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Abstract

Tuberculosis (TB) is a large global health problem, in part because of the long period of
coevolution of the pathogen, Mycobacterium tuberculosis, and its human host. A major factor that
sustains the global epidemic of TB is the lack of a sufficiently effective vaccine. While basic
mechanisms of immunity that protect against TB have been identified, attempts to improve
immunity to TB by vaccination have been disappointing. This Review discusses the mechanisms
used by M. tuberculosis to evade innate and adaptive immunity and that likely limit the efficacy of
vaccines developed to date. Despite multiple mechanisms of immune evasion, recent trials have
indicated that effective TB vaccines remain an attainable goal. This Review discusses how
knowledge from other systems can inform improvements on current vaccine approaches.

Tuberculosis

Despite the impression that tuberculosis (TB) is a disease of historic (Dubos and Dubos,
1952) or romantic (Lawlor, 2007) interest, TB causes more deaths (1.7 million in 2016) than
does HIV (http://www.who.int/tb/en/). Mycobacterium tuberculosis, the bacteria that cause
TB, is estimated to have infected 23% of the current human population (Houben and Dodd,
2016) and progressed to cause active disease in 10.4 million people in 2016. TB is
potentially curable, but there were an estimated 500,000 new cases of drug-resistant TB in
2016. Cure rates are lower with resistant strains, the drugs are more costly and more toxic,
and drug-resistant M. tuberculosis can be transmitted to other individuals (Shah et al., 2017).

Most people that encounter M. tuberculosis do not progress to active TB disease and are
considered to have latent TB infection (LTBI). Although only 5%-10% of people progress
to active, TB disease, a person with active TB is estimated to transmit TB to an average of
10 other people per year (superspreaders may infect as many as 200), so progression from
LTBI to active TB occurs at a rate sufficient to sustain the global epidemic.

The relationship between M. tuberculosis and our ancestors is long standing, going back as
many as 3 million years (Gutierrez et al., 2005). M. tuberculosis has no other ecological
niche, so all of its evolutionary selection is through interactions with humans. Coevolution
has resulted in an infection that induces partial immunity, where the host survives most of
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the time and so does the pathogen. TB is spread through the air by people with active TB, so
mechanisms that promote release of bacteria from the lungs benefit the bacteria, and TB
may be unique in its ability to exploit adaptive immune responses (through inflammatory
lung tissue damage) to promote its transmission. M. fuberculosis is also unusual, as the vast
majority of its antigens do not exhibit sequence diversity (Comas et al., 2010; Coscolla et al.,
2015). Although the full implications of antigen conservation remain to be determined, the
lack of escape mutations is consistent with partial immunity.

TB Vaccine History

M. tuberculosis was identified as the cause of TB in 1882, and by 1927 the live attenuated
bacille Calmette-Guérin (BCG) TB vaccine became available. Approximately 100 million
infants receive BCG annually, due to its low cost, stability, and safety. Although BCG
reduces the risk of disseminated tuberculosis in childhood (Rodrigues et al., 1993), its
efficacy in preventing pulmonary tuberculosis in adults varies widely (Mangtani et al.,
2014). The variation is attributed to multiple factors, including the BCG strain, dose, and
route of administration; prevalence of nontu-berculous mycobacteria (NTM); host genetics,
microbiota, and coinfections; and prevalence of specific M. tuberculosis lineages. Variations
in outcomes notwithstanding, BCG has not been sufficiently effective to prevent the growth
of global TB.

One mechanism that may limit BCG efficacy is that its antigenic composition is
insufficiently related to M. tuberculosis. Analysis of 13 BCG genomes revealed that of the
1,530 known human T cell epitopes in M. tuberculosis, 21%—28% of the epitopes are
deleted from BCG (Copin et al., 2014). Besides the deleted antigens, 15 epitopes in 9
antigens differ in sequence compared with M. tuberculosis. Although the evidence is
insufficient to conclude that antigen loss and sequence variation account for the limited
efficacy of BCG, several immunodominant antigens (ESAT-6, CFP-10, PE35, and PPE68)
are lacking from all BCG strains.

The only new TB vaccine examined in phase I trials, MVVA85A, lacks efficacy. MVVA85A is
comprised of the attenuated poxvirus, Modified Vaccinia Ankara (MVA), that expresses the
M. tuberculosis antigen 85A (Ag85A). Ag85A is an abundant secreted protein of M.
tuberculosis, and during infection, it induces high-frequency T cell responses. After
MVABS5A was found safe and immunogenic in humans, two groups at high risk of TB were
selected for efficacy trials: HIV-infected adults and infants.

