vitro live 

BCG-activated CD8+ Tregs.  

We then assessed - prospectively - the induction of primary pro-inflammatory and 

regulatory T-cell responses by BCG-vaccination of TST-negative, QuantiFERON test-

negative, and BCG-naive healthy adults (Chapter 5). The primary immune response 

following BCG-vaccination was unexpectedly dichotomous: we found either induction of 

IFNγ+IL2+TNFα+ polyfunctional CD4+ T-cells concurrent with CD4+IL17A+ and 

CD8+IFNγ+ T-cells, or virtually absent cytokine responses. Vaccine-induced skin 

inflammation correlated well with serum CRP early after vaccination, and induction of 

polyfunctional CD4+ T-cells and IFNγ production by PBMCs was confined to high skin 

inflammation responders. Treg induction by BCG-vaccination was also assessed. 

Analogous to the predominant activation of CD8+ Tregs following in vitro BCG activation 

of PBMCs from PPD-responders in Chapter 3, we found induction of the regulatory 

phenotype only within the CD8+ T-cell compartment, and did not find any significant 

induction of CD4+ Tregs following live BCG-stimulation. In notable contrast to 

polyfunctional CD4+ T-cell induction, the induction of CD8+ Tregs compared to pre-

vaccination was confined to low skin inflammation responders. Thus, following BCG-

vaccination highly variable and opposing immune responses were found already within a 

small adult cohort, in a non-TB endemic region.  

Recent studies in murine TB-vaccine models discovered a relation between expression of 

PD-1 or KLRG1 and vaccine-induced protective efficacy against TB. In these murine TB-

models KLRG1 was a more powerful marker of terminal differentiation and functional 

exhaustion compared to PD-1, however the induction of KLRG1 expression on human T-

cells in response to mycobacteria had not been investigated yet. We found that following 

BCG-vaccination of BCG-naive adults, KLRG1 expression on CD8+, but not CD4+ T-cells, 

significantly increased compared to pre-vaccination (Chapter 6). Neither PD-1 nor CTLA-

4 expression increased on CD4+ or CD8+ T-cells. KLRG1-expressing CD8+ T-cells 

exhibited markedly decreased proliferation, whereas PD-1+ T-cells proliferated after in 

vitro BCG-stimulation, analogous to murine TB-vaccine models. In patients with active TB 
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disease, we observed a mild increase of KLRG1 and PD-1 expression on CD4+ T-cells. 

However, KLRG1, PD-1 and CTLA-4 exhibited highest expression on CD4+ T-cells of 

individuals recently treated for TB, which may be a consequence of persistent antigen 

release during antibiotic treatment. Thus, we have demonstrated induction of non-

proliferating KLRG1+ CD8+ T-cells following BCG-vaccination in humans; future research 

should delineate whether inhibitory marker expression indicates a lack of vaccine-induced 

protective efficacy.  

This thesis addressed BCG vaccine-induced immunity against mycobacteria, and has 

characterized three important cellular immune responses that are induced by M. bovis BCG 

in human adults. Firstly, M. bovis BCG induces CD8+, but not CD4+ regulatory T-cells, in 

human adults. We additionally demonstrated that CD39 is functionally involved in 

mediating suppression by these BCG-activated CD8+ Tregs. Secondly, the pro-

inflammatory response induced by BCG-vaccination was unexpectedly dichotomous: either 

the induction of polyfunctional CD4+ T-cells, that was confined to vaccinees with high 

inflammation of the skin vaccine lesion, or virtually no induction of cytokines with a 

concomitant induction of CD8+ Tregs. Thirdly, non-proliferating KLRG1+ CD8+ T-cells 

were induced following BCG-vaccination in humans, and expression of this inhibitory T-

cell marker may possibly be associated with a lack of vaccine-induced protective efficacy.  

Thus, BCG-vaccination induced highly variable and opposing T-cell responses. 

 

M. bovis BCG modulates immunity against M. tuberculosis 
This thesis demonstrates that BCG, a live bacterial vaccine against TB, induces highly 

variable pro-inflammatory responses, as well as CD8+ regulatory T-cell responses 

(Chapter 3, 4 and 5). Mycobacteria are master manipulators of the immune system and 

employ a myriad of mechanisms to induce immune regulation (Chapter 2). Major 

virulence factors were lost by in vitro passaging of M. bovis to obtain M. bovis BCG, but M. 

bovis BCG clearly shares regulatory-inducing capacities with Mtb. Mycobacteria activate 

tolerizing DCs and anti-inflammatory macrophages [1], that produce IL-10 and induce 

Tregs [2;3]. In return, Tregs could further limit the pro-inflammatory response by 

suppressing APC activation [4]. It is however unknown which exact mechanisms are 
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employed by M. bovis or M. bovis BCG to induce Tregs; and the evaluation in this thesis 

did not extent to assessment of these mechanisms. 

BCG-induced innate signaling pathways could lead to Treg induction, however another 

highly interesting aspect of innate immunity, for which evidence of the effect of BCG-

vaccination is increasing, is the induction of trained immunity by M. bovis BCG. Trained 

immunity is a state of long-term and increased responsiveness of monocytes to secondary 

infections, associated with epigenetic alterations that affect both intracellular signaling and 

cell metabolism [5;6]. It can be induced by pathogens or vaccination with live microbes 

such as M. bovis BCG, measles or yellow fever [5]. This is important, since BCG-induced 

trained immunity could be partly responsible for the protection against TB mediated by 

BCG-vaccination in infants, and could further account for the heterologous, ‘non-specific 

effect’ of BCG-vaccination in protecting infants against unrelated infectious diseases, as 

well as the protective effect of intravesical BCG-therapy in bladder cancer [7-9].  

