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Summary

The tuberculosis (TB) vaccine Bacillus Calmette-Guérin (BCG) was introduced 100 years
ago, but as it provides insufficient protection against TB disease, especially in adults, new
vaccines are being developed and evaluated. The discovery that BCG protects humans
from becoming infected with Mycobacterium tuberculosis (Mtb) and not just from pro-
gressing to TB disease provides justification for considering Mtb infection as an endpoint
in vaccine trials. Such trials would require fewer participants than those with disease as an
endpoint. In this review, we first define Mtb infection and disease phenotypes that can be
used for mechanistic studies and/or endpoints for vaccine trials. Secondly, we review the
evidence for BCG-induced protection against Mtb infection from observational and BCG
re-vaccination studies, and discuss limitations and variation of this protection. Thirdly, we
review possible underlying mechanisms for BCG efficacy against Mtb infection, including
alternative T cell responses, antibody-mediated protection, and innate immune mecha-
nisms, with a specific focus on BCG-induced trained immunity, which involves epigenetic
and metabolic reprogramming of innate immune cells. Finally, we discuss the implications
for further studies of BCG efficacy against Mtb infection, including for mechanistic re-

search, and their relevance to the design and evaluation of new TB vaccines.
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1 | INTRODUCTION

Bacillus Calmette-Guérin (BCG) is a live-attenuated vaccine derived
from Mycobacterium bovis of the Mycobacterium tuberculosis (Mtb)
complex and was first used in medical practice in 1921. It is admin-
istered intradermally after birth, while repeat dosing in adolescence
and at other stages of life have been adopted inconsistently in dif-
ferent parts of the world. Efficacy trials have yielded hugely variable

results, ranging from 0-80% efficacy against TB disease across dif-
ferent locations.? Furthermore, the mechanisms of BCG protection
remain poorly understood after 100 years of research and practice,
making it difficult to determine what new generation TB vaccines
need to induce to provide improved protection.

The discovery that BCG protects against Mtb infection (as de-
fined by a positive interferon-y release assay (IGRA) result) and not
just progression from Mtb infection to TB disease??® has significant
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implications for basic and applied TB research. For basic research, it
means that both innate and adaptive immune protective responses
play a role in BCG protection. In addition to T cell-mediated re-
sponses, BCG-induced protection may involve humoral* and innate

"> For applied

immune memory responses termed “trained immunity.
research, it means that Mtb infection, not just disease, should be
considered as an endpoint for TB vaccine trials. The advantage of
this is that trials using Mtb infection as the primary endpoint can be
much smaller than those focused on TB disease, potentially including
only hundreds rather than many thousands of participants.®

To facilitate research in this field, first we identify and justify five
phenotypes of Mtb infection and disease, which are, or have poten-
tial to be, useful for basic and applied research, including vaccine tri-
als. Secondly, we explore the evidence for BCG efficacy against Mtb
infection using these phenotypes as a reference. As part of this, we
explore evidence for limitations around BCG efficacy. Thirdly, we re-
view the evidence around the possible mechanisms of BCG efficacy
against Mtb infection phenotypes from animal and human studies.
And finally, we discuss the implications for future research studies

and for the design and evaluation of new vaccines.

2 | EVIDENCE FOR BCG-INDUCED
PROTECTION AGAINST M. TUBERCULOSIS
INFECTION

2.1 | Understanding the phenotypes of
M. tuberculosis infection and disease

Historically, latent Mtb infection was regarded as a distinct pheno-
type whereby, in those who are exposed to, and infected by Mtb,
and do not progress quickly to TB disease, the pathogen enters
into a dormant state which either continues indefinitely or, with a
new susceptibility in the host, reactivates to cause TB disease.’ It is
now thought that this is simplistic, and that Mtb is associated with a
spectrum of phenotypes that can occur after exposure to the patho-
gen.”® To be fit for purpose to discuss BCG-induced protection, the
range of phenotypes associated with Mtb infection need to be (or
have the potential to be) measurable as potential endpoints for as-
sessing efficacy and identifying mechanisms. We propose five such
phenotypes, summarized in Table 1.