One efficacy study was performed in 650 HIV-infected adults that were randomized to
receive MVVA85A or a control (Ndiaye et al., 2015). MVA85A induced Ag85A-reponsive T
cells that produced IFNg, as well as cells that produced the cytokines Tumor necrosis factor
(TNF), IL-2, or IL-17; low-magnitude CD8 T cell responses were detected, but fewer than
1% of the recipients produced detectable antibodies to Ag85A. There were 6 cases of active
TB among the 320 MVVA85A recipients and 9 cases in the 325 controls, and this difference
was not significant. MVVA85A also failed to prevent new infections, as reflected by
Quantiferon-TB (QFT) conversion, which reflects an antigen-specific T cell response that
develops several weeks after infection with M. tuberculosis.
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The other trial enrolled 2,797 healthy infants who received BCG at birth and were
randomized to MVVA85A or control (Tameris et al., 2013). MVVA85A induced Ag85A-
responsive T cells that could produce IFNy, TNF, and IL-2, as well as IL-17. No Ag85A-
responsive CD8 T cells were detected. Thirty-nine MVVA85A recipients and 32 controls
developed active TB defined by stringent diagnostic criteria, and 178 MVVA85A recipients
and 171 controls developed evidence of new infection (QFT conversion). Therefore,
MVABSA did not confer protection from M. tuberculosis disease or infection.

In the absence of an efficacious vaccine, current TB control consists of identifying people
with active TB and treating them effectively. Additionally, close contacts of the patient are
also tested for evidence of infection, and those who test positive are administered 3-9
months of preventive chemotherapy. The WHO End TB Strategy program emphasizes the
need for new tools, including vaccines, to achieve the goal of 95% reduction in TB deaths
and 90% reduction in TB incidence by 2035.

Mechanisms of Immunity that Control M. tuberculosis

T cells are essential to control M. tuberculosis. In mice, CD4 and CD8 T cells both
contribute to immunity (Mogues et al., 2001). In humans, a role for CD4 T cells has been
revealed by the impact of HIVV-mediated CD4 T cell depletion on reduced TB immunity
(Kwan and Ernst, 2011). However, the contributions of CD8 T cells remain unclear,
although CD8 T cell depletion worsened the course of TB in nonhuman primates after a high
inoculum (3,000 cfu) challenge (Chen et al., 2009). It has been widely believed that IFNy
production by T cells is a major determinant of TB immunity. However, in mice, CD4 T
cells can contribute to control without expressing IFN-y (Gallegos et al., 2011; Sakai et al.,
2016), and transfer of CD4 T cells engineered to produce larger amounts of IFN-y resulted in
worse outcomes (Sakai et al., 2016). These results in mice are consistent with those of the
MVABSA trials, in which increases in IFNy-producing CD4 T cells did not provide
protection. They are also consistent with results in rhesus macaques, in which aerosol
vaccination with an adenovirus expressing Ag85A, along with the immunodominant
antigens Ag85B and Th10.4, induced IFN-y-producing CD4 and CD8 T cells but did not
protect from M. tuberculosis (Darrah et al., 2014). Therefore, although both CD4 T cells and
IFN-y are essential for control of M. tuberculosis, IFN+y production is not the sole effector
mechanism that contributes to the protective immunity mediated by CD4 T cells. Indeed,
there is emerging evidence that production of the pro-inflammatory cytokine I1L-17 as well
as IL-17 responsiveness are important for control of M. tuberculosisin mice (Freches et al.,
2013), and there is also evidence that induction of IL-17 responses can contribute to efficacy
of an adjuvanted subunit TB vaccine (Khader et al., 2007). Since CD4 T cells that produce
both IL-17 and IFN-y have been detected in other contexts (Zielinski et al., 2012), additional
investigation of the roles of IL-17-producing T cells in natural and vaccine-induced
protective immunity to TB is warranted.

The multifunctional proinflammatory cytokine TNF is essential for control of M.
tuberculosis in mice (Flynn et al., 1995), nonhuman primates (Lin et al., 2010), and humans
(Keane et al., 2001), and is produced by myeloid cells as well as by T lymphocytes. In mice,
TNF produced by T cells contributes to control of M. tuberculosis (Allie et al., 2013; Sakai
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et al., 2016; Saunders et al., 2004) although another study found that CD4 T cells specific
for the secreted protein ESAT-6 improved control without producing TNF (Gallegos et al.,
2011). While studies in humans cannot determine the importance of distinct cellular sources
of TNF, the frequency of CD4 T cells that produce only TNF is higher in subjects with
active TB than in those with LTBI and correlate with bacterial burdens (Day et al., 2011),
indicating that TNF-producing T cells correlate inversely with control of M. tuberculosis.

