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Chapter 6
Correlates of Protection from Tuberculosis

Marco Polo Peralta Alvarez, Julia L. Marshall, and Rachel Tanner

Abstract  Multiple immunological mechanisms interact to protect against 
Mycobacterium tuberculosis (M.tb) infection and/or tuberculosis (TB) disease. 
However, development of a much-needed new and effective TB vaccine is hin-
dered by the lack of validated correlates of protection. The identification of 
correlates of protection would facilitate the rational design, optimisation and 
evaluation of TB vaccine candidates. In this chapter, we discuss what is cur-
rently known about protective immunity against M.tb and potential correlates of 
protection that have been proposed to date, both including and also looking 
beyond the central role of IFN-γ producing CD4+ T cells to consider innate and 
humoral immune parameters. Approaches to identifying and validating corre-
lates of protection will also be reviewed.

Keywords  Mycobacterium tuberculosis · Correlates of protection · T cell  
Immunity · Infection models

M. P. Peralta Alvarez   
Jenner Institute, Nuffield Department of Medicine, University of Oxford, Oxford, UK
e-mail: marcopolo.peralta@ndm.ox.ac.uk

J. L. Marshall
Jenner Institute, Nuffield Department of Medicine, University of Oxford, Oxford, UK

The Peter Doherty Institute for Infection and Immunity, The University of Melbourne, 
Melbourne, Australia
e-mail: julia.marshall@unimelb.edu.au

R. Tanner (*) 
Jenner Institute, Nuffield Department of Medicine, University of Oxford, Oxford, UK

Department of Biology, University of Oxford, Oxford, UK
e-mail: rachel.tanner@biology.ox.ac.uk

© The Author(s) 2023
M. Christodoulides (ed.), Vaccines for Neglected Pathogens: Strategies, 
Achievements and Challenges, https://doi.org/10.1007/978-3-031-24355-4_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-24355-4_6&domain=pdf
mailto:marcopolo.peralta@ndm.ox.ac.uk
mailto:julia.marshall@unimelb.edu.au
mailto:rachel.tanner@biology.ox.ac.uk
https://doi.org/10.1007/978-3-031-24355-4_6#DOI


100

6.1 � Introduction

One of the major barriers hampering the development of a new and efficacious TB 
vaccine is the lack of validated immune correlates of protection, defined as ‘a statis-
tical relation between an immune marker and protection’ [1]. Such correlates can be 
subdivided into mechanistic (causally responsible for protection) or non-mechanistic 
(significantly correlated with, but not causally responsible for, protection). 
Correlates of protection, principally antibody levels, have been instrumental in 
developing vaccines against a range of infectious diseases including those caused 
by Haemophilus influenzae type b (Hib), pneumococci, Clostridium tetani, 
Corynebacterium diphtheriae and several viruses. An immune correlate of protec-
tion would similarly be invaluable in rational TB vaccine design, through, for exam-
ple, facilitating the identification of protective antigens, as well as optimisation of 
the vaccine delivery system, adjuvant, dose and regimen. It would also provide an 
early indication of vaccine efficacy, thus expediting clinical TB vaccine trials that 
currently require very large sample sizes and long follow-up periods to accrue a 
sufficient number of ‘cases’ meeting clinical endpoint criteria.

However, the field is caught in a dilemma whereby potential correlates of protec-
tive immunity can only be validated in clinical trials when a highly effective vaccine 
is developed, yet the design and evaluation of vaccine candidates are extremely dif-
ficult in the absence of a validated correlate. A further challenge is the complexity 
of clinical manifestations, as correlates of protection from Mycobacterium tubercu-
losis (M.tb) infection may differ from those of progression to active TB disease 
(ATB), reactivation or reinfection; and vaccine-induced protection may differ from 
natural protection from infection, between host compartments, populations or dif-
ferent antigens or vaccine platforms.

Our understanding of which components of the immune response are necessary, 
and/or sufficient, to achieve protection from TB is incomplete. It is established that 
following inhalation of M.tb in aerosols, bacteria are phagocytosed primarily by 
dendritic cells (DCs) and macrophages. The latter are the main cellular reservoir 
where M.tb resides and replicates by blocking phagolysosomal fusion. Infected DCs 
traffic to the local lung-draining mediastinal lymph nodes (LNs) where they present 
antigen in association with MHC class II. The precise location where M.tb is phago-
cytosed is thought to play a role in the establishment of potentially protective pri-
mary immune responses. DCs sampling the mucosal tissue have faster antigen 
trafficking to LNs compared to those sampling the lung parenchyma, affecting the 
activation and proliferation of antigen-specific CD4+ T cells [2] (Fig. 6.1). After 
activation, CD4+ T cells are primed as T-helper 1 (Th1) cells, expand and migrate 
to the lung tissue where they become a primary source of IFN-γ and TNF-α produc-
tion during the acute stage of infection, which stimulates macrophages to kill intra-
cellular mycobacteria by activating downstream pathways including inducible nitric 
oxide synthase (iNOS). As such, most TB vaccine studies and clinical trials to date 
have focused on the T-helper 1 (Th1) response—the frequency of IFN-γ producing 
CD4+ T cells—as the main immunological read-out. Indeed, several studies have 
confirmed the necessity for CD4+ T cells and IFN-γ in protective immunity. 
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Fig. 6.1  Immune response to M.tb infection. Alveolar macrophages and DCs phagocytose aero-
solised M.tb that reaches the lung. Antigen location may lead to different speeds of DC trafficking 
through the lymph vessels. Upon arrival at the LNs, DCs present M.tb antigen which activates 
specific T cells. Days after the initial infection, adaptive immune cells arrive at the site of infection 
and secrete IFN-γ, TNF-α and IL-17 amongst other cytokines which stimulate macrophages to kill 
intracellular mycobacteria. Activated specific B cells secrete antibodies that may increase opso-
nization, phagocytosis and other potentially protective responses mediated by T cells and NK cells. 
DC dendritic cell, LN lymph node, NK natural killer. (Created with BioRender.com)

However, other evidence suggests that these parameters alone are not sufficient for, 
and do not necessarily correlate with, protection (see Sect. 6.3.1.1). An ever-
expanding literature supports a role for other cellular subsets, cytokines and immune 
mechanisms in protection, offering new candidate correlates of protection.

6.2 � Innate Immunity

6.2.1 � Early Clearance and a Role for Innate Immunity

M.tb case-contact studies demonstrate that up to 55% of people exposed to M.tb do 
not develop a traceable adaptive immune response, as detected by interferon gamma 
release assay (IGRA) or tuberculin skin test (TST) [3, 4]. Persistent IGRA-negative 
M.tb contacts have low risk of progression to TB disease, suggesting that M.tb is 
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Fig. 6.2  Hypothesized relationship between M.tb clearance and immune mechanisms following 
natural exposure in humans. IGRA interferon gamma release assay, TST tuberculin skin test. 
(Created with BioRender.com)

cleared in these individuals [3, 5, 6]. This ‘early clearance’ could be evidence of 
protective innate immune mechanisms independent of an adaptive immune response 
[7]. However, this phenomenon has not been proven, and an early efficient protec-
tive adaptive immune response could simply result in rapid elimination and IGRA 
reversion [8, 9]. Alternatively, persistently IGRA-negative individuals may have 
developed an adaptive response, and infection may even persist but is never detected 
on systemic IGRA, due to T cell anergy, IFN-γ-independent mechanisms or because 
the response is restricted to the local lung mucosa [6, 10–12] (Fig. 6.2).

Despite this uncertainty, as early clearance is a model of protective immunity 
against M.tb, further investigation into the underlying immune mechanisms is war-
ranted, as it could lead to new insights into correlates of protection. In addition to 
this putative protective role independent of adaptive immunity, evidence suggests 
that the innate immune response is crucial in defining adaptive immune polarisa-
tion, for example, to a Th1 or Th2 response [13–15]. This further highlights the 
central role the innate immune response may play in protection against M.tb infec-
tion and TB disease.