What constitutes vaccine-induced (T-cell mediated) protective immunity against TB is not 

clear; and so far no specific TB biomarker or correlate of protection has been found in 

either infants or in the adult population. CD4+ polyfunctional T-cells have been proposed as 

correlate of vaccine-induced protective immunity [10], and in infants these cells are 

induced by BCG-vaccination [11]. However, during follow up the presence of such cells 

was not associated with the development of or protection against TB [12]. The impact of 

the BCG-induced regulatory T-cell response, as demonstrated in this thesis, on vaccine-

induced immunity against TB remains unknown. Future research should delineate the 

impact of the regulatory response, as well as the mechanisms that are causing it. 

 

BCG-vaccination induces predominantly CD8+ Tregs, and not CD4+ 

Tregs 
CD4+ and CD8+ Tregs have been demonstrated in murine and human infection with M. 

tuberculosis and M. leprae (Chapter 2). Here we found in comparative analyses that 

following live M. bovis BCG-stimulation CD8+ but not CD4+ Tregs were activated in 

human adults (Chapter 3 and 5). M. tuberculosis actively modulates phagosome-lysosome 

fusion, autophagy and antigen presentation in the macrophage [13], yet Mtb and M. bovis 
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BCG could differ in their intracellular lifestyle and antigen presenting pathways. Induction 

of CD8+ T-cell responses requires access to the MHC-I antigen processing pathway; 

translocation of mycobacteria from the phagosome into the cytosol, cross-priming by DCs, 

or alternative antigen presenting pathways would provide this access. In one study 

translocation of Mtb into the cytosol was dependent on secretion of ESAT-6 and CFP-10, 

as part of the ESX-1 secretion system which is encoded in region of difference 1 (RD1) 

[14]. The same study demonstrated that BCG did not translocate into the cytosol [14]. Since 

the genomes from all BCG strains lack RD1, this questions how BCG could induce CD8+ 

T-cell responses, which it does, as described in this thesis.  

It was noted previously [15] that cytosolic Mtb could be due to atypical cell death instead 

of translocation from the phagosome, and that in vivo murine and human studies - though 

limited in number - so far only observed Mtb in membrane-bound organelles. Furthermore, 

various cytosolic and vacuolar pathways enable mycobacterial antigen to enter MHC-I 

presentation pathways without a requirement for escape from the phagosome [15]. At least, 

escape of bacilli into the cytosol is not essential in inducing CD8+ T-cell responses. 

Following intradermal vaccination, BCG is present relatively long as a live (intracellular) 

bacterium in the human body. Live BCG bacilli are transported into the draining lymph 

node by dendritic cells, macrophages and neutrophils [16]. Prolonged antigen availability 

could increase CD8+ T-cell responses through optimal cross-presentation by dendritic cells 

(Chapter 3 and 5). In addition, extracellular fragments of BCG could be cross-presented 

and CD8+ T-cells could be induced [17].  

Interestingly, in vitro stimulation of PPD-responsive PBMCs with heatkilled BCG did not 

induce either CD4+ or CD8+ Tregs (Chapter 3). BCG may need to be present as a live 

bacterium to modulate - through so far unknown mechanisms - towards tolerance. 

Interestingly, the phagosome membrane containing live BCG was found to have pores 

permissive of molecules up to 70 kDa; but only viable and not formalin-killed BCG was 

associated with permeability of these membranes [18]. Therefore, live BCG may actively 

employ mechanisms to enter antigen into MHC-I presentation pathways. Also in our cell 

cultures, the ratio of CD4+ : CD8+ T-cell expansion was increased following heatkilled 

BCG-stimulation (Chapter 3).  

So far, CD4+CD25+ Tregs have been identified - in TB disease and after BCG-vaccination - 

by in vitro PBMC stimulation with mycobacterial PPD, TB-specific peptides or freeze-
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dried BCG in culture with antibiotics [19-21]. This may have overlooked the induction of 

CD8+ Tregs by live BCG bacilli. Since BCG is administered as a (partly) live vaccine, the 

possible negative impact of CD8+ Tregs on BCG-vaccine mediated immunity may be larger 

than previously thought.    

 

Host factors in the heterogeneous pro-inflammatory response following 

BCG-vaccination 
The primary immune response following BCG-vaccination in TST-negative, 

QuantiFERON test-negative, BCG-naive healthy adults, was unexpectedly found to be 

highly heterogeneous. Previous reports on induction of polyfunctional CD4+ T-cells by 

BCG-vaccination had also yielded variable results; but here, we demonstrate high 

variability of BCG-vaccination-induced pro-inflammatory cytokines, and an inverse 

relation with a CD8+ regulatory response, within one cohort (Chapter 5). To detect BCG-

induced immune responses, we used short-term live BCG-stimulation of whole blood, 

followed by fixation, cryopreservation, and intracellular cytokine staining. This whole 

blood assay (WBA) has previously been optimized for assessment of immunogenicity in 