Other mechanisms contribute to M. tuberculosis innate immunity, including pattern
recognition molecules and adaptors (Stamm et al., 2015), neutrophils (Blomgran et al., 2012;
Blom-gran and Ernst, 2011), reactive oxygen (Kadister et al., 2017) and nitrogen (Mishra et
al., 2017), autophagy (Ouimet et al., 2016), and apoptosis (Martin et al., 2012). For each of
these, M. tuberculosis has evolved the ability to inhibit or resist these defense mechanisms
(Cambier et al., 2014; Goldberg et al., 2014). There is also increasing knowledge of
“unconventional” or donor-unrestricted T cells (e.g., those with TCRs that interact with
nonpolymorphic antigen-presenting molecules), including mycobacterial lipid antigen-
specific T cells restricted by CD1a, CD1b, or CD1c (Van Rhijn and Moody, 2015), mucosal-
associated invariant T cells (MAITS) (Gold et al., 2015), and y& T cells. Although these may
bear on TB vaccine development, there is less known regarding their contributions to
protection. Similarly, antibodies are produced in response to M. tuberculosis infection. Until
recently, TB vaccine strategies to target antibodies have been largely dismissed, and new
information on the potential roles of antibodies in protective immunity to M. tuberculosis is
just emerging (Li et al., 2017; Lu et al., 2016).

Since T cells that recognize peptides bound to MHC class | or 11 have been the focus of most
research and TB vaccine efforts, this Review focuses on mechanisms that limit the efficacy
of conventional T cells, especially CD4 T cells, and that contribute to challenges in
developing effective TB vaccines.

Mechanisms of T Cell Evasion in TB

M. tuberculosis possesses multiple mechanisms to perturb innate immunity (Cambier et al.,
2014). By disrupting innate responses, such as phagosome maturation (Mehra et al., 2013),
apoptosis (Velmurugan et al., 2007), and autophagy (Ouimet et al., 2016), or by inducing
detrimental type | interferon secretion (Mayer-Barber et al., 2011) or excessive TNF (Roca
and Ramakrishnan, 2013), M. tuberculosis optimizes its early survival and modulates
adaptive immunity to its own advantage. Development of attenuated mycobacterial vaccines
and selection of adjuvants for subunit vaccines depends on understanding how M.
tuberculosis uses specific innate responses to bias or attenuate beneficial T cell responses.
Other mechanisms that act early in infection, including impaired or misregulated dendritic
cell maturation (Hanekom et al., 2003) and delayed priming of CD4 T cells (Wolf et al.,
2008) should be bypassed by vaccination, although their characterization may shed light on
mechanisms that limit T cell containment of infection early after exposure.

Most knowledge of initiation and regulation of T cell responses is based on studies of
antigen administration followed by restimulation of cells harvested from blood or lymphoid
tissues. However, protective immunity to tuberculosis requires T cells to traffic to infected
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tissues where they must recognize and respond to pathogen antigens (Figure 1). Even if
antigen-specific T cells are generated by vaccination, they will not contribute to protection if
they are not activated through antigen recognition at the site of infection. Recent studies
have revealed mechanisms whereby M. tuberculosis interferes with activation of antigen-
specific T cells, and these mechanisms likely contribute to the limitations of existing TB
vaccines. Because of the tractability and accessibility of studies in mice, most of the
mechanisms described below have been discovered and validated in mice. When similar
findings have been described in nonhuman primate or human studies, they are noted.

Mechanisms Directed at Antigen-Presenting Cells

Since M. tuberculosis infects professional antigen-presenting cells, the bacteria are ideally
located to perturb the functions of these cells. One target is the MHC class Il antigen
presentation pathway (hereafter termed the MHC Il pathway), which is essential for antigen
activation of CD4 T cells. Initially described as sequestration of antigens produced by
intramacrophage mycobacteria from human CD4 T cells (Pancholi et al., 1993), multiple
mechanisms contribute to reduced recognition of M. tuberculosis-infected cells by antigen-
specific CD4 T cells.

M. tuberculosis inhibits MHC 11 expression by blocking IFNy-mediated induction of class Il
transactivator (CIITA) (Kincaid and Ernst, 2003; Pai et al., 2003), which controls genes in
the MHC |1 pathway in mice and humans. One mechanism that blocks IFN+y induction

of MHC 11 expression is by an incompletely characterized mechanism that involves
prolonged engagement of the innate sensor TLR2 by mycobacterial lipoproteins and
lipoglycans (Pai et al., 2003), although there is also evidence for TLR2-independent
mechanisms (Fortune et al., 2004).