6.2.2 � Mononuclear Phagocytes

Mononuclear phagocytes (monocytes, DCs and resident macrophages) are likely 
key in the development of a protective immune response against M.tb infection [16, 
17]. Human monocyte and DC primary immunodeficiency syndromes are 
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characterised by disseminated mycobacterial infection after intradermal (ID) BCG 
vaccination [18]. DCs are professional antigen-presenting cells connecting the 
innate and adaptive immune response [19]. Macrophages are professional phago-
cytes, likely amongst the first cells to encounter M.tb on infection, but also the main 
niche in which the obligate intracellular mycobacteria resides [14, 20].

Delayed DC migration to the draining LNs and dysfunctional DC-mediated anti-
gen presentation increase risk of overwhelming M.tb infection in mice, likely due to 
the delay in the development of an effective adaptive immune response [21–23]. 
Further, DC depletion in mice delays M.tb-specific CD4+ T cell activation and 
results in overwhelming M.tb infection [24]. In humans, CXCL10+ CD14dim mono-
cytes are associated with BCG growth inhibition in a functional ex vivo mycobacte-
rial growth inhibition assay (MGIA) [25]. CXCL10 is a chemokine facilitating 
homing to the infection site, regulated by IFN-γ production [26]. Genetic inability 
to produce IFN-γ in humans is characterised by mycobacterial susceptibility and 
associated with disseminated BCG disease [27, 28]. Conversely, systemic monocy-
tosis and a high monocyte to lymphocyte (ML) ratio are associated with poorly 
controlled TB disease and increased risk of developing TB disease [29–33]. It may 
be that only certain monocyte effector subtypes are protective or, alternatively, that 
chronic but not acute monocytosis reduces protective efficacy.

6.2.3 � Natural Killer Cells

Human natural killer (NK) cells can directly recognise M.tb infected cells in vitro 
and induce apoptosis within 24 hours via perforin and granzyme proteases [34, 35]. 
They also directly lyse infected cells via antibody-dependent cell-mediated cytotox-
icity (ADCC). Circulating cytotoxic NK cells are associated with reduced risk of 
M.tb infection in healthy TB contacts [36]. Additionally, IFN-γ+ TNF-α+ NK cells 
derived from historically BCG-vaccinated adults improve BCG growth inhibition in 
the MGIA [37, 38]. A low level of systemic cytotoxic NK cells increases the risk of 
progression to active TB disease. While NK cells alone do not mediate protection in 
M.tb challenge mouse models, depletion of both NK cells and T cells increases 
susceptibility to TB, compared with depletion of T cells alone, and adoptive transfer 
of NK cells reduces M.tb burden [39].

6.2.4 � Neutrophils

Neutrophils have the potential to be key players in early defence against M.tb infec-
tion. They can migrate to the site of infection within minutes, are professional 
phagocytes and release potent anti-microbial oxidative granules which kill M.tb 
in vitro [40–42]. Depletion or enhanced recruitment of neutrophils in mice leads to 
increased or decreased mycobacterial burden, respectively, and a high neutrophil 
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count is protective against M.tb infection in contacts of TB patients [43–45]. 
However, this protective effect may only be upon initial exposure, as neutrophilia is 
a hallmark of active TB disease in humans and uncontrolled M.tb infection in sus-
ceptible mice [46–50].

6.2.5 � Donor Unrestricted T Cells

Donor unrestricted T cells (DURTs) are innate CD3+ T cells which respond to 
MHC-independent non-peptide epitopes [51]. They include mucosal-associated 
invariant T (MAIT) cells and the CD1-restricted natural killer T (NKT) cells and 
γδ T cells [52, 53]. In vitro, DURTs can directly recognise and kill M.tb infected 
cells, and they have diverse effector functions and are enriched in the human lung 
[54–57]. They could therefore be important in early immune protection, acting as 
the bridge between the innate and adaptive response. However their protective 
potential in M.tb is unclear [58, 59]. The MR1 polymorphism rs1052632 is asso-
ciated with increased susceptibility to TB in a Vietnamese cohort [60], and evi-
dence for protection in mouse and human models for DURTs is contradictory [57, 
61–65]. Research into DURTS has been constrained by difficulty in defining these 
cells and a lack of animal models for some cell types such as group 1 CD1-
restricted T cells [54–56, 66]. With the advent of tetramer technology, many of 
these barriers may be overcome.

6.2.6 � Trained Innate Immunity

Traditionally, innate immunity has been viewed as a static non-specific immune 
system without capacity for memory. However, it is now known that NK cells 
mature into long-lived effector subclasses upon pathogen exposure [67]. 
Furthermore, epigenetic reprogramming of bone marrow-derived monocytes, 
termed training, has been demonstrated following BCG exposure, affecting the sub-
sequent monocyte response to homologous and heterologous pathogens [68]. 
Trained monocytes have been associated with protection from M.tb challenge fol-
lowing BCG vaccination in mice [69]. Training has also been associated with early 
clearance in BCG-exposed but uninfected adults [25]. Understanding the plasticity 
of the innate immune response following M.tb exposure, and its subsequent effect 
on the adaptive immune system, would enable further targets for vaccine 
development.

While the evidence for a role of the innate immune system in protection against 
M.tb is compelling, further research is required to fully elucidate these mechanisms 
and to understand the impact on any subsequent protective adaptive immune 
response.
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6.3 � Conventional T Cells

6.3.1 � CD4+ T Cells

6.3.1.1 � IFN-γ Producing CD4+ T Cells

A large body of evidence indicates that IFN-γ producing CD4+ T cells are neces-
sary for protection against TB. Mice and non-human primates (NHPs) deficient in 
CD4+ T cells during acute or chronic M.tb infection have increased bacterial burden 
and mortality compared with control animals [70–73]. Furthermore, the adoptive 
transfer of CD4+ T cells from immunised mice protects non-immunised mice 
against M.tb challenge [74]. The increased risk of TB disease due to decreased 
CD4+ T cell number and function associated with HIV infection in humans, and 
SIV infection in NHPs, provides further evidence of a critical role for this cell type 
[75–77]. Risk of reactivation increases as CD4+ T cell levels decrease, and these 
patients are more likely to present with disseminated disease [78, 79]. IFN-γ knock-
out (KO) mice succumb to rapid and fatal TB disease [80, 81], and partial or com-
plete IFN-γ receptor deficiency in humans leads to disseminated M.tb infection and 
BCG-osis [82, 83]. However, it should be noted that clinical deterioration in CD4+ 
T cell-deficient mice cannot be attributed to sustained loss of IFN-γ, as other cell 
types also produce this cytokine [70, 71]. IFN-γ-independent mechanisms of CD4+ 
T cell-mediated control of M.tb infection have also been demonstrated [84].

Despite the clear importance of IFN-γ producing CD4+ T cells in the immune 
response to M.tb, several key findings challenge the idea that this measure repre-
sents a correlate of protection. The magnitude of purified protein derivative (PPD)-
specific IFN-γ production following BCG vaccination does not correlate with 
protection against M.tb challenge in mice [85, 86]. Furthermore, studies of TB vac-
cine candidates have demonstrated the induction of potent antigen-specific IFN-γ 
producing CD4+ T cell responses, but this did not translate into improved protection 
over BCG alone [87, 88]. Kagina et al. assessed the frequency and extended cyto-
kine profile of specific T cells in a study of 5662 BCG-vaccinated infants with a 
2-year follow-up to identify those who developed TB and those who did not develop 
TB (divided into 2 groups of protected infants according to household contact sta-
tus) [89]. There were no differences between groups in CD4+ T cell IFN-γ produc-
tion or any of the other T cell properties [89]. Interestingly, in a post hoc correlate 
analysis in the same population, the BCG antigen-specific IFN-γ ELISpot response 
was associated with reduced risk of TB disease. The main effect appeared to be in 
the first 6–12 months of follow-up, suggesting an early protective effect in infancy 
[90]. Such contrasting findings may result from differing time-points of sample col-
lection, the IFN-γ assay used, sample type or case definitions.