TB-vaccine trials [22]. It has been qualified as precise, robust and operator-independent, 

furthermore the detection of cytokines is independent of the duration of cryopreservation 

[23]. Importantly, we confirmed vaccine ‘take’ one year after vaccination by IFNγ-

ELISpot: a standardized and sensitive assay to detect long-term mycobacterium-specific 

immune responses [24]. The variation in immunogenicity assessed by live BCG-whole 

blood stimulation was furthermore reflected in the heterogeneous IFNγ production of PPD-

stimulated PBMCs of vaccinees at 4, 8 and 12 weeks after vaccination. Cytokine 

responders and non-responders were evenly distributed among vaccination days and 

gender; furthermore all participants were Caucasian, and ranges of age and weight were 

small. We therefore concluded that the observed heterogeneous response reflected true 

inter-individual variation.  

What causes a pro-inflammatory response in some individuals, and a predominantly 

regulatory response in others, is probably partly attributable to M. bovis BCG-vaccine 

immunomodulation, and partly intrinsic to the individual that is vaccinated; the relative 
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contribution of these factors and their mechanism of interaction is yet unclear. Our cohort 

was too small for meaningful genetic analyses, but in larger cohorts it would be highly 

informative to correlate heterogeneity of immune responses with host specific allelic 

variations, homo- vs. heterozygosity for specific HLA loci, and to single nucleotide 

polymorphisms (SNPs) in HLA genes, immune receptors and signaling molecules. It is 

likely that polymorphisms also exist for regulatory cytokines and regulatory receptors / 

surface markers. Thus, in larger cohorts an assessment of genetic variation in regulatory 

molecules should be included.   

In infectious diseases, lessons on immune pathways can be drawn from major immune 

deficiency syndromes such as the extreme susceptibility to mycobacteria caused by 

mutations in e.g. genes encoding IFNγ- and IL12-receptors [25]. However, genetic variants 

in the general population may also regulate susceptibility towards infectious diseases 

including TB, HIV and malaria [26;27]. A striking example that also genetic variation in 

regulatory responses can be involved in susceptibility towards infectious disease, comes 

from two ethnic groups living in one area in Burkina Faso: the Fulani people are relatively 

resistant to P. falciparum-caused malaria compared to the Mossi people; this is associated 

with reduced CTLA4 and FOXP3 expression compared to Mossi [28]. In addition, the risk 

of developing malaria in Kenyan adults is related to Treg frequencies [29]. Antibody serum 

levels induced by measles-vaccination were associated with HLA-I and -II variation [30], 

and antibody levels induced by both measles- and rubella-vaccination correlated with 

cytokine- and cytokine receptor SNPs (including IL12B, IL12RB1, IL2, and IL10) [30;31]. 

In infant BCG-vaccination, Toll-like receptor (TLR) polymorphisms correlated with the 

amplitude of the IFNγ response in BCG-stimulated whole blood 10 weeks after vaccination 

[32].  

Major lessons can be drawn from the TB-vaccine candidate MVA85A in infants and adults. 

Even though no enhanced protection against TB was observed following MVA85A-

booster- compared to placebo-vaccination of previously BCG-vaccinated children, analysis 

of the variation within this large cohort provides valuable insights into host and vaccine 

immune mechanisms. In South-African infants, positive responses to antigen 85A (Ag85A) 

in IFNγ ELISpot 28 days after MVA85A-vaccination were associated with expression of 

genes enriched in innate cells [33]. This was in contrast with the MVA85A-induced 

immune response in British adults: there, not pre-vaccination inflammatory pathways, but 
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pre-vaccination expression and early (day 2) induction of regulatory pathways were 

inversely related with the IFNγ ELISpot response [34]. In another study, high pre-

vaccination TGF-β1 serum levels correlated with low Ag85A-specific IFNγ ELISpot 

responses for up to 4 months after MVA85A-vaccination [35]. The authors concluded that 

different pathways are involved following vaccination of infants vs. adults, or African vs. 

British individuals. 

Immunogenetics can reveal important vaccine-induced immune pathways, and possibly in 

the future predict vaccine outcomes. High- and low cytokine responders of the BCG-

vaccinated cohort in this thesis (Chapter 5) did not significantly differ in either cytokine- 

or regulatory marker expression before vaccination. It is however possible that minor 

genetic variations in inflammatory or regulatory-related genes were decisive in expansion 

of pro-inflammatory vs. regulatory cells. This may have been in interplay with intrinsic 

immunomodulatory capacities of the M. bovis BCG-vaccine.  

 

Classical, regulatory and clinical markers of immunity 
There is no ultimate TB biomarker or correlate of protection; also CD4+ polyfunctional T-

cells were found to be not associated with immunity against TB. However, new surrogate 

endpoints of protection may be found by deciphering vaccine-induced cellular profiles and 

mechanisms of (in vitro) protection [36]. This would both accelerate vaccine trial 

evaluation, as well as enhance the statistical power of small(er) cohorts [37]. As described 

in the previous section, the induction of a regulatory response, inversely related to a pro-

inflammatory response, was also reported following MVA85A-vaccination of British adults 

[34]. Furthermore, vaccination of South African adults with the candidate TB-vaccine 

M72/AS01 induced pro-inflammatory, but also regulatory responses [38]. This suggests 

that assessment of regulatory responses in relation to deep immune phenotyping could 

assist in the search for protective correlates in future TB-vaccine trials.  