2.1.1 | Earlyclearance

The first phenotype is early clearance, which we have defined as
the eradication of Mtb infection before an adaptive immune re-
sponse develops.” Clear examples of individuals with evidence of
early clearance include nursing students who never become tuber-
culin skin test (TST) positive in work environments with high Mtb
transmission,'® and sailors sharing a cabin for six months on a ship
with others with pulmonary TB.* Early clearance may be achieved
through physical barriers, such as nasal hairs or particular physical

TABLE 1 Proposed phenotypes associated with M. tuberculosis infection

Issues as endpoint for vaccine

trials

Mtb infection
phenotype

Identification

Possible subphenotypes

Definition

—n

May include unexposed individuals

Repeated TST causes boosting

‘Resister’: Failure of Mtb to establish an infection Persistent IGRA or TST negativity upon

Eradication of Mtb before establishment

Early clearance

testing at least 3 months apart

post-exposure
IGRA or TST positive

upon repeated exposure

of an infection

IGRA and TST are both imperfect

Incipient disease: the presence of lesions that will

Established Mtb infection.

Infection

tests for Mtb infection
IGRA and TST reversion are

Biosignature positive

inevitably progress to TB disease

IGRA or TST reversion
Biosignature change

Repeated delayed Mtb clearance after repeated

Clearance of an established Mtb infection

Delayed

imperfect biomarkers of Mtb

clearance

infections

clearance

Phenotype may expand through

Routine test for TB disease

Non-progressor: individuals who never develop

Asymptomatic TB disease diagnosed

Subclinical

advances in diagnostics and
may overlap with incipient

disease

symptomatic disease

through routine diagnostic test

disease

Large numbers of trial participants

Routine test for TB disease

A spectrum from mild to severe disease, may prove

Symptomatic TB disease diagnosed

Clinical disease

needed

to be relevant

through routine diagnostic tests

IGRA, Interferon Gamma Release Assay; TST, tuberculin skin test; Mtb, Mycobacterium tuberculosis.
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and chemical properties of saliva or mucous, or it may be through the
innate immune system with or without involvement of other compo-
nents of the immune system. We have defined early clearance of
Mtb as persistent IGRA negativity over a three-month period after
exposure.® It now appears that early clearance may be achieved with
some Mtb exposures and not with others, depending on the pres-
ence or absence of associated variables, or it may occur in a smaller
subset of individuals after every exposure that they may have. The
latter “resisters” have been defined as having a repeatedly negative
TST or IGRA over at least a two-year period after an initial exposure
in a setting where ongoing exposure is likely, as reflected by ongoing
conversion in other members of the same cohort.?

One concern about the early clearance phenotype is whether a
large proportion of such individuals are simply unexposed. To assist
with this issue, several measures of exposure have been identified,
including the characteristics and diagnostic findings of a symptom-
atic case in relation to their contacts (age, sex, sputum smear status,
extent of disease on X-ray, duration and intensity of contact, and
Mtb strain) and aerosolization of the pathogen. These factors can
be combined into an exposure score.® Another concern is whether
the IGRA or TST are adequate to classify individuals as truly unin-
fected. Recently, Lu et al.# followed a cohort of 82 Ugandan case
contacts of patients with TB who tested negative by IGRA and TST
over an average of more than nine years of follow-up. There were no
differences in antibodies to classic immunological targets between
these “resisters” and controls who were positive by Mtb infection
test. However, the “resisters” possessed IgM, class-switched IgG
antibody responses, and non-IFN-y T cell responses to the Mtb pro-
teins ESAT-6 and CFP-10. Of course, these individuals were subject
to tuberculin injection by regular TST tests, which itself can induce
an, albeit weak, immune response. There have also been no longitu-
dinal studies to show whether such individuals are more likely than

others to progress to TB disease.