In studies comparing patients with ATB and latently M.tb-infected (LTBI) indi-
viduals or uninfected household contacts (both considered to have some degree of 
protection), findings regarding the role of IFN-γ producing CD4+ T cells are conflict-
ing. Some have suggested that M.tb-specific Th1 cells and IFN-γ production are 
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depressed during active TB disease [91, 92], while others report the converse [93, 94]. 
In such situations it is difficult to disentangle cause from effect, as high levels of 
IFN-γ may be driven by antigen load in acute infection, and patients with chronic TB 
may exhibit signs of Th1 inhibition as a secondary process. In a study comparing TB 
patients of diverse disease severity, antigen-specific IFN-γ CD4+ T cell responses cor-
related with the activity of M.tb infection but not the severity of TB disease [95, 96].

6.3.1.2 � Polyfunctional CD4+ T Cells

Polyfunctional T cells are defined as those that simultaneously co-produce two or 
more proinflammatory cytokines. Polyfunctional CD4+ T cells secreting IFN-γ, 
TNF-α and IL-2 have been shown to correlate with protection from Leishmania and 
have been associated with slower progression to AIDS in HIV-infected individuals 
[97, 98], but their role in M.tb infection remains unclear. Individuals with LTBI or 
ATB patients following therapy have been reported to have higher frequencies of 
polyfunctional CD4+ T cells than those with ATB, although the converse has also 
been suggested [99–102]. As previously noted regarding IFN-γ producing CD4+ T 
cells, it is not possible to discern whether frequency of this cellular subset plays a 
causal role in control of M.tb or simply reflects the underlying bacterial burden.

The BCG vaccine and a range of TB vaccine candidates including live mycobac-
terial vaccines, those using viral vectors and recombinant antigen vaccines have 
been shown to induce polyfunctional CD4+ T cells [103]. However, the strongest 
evidence supporting a role for the cellular subset as a correlate of protective immu-
nity comes from studies in which two or more distinct vaccine candidates eliciting 
a range of protective responses are compared. rBCG-XB has been shown to induce 
stronger HspX-specific polyfunctional T cell responses than BCG, which was asso-
ciated with superior protection [104], and delivery of Ag85B:CpG with polypropyl-
ene sulphide nanoparticles (NP) induced more polyfunctional Ag85B-specific 
CD4+ T cells than the same vaccine without NP, which correlated with superior 
protection in the lung [105]. In a study of BCG and four different TB vaccine can-
didates, levels of vaccine-induced protection also correlated with the magnitude and 
quality of polyfunctional CD4+ T cells [106].

Conversely, other preclinical studies do not support such an association [103]. In 
humans, in the 2-year follow-up study of BCG-vaccinated infants previously 
described, there was no association between the polyfunctional cytokine profile of 
induced T cells and protective efficacy [89]. Furthermore, boosting BCG or 
VPM1002 with MVA85A elicited superior PPD- and Ag85A-specific polyfunc-
tional T cells, but this did not translate into improved protection obtained with either 
BCG or VPM1002 alone [88, 107]. It is possible that such discrepancies result from 
differences in vaccination protocols or methods of measuring polyfunctional T cells 
or that dual-cytokine producing T cells are a better correlate than those producing 
three cytokines [103]. A comprehensive review by Lewinsohn et al. concluded that 
polyfunctional CD4+ T cells are not sufficient and may not even be necessary to 
mediate protection [103].

M. P. Peralta Alvarez 
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6.3.1.3 � Th17 Cells

Following exposure to M.tb, innate myeloid cells induce the production of cyto-
kines such as IL-23 and IL-1β which drive the differentiation and polarisation of 
naïve CD4+ T cells towards Th17 cells. Th17 cells are the primary producers of 
IL-17 during TB, but they can also produce other cytokines including IL-22, IL-21, 
TNF-α and GM-CSF.  While these cells have an important role in the protective 
immune response to rapidly growing extracellular bacteria, their contribution to 
protection against intracellular bacteria such as M.tb is less well-characterised 
[108]. Memory Th17 cells are present in the blood of people who have been exposed 
to mycobacteria, and the magnitude of the IL-17 response has been shown to cor-
relate with the clinical outcome of M.tb infection [109, 110]. It appears that Th17 
cells are particularly important in the early stages of infection and play a role in 
granuloma formation and induction of chemokines leading to recruitment of neutro-
phils and circulating CD4+ T cells [111]. Excessive IL-17 production can lead to 
tissue damage, and thus Th17 cells have been implicated in TB pathology [112]. 
During the chronic phase of infection, a balance must be achieved with Th1 and 
Th17 responses to control bacterial growth but limit immunopathology.

Following BCG vaccination, IL-17 has been shown to drive Th1 responses by 
downregulating IL-10 and upregulating IL-12 production by DCs [113]. Depletion 
of IL-17 during M.tb challenge reduces chemokine expression and accumulation of 
IFN-γ producing CD4+ T cells in the lung [114]. Interestingly, IL-17 KO mice are 
unable to control infection by the hypervirulent M.tb strain HN878, although they 
do survive infection with less pathogenic strains [115]. In the 2-year follow-up 
study of BCG-vaccinated infants by Kagina et  al., frequencies of BCG-specific 
Th17 cells did not correlate with protection against TB [89]. However, polyfunc-
tional Th17 cells were a correlate of local protective immunity following mucosal 
BCG vaccination in NHPs [116]. Further studies are required to assess whether 
Th17 cells, or IL-17 production by other cells, represent a correlate of protection.

6.3.2 � CD8+ T Cells

CD8+ T cells are activated by presentation of antigen in association with MHC class 
I, and M.tb contains several MHC class I restricted immunodominant antigens that 
are recognised by human populations [117]. Similar to CD4+ T cells, cytokine-
producing CD8+ T cells primarily secrete IFN-γ, TNF-α and IL-2 which have criti-
cal functions in M.tb infection as described [118]. CD8+ T cells also have cytolytic 
functions and secrete granzymes, granulysin and perforin. Although their role in 
protection from TB is less well-defined than CD4+ T cells, antigen-specific CD8+ 
T cells are induced during M.tb infection and are capable of recognising M.tb-
infected macrophages—particularly those that are heavily infected [119, 120]. 
Studies have also shown that cytotoxic T cells (CTLs) are capable of killing M.tb-
infected cells [121]. While some murine studies support a role for CD8+ T cells in 
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the containment of infection, others do not [122–124]. The involvement of CD8+ T 
cells may depend on the phase of infection, and it has been suggested that mice may 
not be the most appropriate model for evaluating the relevance of this cell type in 
humans as they lack some important immune features relating directly to CD8+ T 
cell function and specificity [125]. While CD8+ T cells provide less protection than 
an equivalent number of CD4+ T cells, adoptive transfer experiments show that 
CD8+ T cells can mediate protection against TB, even in the absence of CD4+ T 
cells. In the more closely related NHP, CD8+ T cell depletion leads to a significant 
decrease in immunity against M.tb in previously infected and treated animals upon 
reinfection [126].

BCG vaccination has been shown to elicit CD8+ T cell responses, and activa-
tion of CD8+ T cells following vaccination can protect against M.tb challenge in 
mice [127]. Furthermore, depletion of CD8+ T cells compromises BCG vaccine-
induced immune control of M.tb replication in NHPs [126]. Several TB vaccine 
candidates aim to elicit potent CD8+ T cell responses, including VPM1002 for 
which cross-priming of CD8+ T cells has been proposed as a major mechanism 
underlying the superior protection conferred over BCG [128] and the RhCMV/TB 
vaccine which stimulates HLA-E restricted CD8+ T cells and is extremely protec-
tive in NHPs [129]. While the induction of CD8+ T cells may prove beneficial, 
their capacity for mediating protection could be highly dependent on the vaccine 
antigen(s) selected [130].