In Chapter 4 we reported for the first time expression of CD39 on human BCG-activated 

CD8+ Tregs. A murine cancer model has yielded mechanistic insights into the pivotal role 

of the ectonucleotidases CD39 and CD73 in differentiation of suppressive vs. non-

suppressive Th17 cells: differentiation in the context of IL-6 and TGF-β activated Stat3 and 
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Gfi-1, which bound to promotor regions of CD39 and CD73 and activated their expression. 

These Th17 cells were suppressive through production of adenosine and promoted tumour 

growth following adoptive transfer, whereas Th17 cells generated with IL-1β, IL-6, and IL-

23 did not express ectonucleotidases and were not suppressive [39]. In human TB pleurisy, 

CD39+ Tregs isolated from pleural effusion inhibited in vitro differentiation of naïve T-

cells into Th17 cells through TGF-β [40]. Also - as reviewed in Chapter 2 - combined 

action of Mtb and CD39+ Tregs within the granuloma can induce a macrophage type 1 

towards type 2 switch. CD39-expressing Tregs may thus be a pivotal player in hampering 

protective immunity against TB through several mechanisms.  

Following murine BCG-vaccination, production of IL-17 by pulmonary CD4+ T-cells 

correlated with protection against TB challenge [41]. In humans, the MVA85A-vaccination 

induced CD39-expression on CD4+ T-cells correlated negatively with IL17A-responses in 

stimulated PBMCs [42;43]. In Chapter 4 we demonstrated functional involvement of 

CD39 on CD8+ T-cells in mediating suppression of CD4+ (IFNγ+) Th1 cells. We did not 

assess the relation of CD39-expression with Th17 differentiation or IL17 production. 

Future studies should determine whether CD8+CD39+ Tregs impair BCG-induced 

protection against TB, and whether (CD8+)CD39+ Treg frequency or activity could be used 

as a correlate of (impaired) protection. Yet, it is unknown if vaccination-induced cellular 

subsets are stable or may transdifferentiate into other subsets. 

Markers of inflammation that are ‘classical’ in clinical medicine, could be used as ‘non-

classical’ indicators of  vaccine-induced immunity. The skin inflammation score (and CRP 

assay) described in Chapter 5 do not represent specific correlates, however the vaccine-

induced skin reactogenicity likely represents inflammation as a result of multiple 

underlying immune mechanisms. The in vitro pro-inflammatory cytokine response in BCG-

vaccinated infants and in BCG-revaccinated British adults also correlated with scar 

formation of the BCG-vaccine lesion [44;45]. It is highly interesting that scar formation in 

infants has also been associated with the non-specific protective effects of BCG-vaccination 

[46]. BCG-induced TST-conversion was not associated with protection against TB [47]. In 

Chapter 5 we identified two types of primary opposing immune responses following BCG-

vaccination in BCG-naive individuals: a pro-inflammatory response or a regulatory T-cell 

response, which correlated with the skin inflammation score. Follow-up of skin reactivity 

and/or scar formation may possibly provide insight into protective immunity, and may 
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assist in identification of various responses and mechanisms, including innate immunity.  

Any potential correlate of vaccine-induced protection will need to be validated in 

sufficiently powered clinical vaccine trials [36]. Yet, in the absence of any protective TB-

vaccine, potentially valuable information of protective activity could be obtained from in 

vitro functional estimates of mycobacterial control such as growth inhibition, and the 

recently developed human BCG-challenge model with intradermal injection of BCG bacilli 

followed by skin biopsy [45;48].  

 

Expression of inhibitory receptors by T-cells 
Continued effector T-cell function and proliferation of T-cells are essential to maintain 

control of Mtb [49]. However, studies on chronic viral infections such as HIV, hepatitis B 

and hepatitis C, as well as on tumours, have shown how continued antigen exposure 

exhausts T-cell function [50]. This is marked by expression of inhibitory receptors and 

impaired proliferative capacity, and is associated with diminished T-cell mediated control 

of infection [50]. Persistent Mtb infection could potentially exhaust the T-cell response in a 

similar way, impairing T-cell mediated immunity. There is currently no evidence that 

mycobacteria actively manipulate towards terminal T-cell differentiation (as is the case for 

induction of Tregs). Since BCG persists relatively long  in the human body following 

vaccination, we have hypothesized (Chapter 6) that BCG - besides actively inducing CD8+ 

Tregs - by its prolonged presence may also steer T-cells towards terminal differentiation.  

In Chapter 6 we described the induction of CD8+KLRG1+ T-cells following BCG-

vaccination of human adults, which exhibited markedly impaired proliferative capacity. 

Interestingly, in Mtb-infected mice only KLRG1- T-cells were able to enter the lung 

parenchyma, while KLRG1+ T-cells were contained intravascularly [51]. Thus, the 

upregulation of terminal differentiation markers following vaccination may be associated 

with impaired vaccine-induced protection, deregulated memory, or decreased migratory 

potential. Considering the specific association of KLRG1 expression with loss of T-cell 

mediated immune control in murine TB [52;53], this has potential impact on the study of 

vaccine-induced immune correlates of protection in humans.  