2.1.2 | Infection

The second phenotype is Mtb infection, whereby the pathogen
has established an infection, but is not causing TB disease. These
individuals are defined as positive by either one or both of TST or
IGRA. Reviewed extensively elsewhere,’® these two tests have
similar performance characteristics, but there is significant discord-
ance between them. TSTs are subject to a false-positive result, es-
pecially early in life, due to prior BCG vaccination. A TST can also
cause boosting of subsequent TSTs. IGRA tests are more likely to
undergo reversion.'® Both tests incur a drop in sensitivity in immu-
nocompromised individuals.

Rather than considering these individuals as hosting Mtb in a
dormant state, it is probably better to regard them as hosting an on-
going engagement between their immune system and the pathogen.
Within these individuals, multiple subpopulations of the pathogen
exist in different states—some are actively engaging the immune
system, whereas some are in a dormant state. Post mortem studies

in humans with Mtb infection have demonstrated lesions that rep-
resent a subset of those seen in active TB disease, with variable
recovery rates and physiological states of viable mycobacteria.16
When the engagement of the immune system shifts in favour of the
pathogen, these individuals may progress to develop disease. If this
happens early, it is called progressive primary disease. If it occurs
later, it is called re-activation disease.

A “subphenotype”-labelled “incipient TB” may prove to be distin-
guishable following advances in immune profiling and biomarker re-
search. For example, the TB case-contact study platform, which we
developed in The Gambia,’” was replicated across multiple African
sites as part of the Bill & Melinda Gates funded GC6-74 biomarker
study. Samples were taken to profile gene expression at baseline
and over the following two years to compare those who progress
to disease (n = 79) with matched non-progressors (n = 328) using a
training-test-validation approach.'® A four-gene signature predicted
risk of progression with similar accuracy in four cohorts from three
sub-Sahara African populations. None of the genes in this, or other
signatures, relate to a Mtb-specific response; rather, they represent
specific components of an inflammatory response. This signature
was equally predictive from samples more or less than a year prior
to diagnosis of TB, whereas a different signature originated from
profiles generated in South African adolescents, which was most
predictive in the months prior to diagnosis.19 Proteomic and metab-
olomic signatures were also identified in the GC6-74 study cohort,
with modest predictive values for disease progression in the year

before a TB diagnosis.20

2.1.3 | Delayed clearance

The third phenotype is delayed clearance of Mtb infection. Interest
in this phenotype has revived recently as the commonly held as-
sumption of “lifelong infection” has been challenged.?! However, the
possibility of the existence of this phenotype has been recognized
for many decades, as it was indicated from age-stratified prevalence
studies.?? Further, longitudinal follow-up studies have shown that
TST reversion occurs over time after an exposure to Mtb in some
individuals who have an initial positive TST. We showed in adult
Gambian case-contacts, that 9% of 56 initially TST-positive indi-
viduals underwent reversion after 18 months.'® In Uganda, Johnson
et al. found that 20.5% of 123 initially TST-positive household con-
tacts of all ages reverted to TST negative after 1 year, with rever-
sion most prominent in children.?® Further, the marked drop in the

2425 consist-

incidence of TB disease in the years after an exposure,
ent across birth cohorts,? supports both the existence of the de-
layed clearance phenotype, and the premise that some people with
a persistently positive TST may have cleared their infection. On the
other hand, the assumption that TST reversion reflects waning cell-
mediated immunity has been used to guide re-vaccination of BCG in
TB control programmes27 and in healthcare workers.?®

IGRA tests have provided further insights into delayed clearance

of Mtbh. IGRAs measure a predominantly effector T cell response,
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which generally lasts only a few days in the absence of antigen stim-
ulation. We followed a cohort of 341 Gambian TB case contacts
for IGRA test (ELISpot) conversion and reversion.'®> Reversion was
defined as both a change to a negative test and at least a 6-spot
count reduction. Remarkably, of 134 initially ELISpot-positive con-
tacts, 54 (40.2%) underwent ELISpot reversion at three months,
in the absence of any intervention. It was hoped that reversion of
a positive IGRA test might show utility as a biomarker for delayed
clearance of Mtbh. We assessed this by randomizing 211 ELISpot and
TST-positive TB case-contacts to isoniazid preventive treatment to
affect Mtb clearance, or to placebo, and followed up with repeated
ELISpot tests at one, three, six, and twelve months of follow-up.?’
There were no significant differences in qualitative or quantitative
ELISpot changes over time between the two study arms. Biraro
et al. randomized 47 Quantiferon positive Ugandan case contacts