6.4 � Humoral Immunity

For most successful prophylactic vaccines, the induction of broadly neutralizing 
antibodies against exposed and stable immunodominant pathogen epitopes is suffi-
cient to achieve protection [131, 132]. However, for a complex intracellular patho-
gen such as M.tb, the protective immune response has been traditionally considered 
to be almost entirely cell-mediated, with humoral immunity largely overlooked [133].

6.4.1 � B Cells

Memory B cells constitute a key element of central immune memory, particularly 
against pathogens with a long incubation period [132]. The rationale for historically 
neglecting the biological relevance of humoral immunity to the control of M.tb pre-
dominantly derives from early B cell KO mouse models, where the absence of 
humoral responses did not affect the course of M.tb infection [134–136]. Conversely, 
adoptive transfer of B cells did reverse the increased lung immunopathology in B 
cell KO M.tb-infected mice, and depletion of CD20+ plasmablasts induced increased 
bacterial burden in the granulomas of NHPs [137, 138]. Differences in experimental 
design and implementation (dose, route of delivery, phase of infection and 
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Mycobacterium strain) may be plausible explanations for such inconsistencies 
[139]. Furthermore, B cell subsets of mice and humans hold considerable pheno-
typic and functional discrepancies, limiting the ability to translate preclinical stud-
ies in this context [140]. Treatment of rheumatoid arthritis patients with the 
monoclonal anti-CD20 antibody rituximab results in B cell depletion, but this does 
not affect risk of reactivation or new ATB [141].

The Tyk2 gene of the Janus Kinase (JAK) family is essential for effective 
IL-23 intracellular signalling and the maintenance of mitochondrial respiration in 
primary pro-B cells [142, 143]. Interestingly, recent large human cohort studies 
have found that genetic variants of Tyk2, found in approximately 1  in 600 
Europeans, are associated with an increased susceptibility to M.tb infection 
[142]. Furthermore, IL-23 is required for long-term control of M.tb and B cell 
follicle formation in the infected lung [144]. Whether Tyk2 variations have a 
negative impact on the establishment of specific humoral responses against M.tb 
remains to be determined.

In humans, two studies have reported long-lasting PPD-specific memory B cells 
that persist for decades after BCG vaccination, but their functionality remains 
poorly defined [145, 146]. The utilization of memory B cell and plasmablast subsets 
as a predictive tool for disease stratification and as potential correlates of protection 
has been previously discussed [147]. However, while the frequency of plasmablasts 
may correlate with the presence of numerous circulating M.tb antigens, heteroge-
neous plasmablast dynamics and the inability to detect M.tb can hinder evaluation 
of which subjects are M.tb resisters, individuals with LTBI, ATB patients or poten-
tially even individuals who have achieved sterilizing immunity [148]. Mucosal vac-
cination with the attenuated M.tb vaccine candidate MtbΔsigH confers significant 
protection against a lethal TB challenge, and this is strongly associated with levels 
of inducible bronchus-associated lymphoid tissue (iBALT) in the lung, suggesting 
an important role for B cells [149].

6.4.2 � Antibodies

Most efforts to characterize the antibody response to M.tb have relied on non-high-
throughput detection methods in serum or plasma against different M.tb antigen 
mixtures, such as PPD, and lack standardized methods for quantification [150]. This 
may limit the reliability of results, particularly when comparing data sets from dif-
ferent studies [151]. Furthermore, broad quantification of antigen-specific antibod-
ies of a single isotype might be too simplistic a measure, as antibody titre does not 
consider the quality of the response based on biochemical and functional properties 
such as Fc receptor binding, affinity, opsonizing ability and influence on mycobac-
terial growth restriction. Antibodies could contribute to protection directly through 
increasing phagocytosis and phagolysosome formation in professional phagocytes, 
blocking uptake by non-professional phagocytes and/or indirectly enhancing T cell-
mediated immunity [133].
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Monoclonal antibodies against lipoarabinomannan (LAM) and arabinomannan 
(AM) have been linked to prolonged survival during M.tb infection in mice, suggest-
ing potential functional relevance for infection control [152, 153]. Intriguingly, 
Kumagai et al. demonstrated that M.tb infection influenced host protein, including 
antibody, glycosylation in mice, and the glycosylation patterns of antibodies may 
affect their function [154, 155]. In humans, individuals with LTBI harbour low-
magnitude antibody responses with a distinct constant domain (Fc) glycosylation 
when compared to ATB patients [156]. In the same study, antibodies from LTBI indi-
viduals drove enhanced phagolysosomal maturation, inflammasome activation and 
macrophage killing of intracellular M.tb [156]. Moreover, healthy individuals highly 
exposed to M.tb who tested negative by IGRA and TST, so-called ‘resisters’, display 
enhanced antibody avidity and distinct M.tb-specific IgG Fc profiles [157, 158]. Some 
antibodies isolated from exposed but uninfected healthcare workers mediated protec-
tion against M.tb challenge when transferred to mice [159]. Taken together, the grow-
ing body of literature indicates that the relevance of the antibody response in protection 
against TB may be greater than previously appreciated [160, 161].

However, little is known about the antibody responses induced by BCG or other 
TB vaccine candidates as few studies have measured this parameter [162]. An early 
study by de Vallière et al. reported significant induction of LAM-specific IgG fol-
lowing both primary and secondary BCG vaccination in healthy volunteers. 
Incubation with post-BCG vaccination serum significantly increased BCG internal-
ization by macrophages and mycobacterial growth inhibition in vitro, an effect that 
was reversible by preabsorption of IgG [163]. Consistent results from an indepen-
dent study have shown opsonization mediated by BCG vaccine-induced IgG fol-
lows a dose-response biological gradient [146]. In addition, in BCG-vaccinated 
infants, an association has been reported between vaccine-induced Ag85A-specific 
IgG antibodies and a reduced risk of TB disease [90]. The M72/AS01E vaccine can-
didate has been shown to be a potent inducer of antibodies which were sustained 
throughout the 3-year follow-up period, although it remains to be determined 
whether these contribute to the ~50% efficacy observed against ATB in M.tb-
infected individuals [164].

The recent finding that intravenous (IV) BCG confers superior protection from 
TB compared with other routes of immunisation in NHPs has brought to light the 
relevance of TB vaccine delivery routes [165]. Among other immune parameters, 
titres of IgG and IgA against M.tb whole cell lysate were significantly higher in 
serum and bronchoalveolar lavage (BAL) fluid following BCG administered by the 
IV route compared with aerosol or intradermal (ID) vaccination [165, 166]. Notably, 
this response was characterized by robust IgM secretion, which correlated with 
reduced bacterial burden and prevention of M.tb infection, indicating the relevance 
of isotype [166]. Secretory IgA may be of particular importance in protecting 
against pulmonary infection at the mucosal surface by blocking mycobacterial 
entrance and/or modulating proinflammatory responses [167–170]. A recent NHP 
study demonstrated that mucosal BCG vaccination by endobronchial installation 
prevented M.tb infection and TB disease in NHP, and IgA was a correlate of local 
protective immunity [116].
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Fig. 6.3  Potential mechanisms of humoral immunity against M.tb. Circulating frequencies of 
memory B cells and plasmablasts (a), biochemical characteristics of antibodies such as glycosyl-
ation and avidity (b) and antibody effector functions such as ADCP and ADCC (c) may represent 
potential humoral correlates of protection, although further study is required. ADCP antibody 
dependent cellular phagocytosis, ADCC antibody dependent cellular cytotoxicity (Created with 
BioRender.com)

Characterization of the biochemical and functional features of M.tb-specific 
antibodies in preclinical and clinical studies may provide valuable insights regard-
ing their relevance as a potential correlate of in  vivo protection against TB 
(Fig. 6.3).