Mycobacteria also perturb the MHC Il pathway by interfering with intracellular trafficking
of MHC IlI. During MHC Il assembly and trafficking, the class Il invariant chain is
processed by cathepsin S and then occupies the MHC 11 peptide-binding groove to maintain
complex stability. M. tuberculosis targets the invariant chain and MHC 11 via inducing

IL-10, which reduces cathepsin S expression (Sendide et al., 2005). Although interference
with invariant chain processing due to IL-10 suppression of cathepsin S has not been directly
examined /n vivo, support for the relevance of this mechanism is provided by the finding that
IL-10-deffcient mice have accelerated CD4 T cell responses and lower lung bacterial
burdens when infected with M. tuberculosis (Redford et al., 2010).

Two recent studies have identified M. tuberculosis proteins that perturb MHC 11 antigen
presentation and activation of CD4 T cells. A genome-wide screen revealed inhibition of
MHC Il antigen presentation by PE_PGRS47, a member of a large M. tuberculosis
multigene family (Saini et al., 2016). Targeted deletion of PE_PGRS47 attenuated M.
tuberculosis, and PE_PGRSA47 blocked presentation of multiple M. tuberculosis antigens to
CDA4 T cells in vitroand in vivo. PE_PGRSA47 was also found to impair autophagy in
infected macrophages, providing evidence for a role of autophagy in MHC class 1l
presentation of mycobacterial antigens.
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Another recent study revealed interference with MHC 1l antigen presentation by the M.
tuberculosis secreted effector, EsxH. EsxH directly interacts with Hrs, a component of the
endo-somal sorting complex required for transport (ESCRT) machinery in human and
murine cells, which contributes to phagosome maturation and antigen processing (Portal-
Celhay et al., 2016). EsxH overexpression diminished activation of M. tuberculosis antigen-
specific CD4 T cells /n vitroand in vivo, and deletion of EsxH increased activation of CD4
T cells /in vitroand in vivoin ESCRT-replete, but not ESCRT-deficient, cells. EsxH-deficient
mycobacteria were attenuated /7 vivo, but much of the attenuation was lost in CD4 T cell-
deficient mice, indicating that EsxH interferes with CD4 T cell activation.

In addition to inhibition of MHC class Il antigen presentation by PE_PGRSA47 and by EsxH,
M. tuberculosis diverts secreted mycobacterial antigens from the MHC |1 pathway to the
extracellular space (Srivastava and Ernst, 2014; Srivastava et al., 2016). This export of M.
tuberculosis antigens from infected cells involves vesicular transport. Depletion of the motor
protein, kine-sin-2, involved in this vesicular movement, revealed that not only was antigen
export decreased, but antigen presentation to Ag85B- or ESAT-6-specific CD4 T cells by M.
tuberculosis-infected cells was increased. Blockade of antigen export from infected cells
improved T cell-dependent restriction or killing of intracellular M. tuberculosis in vitro and
enhanced control of M. tuberculosis in vivo (Srivastava et al., 2016).

Unlike other mechanisms of M. tuberculosis perturbation of antigen presentation that
decrease CD4 T cell priming, antigen export enhances priming of naive CD4 T cells by
allowing uptake, processing, and presentation of exported antigens by uninfected cells in
lymph nodes (Srivastava and Ernst, 2014). However, antigen export can be detrimental to
CDA T cell control of M. tuberculosis in the lungs through at least two mechanisms. First,
since direct recognition of infected cells by CD4 T cells is essential for control of M.
tuberculosis in vivo (Srivastava and Ernst, 2013), diversion of bacterial antigens from the
MHC Il pathway decreases antigen presentation by infected cells, thereby decreasing their
recognition by CD4 T cells (Srivastava et al., 2016). Second, uptake and presentation of
exported antigens by uninfected cells (which outnumber infected cells in the lungs [Wolf et
al., 2007]) allows antigen-specific T cells to be engaged by uninfected cells instead of
infected cells.