KLRG1 expression was significantly induced on CD8+, but not CD4+ T-cells. Given the 
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predominant CD8+ regulatory response induced by M. bovis BCG (Chapter 3 and 5), it is 

important to note that BCG-induced CD8+KLRG1+ T-cells were not enriched for regulatory 

markers compared to the total CD8+ T-cell population. Also no relation was observed 

between expression of KLRG1 on CD8+ T-cells and the skin inflammatory response or the 

induction of polyfunctional CD4+ T-cells, such that these seem to be independent 

phenomena following BCG-vaccination. Interestingly, also CD8+PD-1+ T-cells were not 

enriched for the regulatory phenotype. PD-1 is ubiquitously expressed on various immune 

cells, including Tregs, yet PD-1 ligation of Tregs causes their expansion and activation, 

while PD-1 ligation on other cells serves as a brake in the immune response [54]. PD-1 

ligation is actively exploited by Mtb to inhibit effector immunity and to expand Tregs ([55]; 

Chapter 2). In addition, and not mutually exclusive, PD-1 expressing cells may have a dual 

role in that they could also maintain long-term immune responses during persistent Mtb 

infection [49]. 

Only CD8+CTLA-4+ T-cells were enriched for the regulatory markers Foxp3, CD25 and 

CD39 following BCG-vaccination (Chapter 6); indeed, these cells partially mimicked the 

pattern observed for the CD8+CD25+Foxp3+CD39+ phenotype as described in Chapter 5. 

The mean fluorescence intensity of CTLA-4 expression on CD8+ T-cells was slightly 

increased eight weeks post-vaccination, and this was confined to low inflammation 

responders. CTLA-4 is expressed on a variety of cells, including Treg cells, and CTLA4 is 

a Foxp3 target gene in mice [54]. Tregs modulate APCs by CTLA-4-mediated trans-

endocytosis of CD80 and CD86, which depletes co-stimulatory receptor expression on 

APCs [56]. Tregs have multiple and highly adaptable other modes of suppression [57]; vice 

versa not all CTLA-4 expressing T-cells are Tregs [58]. In any case, its active involvement 

in APC modulation, and the numerous associations with the Treg phenotype and function 

that have been reported in infectious diseases (Chapter 2), provide a rationale for the 

enrichment in regulatory markers that we observed.  

It is interesting that immune checkpoint blockade of ligand-receptor interaction thus can not 

only enhance pro-inflammatory effector immunity, but can simultaneously also decrease 

Treg function and proliferation [54]. In addition, intriguing interactions between Tregs and 

terminally differentiated (exhausted) T-cells have been described: in murine LCMV 

infection models CTLA-4+ Tregs preserved the exhausted state of antigen-specific CD8+ T-

cells through B-7 modulation, depleting the APC of costimulatory molecules in the face of 
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continued antigen presence [59]. Depletion of Tregs reactivated T-cell function, but 

additional PD-L1 blockade was needed to control viral load [59]. In murine retroviral 

infection, both Treg depletion and blocking inhibitory receptors (PD-1 and TIM-3) 

decreased viral load, however combination therapy was superior in achieving sustained 

reduction [60]. Trials of combination checkpoint blockade in individuals with metastasized 

melanomas demonstrated synergy and improved control of tumour progression compared to 

monotherapy [61]. This provides new rationale for combined immunotherapy: modulation 

of two different pathways, regulatory and exhausted, could be optimal to resurrect immune 

control of chronic infection. Also (vaccine-induced) immunity against TB may be enhanced 

by combined immunotherapy; future studies will hopefully answer the question whether 

this would indeed result in improved protective immunity and whether this is clinically 

feasible and safe.   

 

Concluding remarks  

The (1) induction of CD8+CD39+ regulatory T-cells, that partly suppress via CD39, the (2) 

variability of the primary pro-inflammatory response with either induction of CD4+ 

polyfunctional Th1 cells or CD8+ Tregs, and (3) the induction of CD8+KLRG1+ T-cells 

with impaired proliferative capacity by BCG-vaccination in humans, represent a novel 

network of inter-related immune responses, that may all impact on vaccine-induced 

protective immunity against TB. Though the induction of CD4+ Tregs has been 

demonstrated in TB, following vaccination with BCG or candidate TB-vaccines, M. bovis 

BCG-induced CD8+ Tregs have been overlooked as significant modulators of immunity in 

TB and TB-vaccine studies. In addition, alternative indicators such as skin reactivity and 

CRP were found that could assist in future analysis of vaccine-induced immune responses. 

Basic research into vaccine-induced pro-inflammatory, regulatory and terminally 

differentiated cellular responses thus provides novel immune markers and uncovers new 

mechanisms regulating vaccine-induced immunity, with significant repercussions for 

protection. This could guide vaccine design and provide a basis for immunotherapy options 

- as are now emerging in cancer medicine - to optimize immune control of tuberculosis.             



Conclusions and Discussion 
 

- 175 - 
 

References 
 
1. Ottenhoff,TH. New pathways of protective and pathological host defense to mycobacteria. Trends Microbiol 

2012. 

2. Verreck,FA, de Boer,T, Langenberg,DM, Hoeve,MA, Kramer,M, Vaisberg,E et al. Human IL-23-producing 
type 1 macrophages promote but IL-10-producing type 2 macrophages subvert immunity to (myco)bacteria. 
Proc Natl Acad Sci U S A 2004;101:4560-4565. 