6.5 � Approaches to Identifying Correlates of Protection

There are several methods for characterizing potential correlates of protection from 
TB, including comparing immune responses between protected and unprotected 
animals or individuals, conducting human experimental medicine studies and using 
tractable ex vivo functional assays.
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6.5.1 � Preclinical Models

Preclinical studies are pivotal to (a) assess the safety of a vaccine candidate and (b) 
evaluate vaccine efficacy and identify potential correlates of protection that can then 
be validated in humans [132]. In addition to expediting TB vaccine development, cor-
relates or surrogates of protection would be valuable from a 3Rs (Replacement, 
Reduction and Refinement) perspective as they would allow the estimation of vaccine 
efficacy without the need to infect animals with virulent M.tb—a procedure of 
‘Moderate’ severity under EU legislation and UK Animal Scientific Procedures Act 
(ASPA) licensure [171]. However, surrogates of protection derived from preclinical 
models have uncertain predictive value, thus hindering candidate prioritization for 
progression to clinical trials [172]. The typical animal models utilized for TB vaccine 
evaluation are mice, guinea pigs, cattle and NHPs [173, 174]. Additionally, novel 
humanized animal models have been introduced as a 3Rs approach [175].

By comparing responses between groups in vaccine studies and by cross-
sectional analysis of responses from those animals in which vaccination was suc-
cessful (protected) compared to animals in which vaccination failed (unprotected), 
it is possible to identify potential correlates of protection. Preclinical studies have 
the advantage that one can challenge vaccinated animals with virulent M.tb, which 
is unethical in humans, and that the exact timing, dose and route of infection can be 
manipulated. They also allow access to relevant tissue sites that would not be pos-
sible in humans. Each model has a unique set of advantages and disadvantages 
based on its ethical, monetary and logistical costs, susceptibility to M.tb infection 
and extent to which it can reflect human physiology and the clinical spectrum of 
disease.

6.5.1.1 � Murine Models

Of all the preclinical models for TB vaccine evaluation, mice are the most extensively 
utilized due to relatively low cost, short generation time, standardization due to 
inbreeding and abundance of commercial reagents [175]. However, key features of 
TB lesions in humans such as necrosis and hypoxia are lacking in the most widely 
used mouse strains, and the immune system bears discrepancies with humans in both 
innate and adaptive features [140]. Furthermore, the most commonly utilized mouse 
strains, BALB/c and C57BL/6, exhibit different sensitivities to M.tb infection under-
lined by the constitutive expression of IL-10 [176]. There is some inconsistency in 
how ‘protection’ is defined in murine, and other preclinical, models compared with 
humans. While in humans vaccine efficacy is based on prevention of M.tb infection or 
TB disease using clinical endpoints, in preclinical models it is based on an improve-
ment in a disease-related readout such as bacterial load, pathology score or long-term 
survival. As such, a vaccine may be considered ‘protective’ in preclinical assessment 
even in the presence of measurable bacteria or pathology or if some animals do not 
survive [172]. A further limitation is the differences between artificial aerosol M.tb 
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challenge and natural transmission in humans [172]. Nevertheless, murine models 
have provided critical insights into the immune response to M.tb and allowed the gen-
eration of hypotheses about which parameters are associated with protection, as 
detailed in the preceding sections. Notably, murine studies identified the importance 
of IFN-γ in the control of M.tb and the potential association between polyfunctional 
CD4+ T cells and protection from M.tb challenge [81, 106].

6.5.1.2 � Guinea Pigs

Guinea pigs are more susceptible to TB than mice and are generally considered to 
follow a more representative process of human infection with strong initial immu-
nity which is eventually associated with tissue damage, leading to extensive case-
ation and tissue necrosis and ultimately death [177]. Due to such parallels with 
features of human TB and high reproducibility, the guinea pig model is the most 
commonly used system to further evaluate vaccine candidates which appear promis-
ing in the mouse. However, BCG vaccination confers stronger protection in guinea 
pigs than mice, which may limit ability to detect incremental improvements con-
ferred by vaccine candidates [173]. To overcome the issue of unnatural M.tb chal-
lenge models, a natural exposure system has been developed in guinea pigs whereby 
they breathe the extracted air from a ward of TB patients and thus receive multiple 
low-dose aerosol exposures to clinical strains [178]. However, use of guinea pigs 
entails a higher ethical, economic and logistical expense than mice, the commonly 
available strain is outbred, and 100% of guinea pigs develop active disease com-
pared with ~10% of humans. While a number of studies report safety and efficacy 
outcomes of candidate TB vaccine studies in guinea pigs, evaluation of immune 
responses and therefore identification of potential correlates of protection are lim-
ited by a lack of reagents. However, the recent emergence of new technologies, 
reagents and assays provides promise for the utility of this model in the future [179].

6.5.1.3 � Cattle

The adaptive immune system of cattle is similar to that of humans, with several 
aspects making them more representative of the human response to M.tb infection 
than rodents including less reliance on antigen-specific IFN-γ activation of macro-
phages, a more active role for cytotoxic cells and the presence of genes encoding 
cytokines not found in mice such as IL-26 [180, 181]. Furthermore, cattle are a 
natural target species of TB infection, and M. bovis infection offers a wide spectrum 
of TB disease that resembles that found in humans. Antigen-specific expression of 
IFN-γ and IL-2 following BCG vaccination in calves has been shown to correlate 
with protection from M. bovis challenge [182], and a study of the viral booster vac-
cines MVA85A and Ad85A identified antigen-specific IFN-γ memory responses by 
cultured ELISpot and in vitro IL-17 production as correlates of protection following 
M. bovis challenge [183].
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6.5.1.4 � Non-human Primates (NHPs)

The immune response in humans and NHPs is very similar due to their close evo-
lutionary relationship. Together with susceptibility to pulmonary infection with 
strains of M.tb that are pathogenic to humans, and similarities in the spectrum of 
TB disease exhibited, this makes NHPs the most attractive model for preclinical 
TB vaccine evaluation and the most relevant for identification of immune corre-
lates of protection [175]. However, NHPs incur significant ethical and monetary 
costs, as well as variability across individuals, which may limit their widespread 
use [175]. Furthermore, different subspecies of macaques differ in their suscepti-
bility to M.tb infection and response to BCG vaccination [184, 185], although 
corresponding variations in CD4+ and CD8+ T cell and myeloid DC subsets could 
bring to light useful immune parameters for the identification of correlates of 
protection [186].

Importantly, as previously described, recent NHP studies have demonstrated 
superior protection, and in some cases sterilizing immunity, from TB following 
BCG vaccination administered by different routes [116, 165, 187]. Pulmonary 
mucosal BCG vaccination has been shown to prevent infection following repeated 
limiting-dose M.tb challenge, and polyfunctional Th17 cells, IL-10 and IgA were 
identified as correlates of local protective immunity [116]. Antigen-specific Th1/
Th17 cells in the lung were also associated with the degree of M.tb control in granu-
lomas in a study of M.tb-infected macaques [188]. IV BCG vaccination confers 
superior protection compared with delivery by ID or aerosol routes or as an intratra-
cheal mucosal boost [165, 187]. Regardless of whether such a strategy could ever be 
deployable in humans, this finding provides a key opportunity for the identification 
of immune correlates and mechanisms of vaccine-mediated protection against 
TB. Superior protection in IV BCG-vaccinated NHPs was associated with greater 
induction of multifunctional CD4+ T cell producing IFN-γ and TNF-α [187] and 
with higher numbers of antigen-responsive CD4+ and CD8+ T cells in the blood, 
spleen, BAL and lung lymph nodes, as well as a higher frequency of antigen-
responsive T cells across all lung parenchymal tissues [165]. Further insight into the 
exact mechanisms of protection will require additional cross-sectional analysis of 
responses in studies where a greater range of protection is elicited within an inter-
vention group.