to six months of isoniazid or no treatment.*°

They found a relative
decline, in the isoniazid arm compared to the no-treatment arm, of
Mtb-specific production of IFN-y (p = 0.01) and IL-2 (p = 0.04) as well
as a decline in CFP-10 antibodies (p = 0.04). Of note, rifampicin may
be better at effecting clearance of Mtb infection than isoniazid, on
the basis of studies in macaques.31

Therefore, in humans, the proportion of those who become in-
fected with Mtb that actually clear their infection is not accurately
reflected by TST or IGRA. Further insights come from studies in cy-
nomolgus macaques, who develop the full spectrum of Mtb infec-
tion outcomes, with manifestations similar to humans. Combining
high-resolution computed tomography (CT) and positron emission
tomography (PET) and genomically bar-coded strains of Mtb,%? it has
been possible to track the pathogen through infection and clear-
ance, while immune responses can be tracked in parallel, including
at the level of the granuloma.®® Gideon et al. showed that a particu-
lar combination of pro- and anti-inflammatory factors, rather than a
strong Th1 response, are associated with sterilization of granulomas,
offering hope that a biomarker of delayed clearance may be identi-
fied.3 The animals with latent infection were followed for up to 601
days, and while many had at least one sterile granuloma, only ap-
proximately 5% had all of their evaluated granulomas sterile by the
end of follow-up. Furthermore, systemic responses such as those
measured by IGRA did not reliably reflect T cell responses at the
level of the granuloma.

2.1.4 | Subclinical and clinical TB disease

The fourth phenotype is subclinical TB disease. These individuals
are completely asymptomatic but are positive on routine investi-
gation for TB disease. Subclinical TB is identified most frequently
in TB prevalence surveys and other active case-finding initiatives.
Often, these people will progress to symptomatic disease over
time. PET/CT provide new insights into this phenotype.3* There
may be a case for including readouts from these investigations
as part of the phenotype definition, although there may be some
blurring of the boundary with Mtb infection and especially with

Immunolog

the emerging incipient TB disease subphenotype described above.
Of note, ongoing changes on PET scan in individuals who have
had curative TB treatment remain unexplained.35 Itis possible that
they are “viable pathogen-free,” purely localized immunological
processes.

The fifth major phenotype is clinical TB disease. These individu-
als are symptomatic and are diagnosed with TB, often by a diagnostic
test. If treated appropriately, over 90% will be cured and return to
normal health. This article focuses on the first three phenotypes; the

two disease phenotypes are not discussed further.