The significance of impairing antigen presentation by M. fuberculosis was revealed by
comparing CD4 T cell responses to Ag85B presented by cells infected with M. tuberculosis
(which persists /in vivg) or M. bovis BCG (which is eliminated by T cells) (Grace and Ernst,
2016). Ag85B-specific CD4 T cell responses after M. tuberculosis infection were more
delayed and required more antigen-producing bacteria to prime Ag85B-specific CD4 T cells
than after aerosol BCG infection. When the numbers of bacteria in infected cells were
equivalent, M. tuberculosis-infected cells were poorer stimuli than BCG-infected cells for
activating Ag85B-specific CD4 T cells /n vivoand /n vitro. The number of CD4 T cells
recruited to the lungs was greater after M. tuberculosis infection than after BCG infection,
indicating that M. tuberculosis persistence is due to poor CD4 T cell efficacy, rather than to
deficient T cell recruitment. These results indicate that M. tuberculosis interference with
antigen presentation to CD4 T cells contributes to its persistence and imply that interference
with antigen presentation contributes to evasion of vaccine-induced T cells.
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M. tuberculosis also modulates its gene expression to limit T cell efficacy. Expression of
Ag85B is highest during early growth of M. tuberculosisin the lungs and then decreases,
leading to decreased activation of Ag85B-specific CD4 T cells. This mechanism is
functionally important, since an M. tuberculosis strain engineered to express Ag85B
throughout infection is attenuated in mice, but only in the presence of CD4 T cells (Bold et
al., 2011). However, the findings with Ag85B cannot be extrapolated to all M. tuberculosis
antigens, since expression of ESAT-6 is maintained throughout infection, and ESAT-6-spe-
cific CD4 T cells can be activated at comparable levels during early and later stages of
infection (Moguche et al., 2017). These results emphasize that vaccine antigens must be
selected with specific knowledge of their expression dynamics.

Mechanisms that Directly Affect T Cells

The mycobacterial glycopliids lipomannan and mannosylated lipoarabinomannan (man-
LAM) are components of the bacterial cell wall that can inhibit T cell activation through
reduced phosphorylation of ZAP-70, Lck, and LAT downstream of TCR triggering (Mahon
etal., 2012; Sande et al., 2016). Whether this mechanism contributes to the inability of T
cell responses to eliminate M. tuberculosis in vivo has not been established, but man-LAM
and other mycobacterial lipoglycans can be acquired by T cells via bacterial membrane
vesicles, and man-LAM can be detected on T cells isolated from lungs of M. tuberculosis-
infected mice (Athman et al., 2017).

M. tuberculosis-specific T cells have been characterized for their maturation states that
affect their functions and antimycobacterial efficacy. Chronic M. tuberculosis infection in
mice drives ESAT-6-specific CD4 T cells to terminal differentiation (Reiley et al., 2010) and
retention in the pulmonary vasculature (Moguche et al., 2015; Sakai et al., 2014). Terminally
differentiated (KLRG1 NICX3CR1 NiT-bethl) CD4 T cells confer little protection when
adoptively transferred, despite producing larger quantities of IFNy than less-differentiated
(CXCR3*CX3CR1~ PD-1 NCD69") CD4 T cells that traffic to the lung parenchyma and
provide protection (Sakai et al., 2014). Terminal differentiation is antigen dependent:
ESAT-6-specific CD4 T cells exhibit this property, but Ag85B-specific CD4 T cells do not,
since Ag85B expression is reduced in chronic infection (Moguche et al., 2017). T cells with
similar properties are present in humans: a vaccine that contains ESAT-6 was found to
expand CD4 T cells with limited functional capacities when administered to subjects with
LTBI (Moguche et al., 2017). This finding has important implications, since TB vaccines
administered to those that already have LTBI will have little efficacy if they expand poorly
functional antigen-specific T cells.

Chronic M. tuberculosis in mice is also associated with T cells whose phenotype and
functions are characteristic of exhaustion. Lung T cells that express exhaustion markers
(TIM3, PD-1, LAG3, 2B4) and transcriptional signatures are less able to produce multiple
cytokines (Jayaraman et al., 2016). Although human studies have indicated that T cell
exhaustion may develop at certain stages of infection or disease, more investigation is
warranted. This is particularly important for T cells with distinct antigen specificities, since
the data will be important for design of TB vaccines administered to those with LTBI or
active TB.
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Other mechanisms limit effector T cells and may impact TB vaccine efficacy. Regulatory T
cells (Treg) are induced early after infection in mice and retard priming, expansion, and
recruitment of effector T cells to the lungs. Tyeq contract later and do not accumulate in the
lungs of M. tuberculosis-infected mice (Shafiani et al., 2013). Likewise, the
immunosuppressive cytokine IL-10 is expressed by myeloid cells and T cells during M.
tuberculosis infection, and T cell-derived IL-10 limits control of bacteria in the lungs
(Moreira-Teixeira et al., 2017). Blockade of IL-10 receptor signaling during BCG
vaccination of mice enhances IL-17 and IFN+y responses by T cells and innate lymphoid
cells and improves control of M. tuberculosis (Pitt et al., 2012). These results indicate that
blockade of IL-10 at the time of vaccination may improve the protection obtained by TB
vaccines.