Prevention of TB in macaques has also been demonstrated following immunisa-
tion with the RhCMV/TB vaccine candidate, which was associated with greater 
induction and maintenance of high frequencies of highly effector-differentiated cir-
culating and tissue-resident M.tb-specific CD4+ and CD8+ memory T cell responses 
compared with BCG [129]. Interestingly, there were no significant antibody 
responses to the nine TB antigens in the RhCMV vector inserts, suggesting that 
antibodies do not contribute to the protection observed [129]. However, IgG1 was 
the only subclass tested, and the potential relevance of different isotypes has been 
highlighted in Sect. 6.4.2 [166].
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6.5.1.5 � Novel Humanized Animal Models

While mammals are the most frequently used experimental animal models in TB 
vaccine development, mycobacterial infection of invertebrates (zebrafish, the fruit 
fly Drosophila melanogaster and the amoeba Dictyostelium discoideum) has pro-
vided novel insights, particularly with respect to elucidating the early events follow-
ing mycobacterial infection. Such models offer advantages in terms of ethics, 
resources, costs and technological ease [175]. Zebrafish can develop granulomas 
after infection with M. marinum with some parallels to human M.tb infection, and 
the innate and adaptive immune responses share the same primary cellular compo-
nents with humans [189]. However, a major limitation is that zebrafish do not have 
lungs, and additional evidence is required to establish the ability to translate these 
findings to human physiology during M.tb infection [175].

6.5.2 � Clinical Studies

While preclinical studies have undoubtedly been central to advancing our under-
standing of the immune response to M.tb and generating hypotheses regarding 
potential correlates of protection, the immunopathogenesis of M.tb in humans is 
complex, highly heterogeneous between individuals and subject to biological and 
environmental influences that are impossible to model experimentally in animals. 
Thus, studies using clinical samples are key. There are two main approaches to 
identifying potential correlates of risk of, or protection from, TB using clinical sam-
ples. The first is to perform studies using samples from TB vaccine efficacy trials, 
comparing immune responses in individuals who remained healthy (‘controls’) with 
those who became M.tb infected or developed TB disease (‘cases’). However, few 
TB vaccine efficacy trials have been conducted to date, which limits opportunities 
for such analysis. The other strategy is to perform observational studies comparing 
immune responses in (a) individuals with LTBI, who are considered to have some 
degree of protection, with ATB patients; (b) LTBI individuals who go on to develop 
ATB with those who do not; or (c) household contacts of ATB patients who remain 
uninfected with those who become M.tb infected or develop ATB. An overview of 
clinical studies and their main findings with respect to potential correlates of protec-
tion is summarized in Table 6.1.
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Table 6.1  Clinical studies discussed in this chapter with findings of relevance to potential 
correlates of protection

Clinical study 
cohort

Study type/
intervention

Relevant findings with respect to potential 
correlates of protection

Reference

South African 
infants

Case-control; 
BCG vaccination

No differences between protected and 
unprotected infants in frequencies of 
BCG-specific CD4+ T cells, CD8+ T cells, 
γδ T cells or extended cytokine profiles

[89]

South African 
infants

Case-control; 
BCG vaccination

Two distinct clusters of infants with different 
myeloid and lymphoid activation and 
inflammatory gene expression patterns. 
Infants with the highest or lowest ML ratios 
at risk of developing TB disease

[190]

BCG-vaccinated 
South African 
infants

Post hoc analysis 
of Phase IIb 
MVA85A 
efficacy trial

BCG-specific IFN-γ secreting T cells and 
Ag85A-specific IgG associated with reduced 
risk of TB disease. Frequency of activated 
HLA-DR+ CD4+ T cells, which may be 
driven by CMV infection, associated with 
increased risk

[90, 192]

South African 
adults

BCG 
revaccination

Long-lived BCG-reactive NK cells induced [195]

IGRA+ and 
IGRA− Indian 
adults

BCG 
revaccination

Anti-mycobacterial Th1/Th17 responses 
significantly boosted

[196]

M.tb-infected 
South African 
adolescents

Prospective 
cohort study

16-gene signature could predict TB 
progression a year prior Minimal role for 
granulocytes/whole blood components. 
Interferon response gene module 
over-represented

[197]

LTBI and ATB 
patients in 
intermediate- and 
high-burden 
settings

Cohort study Gene signature for ATB dominated by a 
neutrophil-driven IFN-inducible gene profile, 
consisting of both IFN-γ and Type I IFN-αβ 
signalling

[49]

ATB patients in 
Africa

Prospective 
cohort study

4-gene signature predicting progression to 
ATB up to 2 years before onset of disease; 
confirms importance of Type I IFN pathway

[198]

LTBI and ATB 
patients from 
South Africa

Cohort study Antibodies from LTBI individuals have 
unique Fc functional profiles, selective 
binding to FcγRIII and distinct glycosylation 
patterns and drive enhanced phagolysosomal 
maturation, inflammasome activation and 
macrophage killing of intracellular M.tb

[156]

Exposed but 
uninfected 
healthcare 
workers and 
LTBI Ugandan 
adults

Cohort study Enhanced antibody avidity and distinct 
M.tb-specific IgG Fc profiles in resisters

[157]

ML ratio, ratio of monocytes to lymphocytes; NK, natural killer; LTBI, latently M.tb infected; 
ATB, active TB disease
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6.5.2.1 � Clinical TB Vaccine Trials

As discussed, a study of over 5500 South African infants attempted to identify cor-
relates of protection against childhood TB disease after BCG vaccination at birth. 
Infants were followed for 2 years and classified as controls if they did not have a 
household TB contact and did not develop TB disease (community controls, n = 55) 
or as having a household TB contact in which case they were grouped into those 
who developed TB disease (cases, n = 29) and those who did not develop TB disease 
(household contact controls, n = 55) [89]. Unfortunately, no differences were identi-
fied between protected and unprotected infants in the frequencies of BCG-specific 
CD4+ T cells, CD8+ T cells, γδ T cells or the extended cytokine profiles of these 
cells [89]. A different study in BCG-vaccinated South African infants with a 2-year 
follow-up compared host responses in blood at 10 weeks of age between infants 
who developed ATB during the follow-up period and those who remained healthy 
[190]. Gene expression analysis failed to identify any correlates of protection, but 
two distinct clusters of infants were evident with different myeloid and lymphoid 
activation and inflammatory patterns. Cases from each cluster demonstrated distinct 
patterns of gene expression, suggesting that unique correlates of risk may not be 
found within clusters. Interestingly, infants with the highest or lowest ratios of 
monocytes to lymphocytes (ML ratio) were at risk of developing TB disease [190]. 
This association has also been reported in other studies [29, 191].

Although the candidate TB vaccine MVA85A did not confer statistically signifi-
cant efficacy in a Phase IIb trial in BCG-vaccinated South African infants [88], the 
samples collected provide a rich resource for identification of potential correlates of 
protection. In a case-control correlates of risk analysis using samples from 53 
infants who developed TB disease and 205 matched controls, BCG-specific IFN-γ 
secreting T cells were associated with reduced risk of TB disease [90]. This is 
inconsistent with the previously described findings of Kagina et al., which may be a 
result of different methods for measuring IFN-γ and the different time-points post-
BCG vaccination at which this was done [89]. Levels of Ag85A-specific IgG were 
also associated with reduced risk of TB disease, while the frequency of activated 
HLA-DR+ CD4+ T cells was associated with increased risk as validated in an inde-
pendent cohort of M.tb-infected adolescents [90]. A follow-up transcriptomics anal-
ysis found that cytomegalovirus (CMV) infection was a major driver of CD8+ T cell 
activation and that a CMV-specific IFN-γ response was associated with increased 
risk of developing TB disease [192]. In CMV-positive infants, NK cell signatures 
and cell frequencies were associated with lower risk of TB disease [192]. 
Interestingly, a potential role for NK cells in protection from TB has also been iden-
tified in a multi-cohort study using CyTOF for systems analysis of immune cell 
frequency combined with transcriptional analysis [193].