3. Savage,ND, de Boer,T, Walburg,KV, Joosten,SA, van Meijgaarden,KE, Geluk,A et al. Human anti-
inflammatory macrophages induce Foxp3+ GITR+ CD25+ regulatory T cells, which suppress via 
membrane-bound TGFbeta-1. J Immunol 2008;181:2220-2226. 

4. Joosten,SA and Ottenhoff,TH. Human CD4 and CD8 regulatory T cells in infectious diseases and 
vaccination. Hum Immunol 2008;69:760-770. 

5. Saeed,S, Quintin,J, Kerstens,HH, Rao,NA, Aghajanirefah,A, Matarese,F et al. Epigenetic programming of 
monocyte-to-macrophage differentiation and trained innate immunity. Science 2014;345:1251086. 

6. Cheng,SC, Quintin,J, Cramer,RA, Shepardson,KM, Saeed,S, Kumar,V et al. mTOR- and HIF-1alpha-
mediated aerobic glycolysis as metabolic basis for trained immunity. Science 2014;345:1250684. 

7. Kleinnijenhuis,J, van Crevel,R, and Netea,MG. Trained immunity: consequences for the heterologous effects 
of BCG vaccination. Trans R Soc Trop Med Hyg 2015;109:29-35. 

8. Eisenhut,M. Enhanced innate immunity as explanation for reduced Mycobacterium tuberculosis infection in 
Bacillus Calmette-Guerin-immunized children. Am J Respir Crit Care Med 2013;188:257-258. 

9. Kleinnijenhuis,J, Quintin,J, Preijers,F, Joosten,LA, Ifrim,DC, Saeed,S et al. Bacille Calmette-Guerin induces 
NOD2-dependent nonspecific protection from reinfection via epigenetic reprogramming of monocytes. Proc 
Natl Acad Sci U S A 2012;109:17537-17542. 

10. Darrah,PA, Patel,DT, De Luca,PM, Lindsay,RW, Davey,DF, Flynn,BJ et al. Multifunctional TH1 cells 
define a correlate of vaccine-mediated protection against Leishmania major. Nat Med 2007;13:843-850. 

11. Soares,AP, Kwong Chung,CK, Choice,T, Hughes,EJ, Jacobs,G, van Rensburg,EJ et al. Longitudinal changes 
in CD4(+) T-cell memory responses induced by BCG vaccination of newborns. J Infect Dis 2013;207:1084-
1094. 

12. Kagina,BM, Abel,B, Scriba,TJ, Hughes,EJ, Keyser,A, Soares,A et al. Specific T cell frequency and cytokine 
expression profile do not correlate with protection against tuberculosis after bacillus Calmette-Guerin 
vaccination of newborns. Am J Respir Crit Care Med 2010;182:1073-1079. 

13. Hmama,Z, Pena-Diaz,S, Joseph,S, and Av-Gay,Y. Immunoevasion and immunosuppression of the 
macrophage by Mycobacterium tuberculosis. Immunol Rev 2015;264:220-232. 

14. Van der Wel,N, Hava,D, Houben,D, Fluitsma,D, van Zon,M, Pierson,J et al. M. tuberculosis and M. leprae 
translocate from the phagolysosome to the cytosol in myeloid cells. Cell 2007;129:1287-1298. 



Chapter 7    
 

- 176 - 
 

15. Harriff,MJ, Purdy,GE, and Lewinsohn,DM. Escape from the Phagosome: The Explanation for MHC-I 
Processing of Mycobacterial Antigens? Front Immunol 2012;3:40. 

16. Abadie,V, Badell,E, Douillard,P, Ensergueix,D, Leenen,PJ, Tanguy,M et al. Neutrophils rapidly migrate via 
lymphatics after Mycobacterium bovis BCG intradermal vaccination and shuttle live bacilli to the draining 
lymph nodes. Blood 2005;106:1843-1850. 

17. Neefjes,J and Sadaka,C. Into the intracellular logistics of cross-presentation. Front Immunol 2012;3:31. 

18. Teitelbaum,R, Cammer,M, Maitland,ML, Freitag,NE, Condeelis,J, and Bloom,BR. Mycobacterial infection 
of macrophages results in membrane-permeable phagosomes. Proc Natl Acad Sci U S A 1999;96:15190-
15195. 

19. Semple,PL, Binder,AB, Davids,M, Maredza,A, van Zyl-Smit,RN, and Dheda,K. Regulatory T cells attenuate 
mycobacterial stasis in alveolar and blood-derived macrophages from patients with tuberculosis. Am J Respir 
Crit Care Med 2013;187:1249-1258. 

20. Chiacchio,T, Casetti,R, Butera,O, Vanini,V, Carrara,S, Girardi,E et al. Characterization of regulatory T cells 
identified as CD4(+)CD25(high)CD39(+) in patients with active tuberculosis. Clin Exp Immunol 
2009;156:463-470. 

21. Li,L, Qiao,D, Zhang,X, Liu,Z, and Wu,C. The immune responses of central and effector memory BCG-
specific CD4+ T cells in BCG-vaccinated PPD+ donors were modulated by Treg cells. Immunobiology 
2011;216:477-484. 

22. Hanekom,WA, Hughes,J, Mavinkurve,M, Mendillo,M, Watkins,M, Gamieldien,H et al. Novel application of 
a whole blood intracellular cytokine detection assay to quantitate specific T-cell frequency in field studies. J 
Immunol Methods 2004;291:185-195. 