Spatial Restriction of T cells

The characteristic tissue lesion in TB is the granuloma, an aggregate of macrophages,
dendritic cells, and neutrophils, with variable frequencies of B and T lymphocytes. The
architecture of (Marakalala et al., 2016) and animals (Gideon et al., 2015; Smith et al.,
2016), and in a common form of TB granulomas, T cells are confined to the peripheral
regions, while infected cells are in the central core (Figure 2) (Ernst et al., 2018; Kauffman
et al., 2018). Since CD4 T cells must directly recognize and contact infected cells to control
intracellular M. tuberculosis (Srivastava and Ernst, 2013), the architecture of TB granulomas
may limit the efficacy of T cells in TB. One promising finding is that in M. tuberculosis-
infected rhesus macaques, inhibition of indoleamine-2,3-dioxygenase (IDO; a tryptophan-
catalyzing enzyme whose products can modulate T cell differentiation and activation) at the
onset of the adaptive immune response resulted in enhanced T cell responses, positioning
more T cells in the central regions of granulomas, and reducing the number of bacteria in
lesions (Gautam et al., 2018). If IDO inhibition is effective when administered after
establishment of granulomas, this may be a promising adjunct to TB chemotherapy or
vaccination.

Resistance to T Cell Effector Mechanisms

An additional mechanism that may limit the efficacy of T cells is resistance to their
effectors. One example is that M. tuberculosis infection of human (Ting et al., 1999) or
murine (Fortune et al., 2004) macrophages inhibits responses to IFN-y. This effect of M.
tuberculosis operates at a late step in transcription initiation and does not inhibit
transcription of all IFN-y-responsive genes. Among the genes most repressed in M.
tuberculosis-infected macrophages is the transcription factor CIITA, the master regulator of
MHC Il genes (LeibundGut-Landmann et al., 2004). There is currently no information
whether M. tuberculosis infection inhibits macrophage responses to IFN<y /n vivo. However,
the observation that M. tuberculosis can interfere with cytokine signaling potentially
explains why IFN-y production is not a correlate of protection in TB; if the IFNy produced
cannot act optimally due to disrupted signaling, then the quantities will not correlate with
outcomes (Figure 3). It is reasonable to hypothesize that resistance to other effector
mechanisms limits the efficacy of T cell control of TB.
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Recent Progress

Despite the plethora of mechanisms that interfere with immune responses to M. tuberculosis,
recent results raise optimism for successful TB vaccine development.

A rhesus cytomegalovirus (rhCMV) vaccine containing M. tuberculosis antigens provided
protection not previously achieved by a TB vaccine (Hansen et al., 2018). RhCMV-TB
induced IFNy- and TNF-producing CD4 and CD8 memory (effector > central memory) T
cells. Additionally, and when challenged with a low inoculum (10-25 cfu) of M.
tuberculosis Erdman, a strain that is especially virulent in nonhuman primates, 14 of the 34
RhCMV-TB vaccinated animals had no evidence of TB disease, and 10 of the 14 had no
viable M. tuberculosis recovered. Although RhNCMV-TB induced memory T cells, the
magnitude did not correlate with the outcomes of infectious challenge. Instead, a durable
whole-blood transcriptional signature correlated with protection and included genes involved
in innate immunity, including neutrophil degranulation. The durability of the innate immune
signature is thought to relate to persistence of the RnCMYV vector. The possibility that the
vaccine induced lung-resident memory T cells was not examined but should be the subject
of future studies, since the lungs are a major site of human CMV persistence (Gordon et al.,
2017), and the rapid onset of protection after bacterial challenge suggests that vaccine-
induced immunity was present in the lungs. While it is notable that protection was achieved
by a vaccine that did not induce detectable antibodies, the findings do not exclude a potential
role for antibodies in immunity to TB.