Promising results from more recent vaccine trials provide further opportunities 
for assessing potential correlates of protection. A Phase IIb efficacy trial of the 
M72/AS01E candidate vaccine reported 54% protection against ATB in M.tb-
infected individuals, with an overall efficacy of 49.7% (90% CI, 12.1–71.2; 95% CI, 
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2.1–74.2) at 3 years [164], while BCG revaccination in South African adolescents 
reduced the rate of sustained QFT conversion by 45.4% [194]. An international 
consortium known as the ‘TB Immune Correlate Program’ has been formed to eval-
uate samples from these trials, although the relatively small number of participants 
that reached clinical endpoints (39 individuals developed ATB in the M72/AS01E 
trial, and 57 individuals had sustained QFT conversion in the BCG revaccination 
trial) may limit statistical power to identify correlates. BCG revaccination has been 
shown to induce long-lived BCG-reactive NK cell responses in South African adults 
[195] and to boost adaptive polyfunctional Th1/Th17 responses and innate effector 
cells in a different cohort of IGRA+ and IGRA− Indian adults [196].

6.5.2.2 � Observational Studies

Observational studies do not include an intervention and are therefore less logisti-
cally complex than vaccine trials. Several such studies have taken a systems analy-
sis approach to enable the unbiased simultaneous detection of multiple 
parameters—particularly through transcriptomics. In a prospective cohort study, 
Zak et al. defined a 16-gene signature that could predict TB progression a year prior 
to TB diagnosis. This signature was comparable in whole blood and peripheral 
blood mononuclear cells, which suggests a minimal role for granulocytes and other 
whole blood components. The only gene module that was over-represented in the 
risk signature was the interferon response [197]. Another transcriptomic study 
reporting a gene signature that could discriminate between LTBI and ATB also dem-
onstrated the importance of the interferon pathway, as it was dominated by a 
neutrophil-driven IFN-inducible gene profile, consisting of both IFN-γ and Type I 
IFN-αβ signalling [49].

Additional studies across different countries have validated and refined the sig-
natures for progression to ATB down to four transcripts and again confirm the 
importance of the Type I IFN pathway in TB disease risk [198, 199]. Scriba et al. 
showed that progression from LTBI to ATB is defined by sequential inflammatory 
processes triggered by a rise in Type I IFN and activation of the complement cas-
cade, including a change in ML ratio, a rise in HLA-DR+ CD4+ T cells and a 
decline in naïve T cells [200]. One challenge to such longitudinal studies of progres-
sion to ATB is the relatively low rate of reactivation (5–10%) in LTBI individuals, 
necessitating large sample sizes and long follow-up periods. Furthermore, it is dif-
ficult to draw any inferences, as findings may represent features of subclinical or 
incipient TB disease rather than being a cause of TB susceptibility. Nevertheless, 
there is obvious merit in the ability to identify individuals at risk of progres-
sion to ATB.

In addition to transcriptomic studies, other high-throughput and unbiased sys-
tems approaches such as proteomics, metabolomics and systems serology are being 
applied to similar cohorts and could shed light on new protective immune pathways 
and parameters to progress to further study [156, 201].
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6.5.3 � Controlled Human Infection Models

Controlled human infection models (CHIMs) are a powerful tool to fast-track vac-
cine development and to characterise pathophysiology and have led to the licensure 
of vaccines against influenza, malaria and cholera [202–206]. Given the unclear 
predictive value of animal models, a Mycobacteria CHIM could expedite large-
scale field trials and aid therapeutic development and the identification of correlates 
of protection. However, infecting humans with virulent M.tb would be unethical. 
M.tb clearance requires months of treatment with potentially toxic therapeutics, and 
volunteers may remain infectious during antibiotic therapy, with risk of community 
transmission [207, 208]. In addition, there is an unclear curative endpoint due to the 
lack of a definitive marker of infection. This leads to risk of treatment failure and the 
establishment of latency in volunteers [9, 209]. Instead, PPD and BCG have been 
used as surrogate models of M.tb infection in CHIMs. Both products are licenced 
for human use, as PPD is used for TST, while BCG is delivered as a vaccine. This 
facilitates their ease of procurement and delivery in CHIMs.

6.5.3.1 � PPD CHIMs

While PPD cannot be used to test vaccine efficacy as it is not a live replicating 
organism and hence quantification of bacterial growth control is not possible, it 
contains antigens from M.tb not found in BCG and hence could provide adjunct 
information about immune mechanisms following M.tb antigen exposure.

6.5.3.2 � BCG CHIMs

BCG is a live replicating Mycobacterium, which has been used safely as a licenced 
ID vaccination against TB in humans for over 100 years [210, 211]. BCG is less 
virulent than M.tb in humans as it lacks the region of difference 1 (RD1) locus 
which encodes the virulent ESX-1 secretion system [212, 213]. BCG does not cause 
disease in immunocompetent people, and therefore a BCG CHIM enables the study 
of an effective mycobacterial clearing immune response [214, 215]. While BCG 
elicits a similar CD4+ T cell-mediated immune response to that of M.tb [215–217], 
differences in immune responses between BCG and M.tb have been described in 
human in vitro and animal in vivo models [13, 218, 219]. In the absence of an M.tb 
CHIM, the BCG CHIM is a useful surrogate, designed to be used in conjunction 
with M.tb animal models and human TB epidemiological studies.

The first BCG CHIM utilised the ID route, which enables easy quantification of 
BCG growth control via skin punch biopsy [215]. Peak BCG growth following 
1–4 × 105 colony forming units (CFU) ID injection of BCG Danish 1331 was dem-
onstrated at 1–2 weeks, with 2 weeks providing the least variable endpoint while 
allowing time for the adaptive immune response to affect growth control. This safe, 
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feasible BCG CHIM model demonstrated superior mycobacterial growth control in 
historically BCG vaccinated compared with BCG-naïve participants and has been 
validated against a vaccine effect following virulent challenge in mice, NHPs and 
cattle [215]. This supports the utility of this model to assess vaccine efficacy in this 
M.tb-naïve UK adult population, where BCG vaccination is known to be protec-
tive [220].

The ID BCG CHIM has also been used to assess the efficacy of MVA85A, dem-
onstrating no added benefit over historic BCG vaccination alone [221]. This finding 
corresponds to results from the Phase IIb efficacy trial in South African infants, 
supporting the validity of this model in assessing mycobacterial vaccine efficacy 
[88]. Importantly, both ID BCG CHIM studies reported an association between the 
PPD-specific IFN-γ ELISpot response at 2 weeks post-challenge and control of 
growth of mycobacteria isolated from a skin biopsy of the challenge site [88, 215]. 
This is consistent with the findings of the correlates of risk analysis using samples 
from the MVA85A efficacy trial where IFN-γ ELISpot was associated with lower 
risk of TB disease [90]. Transcriptional analysis of blood samples from human chal-
lenge studies also identified IFN-γ and IL-18 transcripts as correlates of in  vivo 
mycobacterial growth control [222].

While ID BCG CHIMs show promise, the natural route of M.tb infection is via 
the airway. Vaccine efficacy varies depending on route of delivery, and protective 
immune mechanisms can be localised to the tissue infection site [165, 223]. Hence 
work is underway to develop an aerosol BCG CHIM. Three studies in the 1960s and 
1970s delivered intrapulmonary BCG to healthy volunteers or lung cancer patients 
and demonstrated good safety profiles [224–226]. In 2019, a proof-of-concept 
safety study was published, which delivered up to 0.5 tuberculin units of PPD and 
1 × 104 CFU BCG by local bronchoscopic instillation to mycobacteria-sensitised 
South African adults without any clinically significant adverse events [227]. 
However, bronchoscopic instillation is not the natural route of infection. To model 
naturally acquired M.tb infection, McShane et al. are developing an aerosol CHIM 
in which BCG is inhaled using an Omron NE-U22 micro air mesh nebuliser. 
Following aerosol inhalation, BCG is recovered at a defined time-point via broncho-
scopic saline lavage (ClinicalTrials.gov NCT02709278) (Fig. 6.4). Work is ongoing 
to quantify the BCG in the airway, which could then be used as a marker of in vivo 
mycobacterial growth control, informing vaccine efficacy and providing opportuni-
ties for the identification of immune correlates of protection (H McShane, personal 
communication).