2.2 | Evidence of BCG-induced protection against
M. tuberculosis infection
2.21 | Observational studies
TB case-contact studies using IGRA as the readout have provided
strong evidence of BCG-induced protection against acute Mtb in-
fection. This was previously difficult to demonstrate because BCG
can cause a false-positive TST, so any reduction in Mtb infection due
to BCG vaccination is countered by BCG-induced TST positivity. In
979 child household contacts of 414 adult index patients with spu-
tum smear-positive pulmonary tuberculosis in Turkey, Soysal et al.
showed that BCG-vaccinated children (as indicated by the presence
of a scar) had an odds ratio of 0.60 (95% Cl 0.43-0.83, p = 0.003) for
Mtb infection (as defined by ELISpot assay), compared with unvac-
cinated children.®® BCG scars are often used as an indicator of prior
vaccination, especially where vaccination records are unreliable or
unavailable. This induces the potential for bias, as a minority of BCG-
vaccinated individuals do not make a scar. Misclassification of these
scar-negative individuals as unvaccinated may cause an underesti-
mation of the protective effect of BCG against Mtb infection.
Further, in a systematic review of 14 studies and 3855 child par-
ticipants, the estimated overall risk ratiot was 0.81 (95% CI 0.71-
0.92), indicating a protective efficacy of 19% against infection among
vaccinated children after exposure compared with unvaccinated
children.? In the Gambia, to assess ELISpot conversion and rever-
sion, we followed a cohort of 207 ELISpot-negative adult contacts of
sputum smear-positive TB cases.!® Those with a BCG scar were half
as likely as those without to undergo ELISpot conversion after three
months (OR = 0.5; 95% CI 0.2-1.0), p = 0.06). Similarly, in Indonesia,
we followed 317 IGRA (QuantiFERON-TB Gold) negative contacts of
sputum smear-positive TB cases, with a repeat test after 14 weeks.®
Those with a BCG scar were just under half as likely to undergo IGRA
conversion as those without scars (RR = 0.56; 95% Cl 0.40-0.77, p <
0.001). Longitudinal studies may provide the most accurate estimate
of the extent of BCG-induced protection against Mtb infection, at
least to a recent exposure. The question then arises as to whether it
is preferable to have an accurate readout of the level of protection
against a recent known exposure, or protection from all exposures
in the past. In our view, BCG protection may be best understood as
depending on a combination of factors that influence whether it is
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adequate for a particular exposure to Mtb. In other words, under cer-
tain circumstances, it may be possible to overcome BCG-mediated
protection. It is of course possible that some persistently IGRA
negative contacts are anergic to Mtb antigens, although a negative
IGRA is associated overall with a lower rate of progression to active
disease.”’

There is some evidence that BCG enhances delayed clearance
of Mtb. Mancuso et al., in a 55-year follow-up of a randomized trial,
showed that BCG vaccination after infancy was associated with an
increased risk of TST positivity relative to placebo over a 55-year
follow-up period, with the strongest risk in the first 15 years post-
vaccination.3® However, positive TST results were also more likely
to revert to negative in the BCG group during the first 15 years of
follow-up, possibly reflecting enhanced delayed clearance of the in-
fection. There was no difference between the groups after 15 years.

Additionally, BCG offers protection against other mycobacterial
infections, most notably leprosy. A meta-analysis of seven experi-
mental studies showed that BCG reduced the risk of development
of clinical leprosy by 26%, and this effect was stronger with multiple
doses of BCG.*’

2.2.2 | BCG re-vaccination studies
InSouth Africa, Nemes et al. randomly assigned 990 adolescents, who
had received neonatal BCG vaccination, to receive the H4:IC31 vac-
cine, BCG re-vaccination or placebo.6 All participants had negative
results on testing for Mtb infection by IGRA test (QuantiFERON-TB
Gold IGRA In-tube assay; QFT), and for human immunodeficiency
virus (HIV). While BCG re-vaccination did not reduce the rate of ini-
tial IGRA conversion, it did reduce the rate of sustained QFT conver-
sion to a positive test without reversion to negative status at three
months and six months after initial conversion (this was a secondary
outcome measure), with an efficacy of 45.4% (p = 0.03).

There have been no randomized trials to assess whether BCG,
given to those who have evidence of Mtb infection, increases the
rate of IGRA or TST reversion to reflect efficacy to enhance delayed

clearance.

2.3 | Limitations of, and variation in, BCG-induced
protection against M. tuberculosis infection

2.3.1 | Duration of protection

The duration of BCG-induced protection is not known, although
it has previously been regarded as limited to the first few years of
life.*° Recent studies suggest that BCG is effective against TB for at
least 20 years when given at birth or school age.***? Further, in our
case-contact study in Indonesia, we stratified the association of BCG
with IGRA test results, by age group and found a significant interac-
tion.% Those in the lowest age tertile had the strongest evidence of
BCG-induced protection on their baseline IGRA (prevalence ratio

(PR) 0.76; 95% CI1 0.67-0.87), while for those in the highest age tertile
(over the age of 33 years), the odds of baseline IGRA positivity were
1.01 (95% CI1 0.89-1.15).