Another recent study revealed the potential for protection against TB by trained innate
immunity (Kaufmann et al., 2018). Intravenous M. bovis BCG stimulated expansion of
hematopoietic stem cells (HSC), associated with epigenetic changes transmitted to their
progeny, including multipotent progenitors and bone marrow-derived macrophages
(Kaufmann et al., 2018). In independent experiments using bone marrow chimeras,
parabionts with CCR2~/~ partners (to minimize circulation of untrained monocytes), and
transfer into Ragl™~ mice lacking T cells, BCG “training” of cells enhanced control of M.
tuberculosis. Training of bone marrow cells depended on IFNy responsiveness but did not
involve infection of HSC themselves, or the presence of T cells. Although BCG training was
insufficient to fully control a high inoculum M. tuberculosis challenge, the results are
promising, as they indicate that the cells that harbor M. tuberculosis can be modulated to
improve their control of infection. This is significant for at least three reasons: (1) the results
may relate to the observation that certain humans exposed to TB remain uninfected, an effect
attributed to alveolar macrophage elimination of M. tuberculosis without a T cell response;
(2) the protection observed in the RhNCMV-TB studies correlated with an innate immune
signature—it will be interesting to determine whether there are common features between
that signature and that of BCG-trained cells; and (3) training HSC and their progeny may
circumvent mechanisms of immune evasion that limit the efficacy of T cell responses.

It’'s Hard to Make TB Vaccines that Work, but It’'s Not Hopeless

As studies of immunity and pathogenesis generate insight into the complexity and diversity
of TB, they provide principles for making effective TB vaccines. Advances in disciplines
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such as cancer immunotherapy can also inform TB vaccine discovery. Two general
principles are important to note. First, efforts and resources for TB vaccine development
must acknowledge the vast amount of information that is currently unknown and that is
needed to guide TB vaccine development. Second, it is unlikely that one TB vaccine will
eliminate TB in all populations. In considering TB vaccine development, a useful framework
is the “Tumor Immunogram,” meant to optimize cancer immunotherapies (Blank et al.,
2016). A “TB Immunogram” to illustrate major gaps is in Table 1.

TB vaccine development is hindered by technical gaps, including suboptimal animal models.
A pipeline of concepts and vaccine candidates depends on tractable and economical animal
models for initial discovery, and TB vaccine efforts need to improve models to predict
effects in humans. An additional gap is a lack of knowledge of the M. tuberculosis epitopes
presented by infected cells; certain vaccines induce T cells that recognize epitopes not
presented by M. tuberculosis-infected cells (Billeskov et al., 2010; Nyendak et al., 2016).
This mismatch may be due to vaccines targeted to antigen-presenting cells whose processing
machinery differs from that in M. tuberculosis-infected cells. Knowledge of the repertoire of
peptides presented by M. fuberculosis-infected cells would provide a basis for vaccine
antigen selection, but there are technical challenges, including: the need to obtain infected
cells from humans with TB (or humanized animal models), methods for sample preparation
to minimize peptide loss, improved mass spectrometry sensitivity, and the facilities and
equipment to perform the necessary procedures with appropriate biosafety.

Recent advances in microscopy, especially two-photon intravital microscopy, provide
unprecedented insight into interactions of lymphocytes and antigen-presenting cells during
immune responses, but biosafety considerations and cost have prevented the TB field from
benefiting from this technology. Since recent studies indicate that defective interactions
between T cells and M. tuberculosis-infected cells contribute to the failure of T cells to
eliminate infection, the ability to image vaccine-induced T cells and their real-time
interactions with infected cells in tissues is likely to guide design and selection of TB
vaccines.

Other techniques are less impacted by biosafety requirements, and expanding their use will
likely inform TB vaccine development. These include high-content flow cytometry; tran-
scriptomic analyses on specific cell subsets and single cells; studies of T cell antigen
receptor (TCR) diversity and specificity after vaccination; and studies to determine whether
certain individuals and populations are more susceptible to certain bacterial strains. While
these technologies and studies are expensive, TB is an expensive problem. In addition to the
cost of diagnosis and treatment of millions of cases of drug-susceptible TB each year,
treatment of one case of multi-drug resistant (MDR)-TB in South Africa costs $6,800
(Pooran et al., 2013). With 19,000 incident cases of MDR-TB, this translates to ~$130
million for South Africa alone. This number pales when considering that India and China
together are estimated to have 220,000 incident cases of MDR-TB (WHO Global TB
Report, 2017, http://www.who.int/tb/publications/global_report/en/), that treatment of
extensively drug-resistant (XDR)-TB costs even more than treatment of MDR-TB, and that
MDR- and XDR-TB are readily transmitted to others with the potential for further expansion
of the problem (Shah etal., 2017).
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Conclusion