6.5.3.3 � Other CHIM Models

One major drawback of the BCG CHIM is the inability to test efficacy of vaccine 
candidates based on the RD1 antigens, many of which are currently in the vaccine 
development pipeline [228, 229]. Furthermore, an M.tb CHIM would enable full 
elucidation of immune mechanisms, some of which may not occur following expo-
sure to the less virulent BCG.  Candidates for an M.tb CHIM could include the 
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Fig. 6.4  Inhaled BCG controlled human infection model (CHIM). Healthy M.tb-naïve subjects 
receive BCG by the aerosol route using a nebuliser. BCG is recovered via bronchoscopic saline 
lavage at a defined time-point. AE aerosol. (Created with BioRender.com)

attenuated vaccine candidate MTBVAC [230]. More preferable would be a geneti-
cally modified but virulent strain that can be definitely cleared, such as the M.tb 
strain being developed by a consortium of bacterial geneticists with support from 
the Gates Foundation, which only survives in the presence of continuous antibiotic 
or other therapy (S Fortune, personal communication).

In the absence of an ethical virulent M.tb strain available for CHIM studies, the 
BCG CHIM promises to be a useful tool to fast-track vaccine candidate selection 
and to further our understanding of protective immune mechanisms.

6.5.4 � Mycobacterial Growth Inhibition Assays

An alternative approach to identifying correlates of protection is the use of functional 
mycobacterial growth inhibition assays (MGIAs). Rather than measuring predefined 
individual immune parameters of unknown relevance, MGIAs are unbiased and take 
into account a range of immune mechanisms and their complex interactions in an 
ex vivo environment; as such they may represent a surrogate of protective efficacy in 
themselves [231]. They also provide a tractable model in which effector functions 
may be studied through such techniques as cell depletion or concentration or in vitro 
‘adoptive transfer’. MGIAs offer further advantages of being high-throughput, inex-
pensive and a 3Rs refinement to preclinical vaccine efficacy and correlates of protec-
tion studies, as they avoid the need for in vivo M.tb challenge [232].

While simple in principle—blood or cells are collected pre- and post-vaccination, 
and ability to inhibit growth of mycobacteria is measured following in  vitro 
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inoculation—these assays are notoriously technically challenging and have histori-
cally suffered from a lack of reproducibility and transferability [233]. Several 
approaches have been described with varying degrees of success, including the 
addition of stimulated lymphocytes to infected monocytes [234], the co-culture of 
bone marrow-derived macrophages and splenocytes [235] and the use of luciferase-
expressing reporter strains of mycobacteria [236]. These and other MGIAs have 
been comprehensively reviewed elsewhere [231]. More recently, a significant effort 
has been made by Tanner et al. to develop a simplified cross-species assay known as 
the ‘direct MGIA’. This assay, adapted from a method originally developed for TB 
drug evaluation by Wallis et al. [237], has now been optimized and harmonized for 
use in humans, mice and NHPs [238–240]. Mycobacterial growth in the MGIA has 
been associated with TB disease state and treatment status [241], and ability to 
detect a BCG vaccine effect using this assay has been demonstrated across multiple 
studies [238, 239, 242–245]. Some degree of biological validation has been achieved 
through correlation with protection from in vivo mycobacterial challenge [239, 245] 
or protection from vaccine candidates of varying efficacy [246, 247].

Various MGIA studies have indicated a detrimental effect of depletion, or 
enhancing effect of enrichment, of CD4+ T cells and/or CD8+ T cells on control of 
mycobacterial growth [248–251]. A role for γδ T cells has also been proposed [249]. 
Notably, most published MGIA studies report no correlation between mycobacte-
rial growth inhibition and IFN-γ responses, despite both being significantly 
enhanced following BCG vaccination [25, 236, 238, 242, 252]. However, in an 
in vivo challenge study in UK adults, control of mycobacterial growth at baseline in 
historically BCG-vaccinated volunteers was associated with the IFN-γ ELISpot 
response measured at 2 weeks post-challenge [245]. The authors suggest that this 
disparity is likely because the challenge study focused on associations with post-
infection in vivo responses, which permits consideration of re-stimulated memory 
responses in historically vaccinated volunteers [245]. Since the MGIA models an 
infection, immune parameters induced by in vivo challenge and contributing to con-
trol of mycobacterial replication in vivo may reveal those driving control of myco-
bacterial growth in the MGIA.  Interestingly, there was an association between 
MGIA control and frequencies of several subsets of polyfunctional CD4+ T cells 
including IFN-γ, TNF-α and IL-2 triple-positive cells [245], which was consistent 
with findings by Smith et al. [244]. However, others have reported no correlation 
between MGIA response and polyfunctional T cells, which may be due to the mea-
surement of effector responses soon after vaccination [25, 247].

In an MGIA study comparing healthy volunteers, individuals with LTBI and 
patients with active TB disease, several immune parameters were associated with dif-
ferential mycobacterial control including distinct monocyte subsets, B cell subsets 
and IgG1 responses [241]. IgG responses post-challenge have also been weakly asso-
ciated with control of mycobacterial growth in BCG-vaccinated individuals [245]. 
Hierarchical cluster analysis of serum cytokine responses revealed correlations 
between high analyte levels and enhanced mycobacterial control for several cytokines 
including CXCL-10 and PDGF-BB [241]. Interestingly, Joosten et al. noted an asso-
ciation between control of mycobacterial growth and the presence of a 
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CXCL10-producing CD14dim monocyte population, which was dependent on the 
presence of T cells. Thus, trained innate immunity may contribute to the superior 
control of mycobacterial growth they observed in individuals with recent exposure to 
M.tb and some BCG vaccinated individuals [25]. Finally, distinct transcriptomic pro-
files have been associated with good vs. poor mycobacterial control in the MGIA, 
with good controllers showing enrichment for gene sets associated with antigen pro-
cessing/presentation and the IL-23 pathway and poor controllers showing enrichment 
for hypoxia-related pathways [245]. Such insights may be hypothesis-generating with 
respect to potential correlates of protection that can be taken forward to in vivo studies.

6.6 � Conclusion

The lack of validated immune correlates of protection remains a major barrier to the 
development of new TB vaccines. While IFN-γ secreting CD4+ T cells are clearly a 
cornerstone of the immune response to TB, the fact that boosting with MVA85A 
failed to confer enhanced protection over BCG alone, despite generating a higher 
level of these cells, suggests that we need to look beyond this paradigm. Progress is 
now being made in understanding the role of previously under-explored immune 
parameters including unconventional T cells, Th17 cells, B cells and antibodies, 
although their exact contribution to protective immunity and potential as correlates of 
protection remain ill-defined. For such a complex pathogen, it is possible that a ‘bio-
signature’ comprising a combination of immune measures rather than any given sin-
gle parameter will be necessary. Compartmentalization of immune responses may 
also be important to consider, particularly as local responses in the lung may correlate 
better with protection from initial infection than those in the periphery. Recent 
advances in the TB field are providing key opportunities for correlate of protection 
analysis. Notably, evidence of sterilizing immunity in preclinical studies, positive effi-
cacy results in proof-of-concept clinical trials, advances in systems technologies and 
the development of in vivo CHIMs and in vitro MGIAs will provide the samples and 
tools to identify new correlates, with the aim of facilitating and expediting the design, 
optimization, prioritization and clinical assessment of candidate TB vaccines.
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