2.3.2 | Exposure dependency

As mentioned above, it seems likely that particular circumstances,
such as particularly high or prolonged exposure to Mtb, or increased
host vulnerability may favour “immune evasion” by the pathogen
over long-term host-mediated immune protection. In Indonesia, to
assess BCG protection by level of Mtbh exposure, we created one
summary measure of exposure, calculating exposure risk scores pre-
dicted from a logistic regression of Mtb exposure variables (index
case: sputum smear grade, cavities, extent of radiographic disease;
contacts: hours spent with, and sleeping proximity to, the case).
These exposure scores were compared against IGRA results.® We
found an interaction between exposure and BCG vaccination in rela-
tion to IGRA conversion (p = 0.05). There was stronger BCG protec-
tion at lower levels of exposure: for those in the lowest exposure
tertile, the relative risk (RR) of IGRA conversion was 0.37 (95% ClI
0.22-0.61), while it was 0.61 (0.46-0.96) in the highest tertile. These
findings were supported by replicating the exposure-based analy-
sis on a cohort of adult TB contacts in the Gambia*® and suggest
that BCG-mediated protection against Mtb infection may be over-
come by a high “dose” of pathogen. In the pre-antibiotic era, Brailey
showed that BCG vaccinated children had increasing rates of TST
conversion with time of exposure to a sputum positive TB case**:
37% of children had a positive TST after exposure to a case for less
than one month, with TST positivity rising steadily up to 85% of

those exposed for over 12 months.

2.3.3 | Host factors including genomics
With equal exposure, certain TB contacts may be more likely to
become infected than others. In our household contact study in
Indonesia, besides those who were older, those with lower haemo-
globin levels were at significantly higher risk of IGRA conversion,
as were those who smoked (adjusted OR 1.47; 95% Cl 0.96-2.26;
p=0.08).2 Other factors that were rarer in our contact study, such as
diabetes may also increase susceptibility to infection.*>#¢

Host genetic factors may also influence susceptibility to Mtb
infection. Studies have shown higher concordance of TB disease
in monozygotic twins compared to dizygotic twins,* robust asso-
ciations with variation in several candidate genes,*® and several
loci from genome-wide association studies.**>* Fewer studies
have focussed explicitly on heritability and genetics of suscep-
tibility to Mtb infection. In a study of household members with
similar TB exposure, TST reactivity was correlated among siblings
but not among unrelated children.>® In a study of TST reactivity in
household contacts of TB in Colombian population, a single locus
accounted for 65% of TST variability.’® In a study including 128
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families in South Africa, two loci were shown to influence TST re-
activity, including TST1 locus on chromosome 11p14 involved in
resistance to Mtb infection, and TST2 locus on chromosome 5p15
that controlled the intensity of positive TSTs.”” Interestingly, TST1
lies in the vicinity of the TNF1 locus that controls TNF production
after stimulation by BCG and BCG plus IFN-y, and this suggested
the connection between TNF production response and negative
TST.*® In another study, genome-wide linkage analysis in Uganda
found regions on chromosome 2q21-2q24 (mapped to GTDC1 and
ZEB2)*? and on 5p13-5G22 (mapped to SLC6A3)° to be associated
with resistance to Mtb infection. Further, a genome-wide associ-
ation study among HIV-positive subjects in Tanzania and Uganda
identified an association between chromosome 531 (including
the IL9 gene) and TST reactivity, while this study also replicated
the previously mentioned linked loci on chromosome 2, 5, and
11.%2 Finally, whole-genome sequencing in an Icelandic popula-
tion identified HLA class Il sequence variants that were associated
with an increased risk of Mtb infection, and a decreased risk of

pulmonary TB disease.®!