TB is a complex disease, and there are major barriers and challenges to developing effective
TB vaccines; the magnitude of the problem demands improved tools for bending the curve
of TB prevalence steeply downward. Recent progress in TB vaccine development and
advances in technology and conceptual understanding provide optimism that sustained and
creative efforts will lead to successful vaccines and other modes of immunotherapy for this
major global health problem.
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Figure 1. T CellsMust Be Activated in Distinct Compartmentsfor Protection.
Naive T cells are primed by their cognate antigens in secondary lymphoid tissues. Priming

initiates the clonal expansion of T cells and is influenced by cytokines produced by dendritic
cells, leading to their differentiation into effector or memory T cell subsets, and egress from
the lymph node via the blood. To accomplish effector functions, T cells must traffic to the
site of infection and be activated by recognizing their cognate epitope presented by infected
cells, to secrete cytokines (curved solid arrow in figure) and express surface ligands for
activating receptors (squiggly arrow in figure) that activate intracellular microbicidal
mechanisms. If T cells cannot be activated at the site of infection, they will not contribute to
control of the infection.
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Figure 2. Positional Limitation of T Cell Efficacy
Granulomas form by aggregation of infected and uninfected macrophages, followed by

epithelioid transformation of macrophages surrounding the initial aggregate. T cells are
recruited to granulomas but often concentrate at the granuloma periphery and do not contact
infected cells in the central region. Mechanisms that restrict contact between T cells and
infected cells in granulomas may include: (1)failure to produce or respond to
chemoattractants; (2) signals that repel T cells from infected cells; (3) failure of T cells to
recognize infected cells and stop migrating; (4) killing of T cells in proximity to infected
cells; (5) arrest of T cells when they contact uninfected cells that have acquired antigen; and
(6) mechanical barriers that prevent T cells from penetrating to the granuloma interior.
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Figure 3. Modelsfor Incomplete Immunity
The graph plots the magnitude of hypothetical immunological responses versus the extent of

protection, with distinct responses required to establish latent infection and to achieve sterile
immunity. The “Barrierto immunological clearance” (BIC) represents any process (such as
evasion of T cells)hat constrains the extent of protection provided by an immune response,
such that increasing the magnitude of that response does not increase protection.
Mechanism A (orange line), if great enough in magnitude, can provide sterile immunity
without being limited by the BIC;this is an ideal mechanism to induce by vaccination.
Mechanism B (green line) is constrained by the BIC and cannot provide sterile immunity
regardless of the magnitude of the response. Mechanism C represents immunological
mechanisms that, when excessive, cause pathological inflammation and tissue damage. CD4
T cell production of IFN-y conforms to the pattern of Mechanism C.

The shaded region indicates the relationship between response magnitudes and protection
that cannot inform identification of correlates of immunity: Mechanisms A, B, and C all
exhibit inadequate protection if the response is insufficient in magnitude, even though the
individual mechanisms differ markedly in their potential for protection. Studies of vaccines
that induce responses in the range shown in the shaded box will not reveal correlates of
immunity, even if the specific mechanisms have the potential to provide sterilizing
immunity.

Cell Host Microbe. Author manuscript; available in PMC 2019 July 11.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ernst

The TB Immunogram

Page 20

Table 1.

Challenge

Strategies

Different vaccine approaches needed
for distinct populations

Optimal vaccine antigens not known

Vaccine-induced T cells require a
combination of properties

M. tuberculosis-infected cells evade T
cell recognition

M. tuberculosis occupies diverse
intracellular compartments

M. tuberculosis can be extracellular

Range of inoculum size unknown in
humans

Correlates of immunity not identified

Optimize animal models to test vaccines for naive, BCG-vaccinated, LTBI, and active TB.

Consider different antigens for distinct target populations.Examine antigen properties beyond
frequency or magnitude of T cell responses.Prioritize antigens presented by HLA alleles prevalent in
regions with high TB burdens.

Assay vaccines for induction of T cells with appropriate state of differentiation, residence in lung
tissue compartments, and expression of effector mechanisms beyond cytokine secretion.

Identify antigens less impacted by evasion mechanisms (nonsecreted antigens, antigens with evidence
of selection pressure from T cell recognition); develop pharmacological interventions to overcome
specific evasion mechanisms. Exploit trained innate immunity for T cell-independent protection.

Identify mechanisms for elimination of bacteria in immature phagosomes, cytoplasm,
autophagosomes, and mature phagolysosomes.

Determine the bacterial population fraction that is extracellular during distinct stages of infection;
optimize antibodies and other humoral mediators.

Examine vaccines efficacious against low-dose challenges for efficacy against higher inocula and
more virulent bacterial strains.

Develop methods for analysis of cells in human tissues; apply analyses that account for nonlinear
relationships between response and protection.
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