23. Kagina,BM, Mansoor,N, Kpamegan,EP, Penn-Nicholson,A, Nemes,E, Smit,E et al. Qualification of a whole 
blood intracellular cytokine staining assay to measure mycobacteria-specific CD4 and CD8 T cell immunity 
by flow cytometry. J Immunol Methods 2015;417:22-33. 

24. Beveridge,NE, Fletcher,HA, Hughes,J, Pathan,AA, Scriba,TJ, Minassian,A et al. A comparison of 
IFNgamma detection methods used in tuberculosis vaccine trials. Tuberculosis (Edinb ) 2008;88:631-640. 

25. Ottenhoff,TH, Verreck,FA, Lichtenauer-Kaligis,EG, Hoeve,MA, Sanal,O, and Van Dissel,JT. Genetics, 
cytokines and human infectious disease: lessons from weakly pathogenic mycobacteria and salmonellae. Nat 
Genet 2002;32:97-105. 

26. Chapman,SJ and Hill,AV. Human genetic susceptibility to infectious disease. Nat Rev Genet 2012;13:175-
188. 

27. Vannberg,FO, Chapman,SJ, and Hill,AV. Human genetic susceptibility to intracellular pathogens. Immunol 
Rev 2011;240:105-116. 

28. Torcia,MG, Santarlasci,V, Cosmi,L, Clemente,A, Maggi,L, Mangano,VD et al. Functional deficit of T 
regulatory cells in Fulani, an ethnic group with low susceptibility to Plasmodium falciparum malaria. Proc 
Natl Acad Sci U S A 2008;105:646-651. 



Conclusions and Discussion 
 

- 177 - 
 

29. Todryk,SM, Bejon,P, Mwangi,T, Plebanski,M, Urban,B, Marsh,K et al. Correlation of memory T cell 
responses against TRAP with protection from clinical malaria, and CD4 CD25 high T cells with 
susceptibility in Kenyans. PLoS One 2008;3:e2027. 

30. Haralambieva,IH, Ovsyannikova,IG, Pankratz,VS, Kennedy,RB, Jacobson,RM, and Poland,GA. The genetic 
basis for interindividual immune response variation to measles vaccine: new understanding and new vaccine 
approaches. Expert Rev Vaccines 2013;12:57-70. 

31. Haralambieva,IH, Lambert,ND, Ovsyannikova,IG, Kennedy,RB, Larrabee,BR, Pankratz,VS et al. 
Associations between single nucleotide polymorphisms in cellular viral receptors and attachment factor-
related genes and humoral immunity to rubella vaccination. PLoS One 2014;9:e99997. 

32. Randhawa,AK, Shey,MS, Keyser,A, Peixoto,B, Wells,RD, de Kock,M et al. Association of human TLR1 
and TLR6 deficiency with altered immune responses to BCG vaccination in South African infants. PLoS 
Pathog 2011;7:e1002174. 

33. Matsumiya,M, Harris,SA, Satti,I, Stockdale,L, Tanner,R, O'Shea,MK et al. Inflammatory and myeloid-
associated gene expression before and one day after infant vaccination with MVA85A correlates with 
induction of a T cell response. BMC Infect Dis 2014;14:314. 

34. Matsumiya,M, Stylianou,E, Griffiths,K, Lang,Z, Meyer,J, Harris,SA et al. Roles for Treg expansion and 
HMGB1 signaling through the TLR1-2-6 axis in determining the magnitude of the antigen-specific immune 
response to MVA85A. PLoS One 2013;8:e67922. 

35. Fletcher,HA, Pathan,AA, Berthoud,TK, Dunachie,SJ, Whelan,KT, Alder,NC et al. Boosting BCG 
vaccination with MVA85A down-regulates the immunoregulatory cytokine TGF-beta1. Vaccine 
2008;26:5269-5275. 

36. Ottenhoff,TH, Ellner,JJ, and Kaufmann,SH. Ten challenges for TB biomarkers. Tuberculosis (Edinb ) 
2012;92 Suppl 1:S17-S20. 

37. Wallis,RS, Doherty,TM, Onyebujoh,P, Vahedi,M, Laang,H, Olesen,O et al. Biomarkers for tuberculosis 
disease activity, cure, and relapse. Lancet Infect Dis 2009;9:162-172. 

38. Day,CL, Tameris,M, Mansoor,N, van Rooyen,M, de Kock,M, Geldenhuys,H et al. Induction and regulation 
of T-cell immunity by the novel tuberculosis vaccine M72/AS01 in South African adults. Am J Respir Crit 
Care Med 2013;188:492-502. 

39. Chalmin,F, Mignot,G, Bruchard,M, Chevriaux,A, Vegran,F, Hichami,A et al. Stat3 and Gfi-1 transcription 
factors control Th17 cell immunosuppressive activity via the regulation of ectonucleotidase expression. 
Immunity 2012;36:362-373. 

40. Ye,ZJ, Zhou,Q, Du,RH, Li,X, Huang,B, and Shi,HZ. Imbalance of Th17 cells and regulatory T cells in 
tuberculous pleural effusion. Clin Vaccine Immunol 2011;18:1608-1615. 