2.3.4 | Pathogen genomics

Genomic variation of Mtb may also be relevant. In Indonesia, we
conducted whole-genome sequencing of the Mtb isolates of the
index cases, and used a SNP-based “barcode” to group the strains.
Two-fifths of the isolates were of the Beijing genotype family.
We found a significant interaction between strain and BCG vac-
cination with respect to IGRA test results at 14 weeks (p=0.01).
For those exposed to a non-Beijing strain, there was strong BCG
protection against Mtb infection (RR 0.42; 95% Cl 0.28-0.63).%?
However, for those exposed to a Beijing strain, the risk of IGRA
conversion was 1.04 (95% Cl1 0.54-2.01), suggesting that some Mtb
strains can overcome vaccine-induced, host-mediated protection.
Similarly, in a rabbit model, prior BCG vaccination did not protect
against infection with the Mtb strain HN878,%% which induces an
increased pro-inflammatory response compared to other strains.®*
These findings have broad implications for understanding the epi-
demiology of TB in relation to BCG vaccination in populations and
on the importance of testing new vaccines against multiple Mtb
strains.

3 | MECHANISMS OF BCG-INDUCED
PROTECTION AGAINST M. TUBERCULOSIS
INFECTION

The immunological mechanisms of BCG-induced protection
against Mtb infection are incompletely understood. BCG-mediated
protection against TB has historically been attributed to vaccine-
induced memory CD4" T cells which rapidly secrete Th1 cytokines
and control secondary infection with Mtb.%> However, there is
little evidence that vaccine-induced memory CD4"* T cells confer

Immunolog

protection against TB in immune-competent hosts (reviewed by
Steigler et al.®®). Many new candidate vaccines against TB have
entered the development pipeline, but few have progressed to
clinical trials in humans, where they have failed to show greater
efficacy than BCG.

The MVAB8S5A vaccine induced robust, Ag85A-specific IFN-y,
TNF-a, IL-2, and IL-17 production by T cells in both infants and
adults, but did not offer protection against incident Mtb infection
or active disease.®”%® Despite these disappointing results, several
promising TB vaccine candidates are currently undergoing clini-
cal testing. VPM1002 is a recombinant strain of BCG express-
ing listeriolysin O to promote phagosome escape and improve
antigen release into the cytosol.%” Phase /Il clinical trials have
demonstrated that this vaccine is safe, and elicits similar immune
responses to BCG in adults and infants.”%’! An efficacy trial in
adolescents and adults previously treated for pulmonary TB is
underway (NCT03152903). Another whole-cell vaccine candidate
is MTBVAC, a strain of Mtb attenuated by the deletion of viru-
lence factors phoP and faD26, controlling expression of ESAT-6
and virulence-associated cell wall lipids, respectively.”? A clini-
cal trial of adults and neonates in South Africa has demonstrated
that MTBVAC is safe, and generates durable Mtb-specific Thl
responses.”® Finally, the subunit vaccine M72/ASO1E is a fusion
protein of Mtb antigens Mtb32A and Mtb39A, combined with the
adjuvant ASO1, and has been shown to reduce progression to ac-
tive TB disease in latently infected adults.”*

The lack of immune correlates of protection against Mtb—that
is, a characterized immune response associated with protection—
represents the most significant challenge to the development of
new TB vaccines.”>’% Robust, vaccine-induced Thi-type T cell re-
sponses have failed to improve the protection against TB already
elicited by BCG. We propose that characterizing the immunological
events of early clearance and how this phenotype is influenced by
BCG vaccination may uncover new correlates of vaccine-induced im-
mune protection against Mtb infection, potentially informing future
vaccination strategies.