41. Khader,SA, Bell,GK, Pearl,JE, Fountain,JJ, Rangel-Moreno,J, Cilley,GE et al. IL-23 and IL-17 in the 
establishment of protective pulmonary CD4+ T cell responses after vaccination and during Mycobacterium 
tuberculosis challenge. Nat Immunol 2007;8:369-377. 

42. Griffiths,KL, Pathan,AA, Minassian,AM, Sander,CR, Beveridge,NE, Hill,AV et al. Th1/Th17 cell induction 



Chapter 7    
 

- 178 - 
 

and corresponding reduction in ATP consumption following vaccination with the novel Mycobacterium 
tuberculosis vaccine MVA85A. PLoS One 2011;6:e23463. 

43. De Cassan,SC, Pathan,AA, Sander,CR, Minassian,A, Rowland,R, Hill,AV et al. Investigating the induction 
of vaccine-induced Th17 and regulatory T cells in healthy, Mycobacterium bovis BCG-immunized adults 
vaccinated with a new tuberculosis vaccine, MVA85A. Clin Vaccine Immunol 2010;17:1066-1073. 

44. Anderson,EJ, Webb,EL, Mawa,PA, Kizza,M, Lyadda,N, Nampijja,M et al. The influence of BCG vaccine 
strain on mycobacteria-specific and non-specific immune responses in a prospective cohort of infants in 
Uganda. Vaccine 2012;30:2083-2089. 

45. Matsumiya,M, Satti,I, Chomka,A, Harris,SA, Stockdale,L, Meyer,J et al. Gene Expression and Cytokine 
Profile Correlate With Mycobacterial Growth in a Human BCG Challenge Model. J Infect Dis 
2015;211:1499-1509. 

46. Aaby,P, Kollmann,TR, and Benn,CS. Nonspecific effects of neonatal and infant vaccination: public-health, 
immunological and conceptual challenges. Nat Immunol 2014;15:895-899. 

47. Comstock,GW. Identification of an effective vaccine against tuberculosis. Am Rev Respir Dis 1988;138:479-
480. 

48. Marsay,L, Matsumiya,M, Tanner,R, Poyntz,H, Griffiths,KL, Stylianou,E et al. Mycobacterial growth 
inhibition in murine splenocytes as a surrogate for protection against Mycobacterium tuberculosis (M. tb). 
Tuberculosis (Edinb ) 2013;93:551-557. 

49. Urdahl,KB, Shafiani,S, and Ernst,JD. Initiation and regulation of T-cell responses in tuberculosis. Mucosal 
Immunol 2011;4:288-293. 

50. Speiser,DE, Utzschneider,DT, Oberle,SG, Munz,C, Romero,P, and Zehn,D. T cell differentiation in chronic 
infection and cancer: functional adaptation or exhaustion? Nat Rev Immunol 2014;14:768-774. 

51. Sakai,S, Kauffman,KD, Schenkel,JM, McBerry,CC, Mayer-Barber,KD, Masopust,D et al. Cutting edge: 
control of Mycobacterium tuberculosis infection by a subset of lung parenchyma-homing CD4 T cells. J 
Immunol 2014;192:2965-2969. 

52. Moguche,AO, Shafiani,S, Clemons,C, Larson,RP, Dinh,C, Higdon,LE et al. ICOS and Bcl6-dependent 
pathways maintain a CD4 T cell population with memory-like properties during tuberculosis. J Exp Med 
2015. 

53. Lindenstrom,T, Knudsen,NP, Agger,EM, and Andersen,P. Control of chronic mycobacterium tuberculosis 
infection by CD4 KLRG1- IL-2-secreting central memory cells. J Immunol 2013;190:6311-6319. 

54. Pardoll,DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer 2012;12:252-
264. 

55. Dorhoi,A and Kaufmann,SH. Perspectives on host adaptation in response to Mycobacterium tuberculosis: 
modulation of inflammation. Semin Immunol 2014;26:533-542. 

56. Qureshi,OS, Zheng,Y, Nakamura,K, Attridge,K, Manzotti,C, Schmidt,EM et al. Trans-endocytosis of CD80 
and CD86: a molecular basis for the cell-extrinsic function of CTLA-4. Science 2011;332:600-603. 



Conclusions and Discussion 
 

- 179 - 
 

57. Wing,JB and Sakaguchi,S. Multiple treg suppressive modules and their adaptability. Front Immunol 
2012;3:178. 

58. Walker,LS. Treg and CTLA-4: two intertwining pathways to immune tolerance. J Autoimmun 2013;45:49-
57. 

59. Penaloza-MacMaster,P, Kamphorst,AO, Wieland,A, Araki,K, Iyer,SS, West,EE et al. Interplay between 
regulatory T cells and PD-1 in modulating T cell exhaustion and viral control during chronic LCMV 
infection. J Exp Med 2014;211:1905-1918. 

60. Dietze,KK, Zelinskyy,G, Liu,J, Kretzmer,F, Schimmer,S, and Dittmer,U. Combining regulatory T cell 
depletion and inhibitory receptor blockade improves reactivation of exhausted virus-specific CD8+ T cells 
and efficiently reduces chronic retroviral loads. PLoS Pathog 2013;9:e1003798. 

61. Riley,JL. Combination checkpoint blockade--taking melanoma immunotherapy to the next level. N Engl   J 
Med 2013;369:187-189. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