3.1 | Proposed mechanisms of early clearance

Early clearance is defined by the absence of specific IFN-y pro-
ducing T cells, making it seemingly impossible for these cells to
mediate this phenotype. However, IGRA and TST are incomplete
measures of T cell responses, considering that they are unable to
detect IFN-y independent T cells and non-conventional T cell re-
sponses. Therefore, these alternative T cell responses might still
contribute to early clearance of Mtb infection. In addition, anti-
bodies produced by B cells are among the proposed immunological
mechanisms to explain early clearance. Innate immune responses
mediated by monocytes, macrophages, neutrophils and NK cells
are also likely to play a role in the early clearance of Mtb infection.
In this section, we will briefly discuss these proposed mechanisms
of early clearance.
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Alternative T cell-mediated resistance

IFN-y independent or unconventional T cell responses might play
role in the early clearance mechanism. BCG re-vaccination in hu-
mans was recently shown to boost the populations of Thil-type
CD4" T cells, expressing IFN-y, I1L-2, and/or TNF, as well as CD4"
T cells expressing IL-22, highlighting the importance of unbiased
analyses of vaccination responses to discover previously neglected
populations.77 Th17 cells, a subset of CD4" T cells, have been shown
to confer protection against Mtb infection in murine adoptive trans-
fer models. RAG-deficient mice, which lack both T cells and B cells,
were transferred with BCG-specific Th17 cells from immunized IFN-
y-deficient mice, and these mice had a better survival rate and re-
duced bacterial load compared to RAG-deficient mice that received
naive T cells.”® Another adoptive transfer study shows that trans-
ferred ESAT-6-specific Th17 CD4" T cells partially inhibited Mtb
growth.”’ Mice transferred with Th17 cells have increased inflam-
mation and neutrophil infiltration in the Iungs.80 This Th17-mediated
inflammation and neutrophil recruitment may explain how Th17 cells
contribute to clearance of Mtb infection as will be discussed in the
next section.

Mucosal-associated invariant T (MAIT) cells, which are a subset
of non-conventional T cells, are enriched in the respiratory tract, and
are thus uniquely positioned for rapid responses to pulmonary infec-
tions such as Mtb.8! These CD8" T cells recognize metabolites of the
riboflavin synthesis pathway through MR1-restricted TCR interac-
tions. In response to infected cells, they exert cytotoxicity and pro-
duce inflammatory cytokines. MAIT cells activated by BCG produce
IFN-y and TNF-a as well as granulysin in response to subsequent
mycobacterial stimulation.®? vd T cells are another subset of non-
conventional T cells, and are also present in the alveolar space, and
these recognize non-peptide, phosphorylated antigens presented by
Mtb-infected alveolar macrophages.83 v8 T cells can recognize and
exert cytotoxicity against Mtb-infected macrophages by producing
granulysin and perforin.8* These non-conventional T cell subsets
may contribute to early clearance of Mtb infection through these
mechanisms. Indeed, among household contacts who had spent at
least one month sleeping close to an active tuberculosis case in Haiti,
persistent IGRA negativity over six months was associated with in-
creased activation of peripheral MAIT cells.®® Additionally, CD4" &
T cell activation was impaired in IGRA-positive case contacts, only
becoming active after infection, while these responses among IGRA
negative contacts did not differ compared to healthy community
controls. This suggests that impaired activation of y& T cells may in-
crease susceptibility to Mtb infection, and that MAIT cells may con-

tribute to early clearance.

3.1.2 | Antibody-mediated resistance

The role of antibodies in protection against Mtb is not completely
understood. However, growing evidence suggests that antibod-
ies have key contributions to protection against Mtb.#8588 A study

conducted in healthy, heavily exposed healthcare workers in Beijing
showed that a minority of the subjects had protective antibodies
against Mtb.®? Interestingly, three out of seven subjects that pro-
duced these protective antibodies were IGRA negative. Another
study from South Africa in HIV-infected patients with no TB, and
persistently negative TST/IGRA despite living in an area of TB hy-
perendemicity showed the presence of antibodies specific for Mtb.”®

There are several potential mechanisms of antibody-mediated
resistance against Mtb in the context of early clearance. Antibody
could bind to Mtb bacteria to prevent entry into cells, drive antibody-
dependent cellular phagocytosis to increase bacterial killing, medi-
ate antibody-dependent cellular cytotoxicity to kill infected cells,
or mediate the recruitment of innate immune cells that express the
Fc receptor.847192 Some studies showed evidence that antibody-
mediated resistance may play a role in early clearance. Recent find-
ings showed that resisters possess IgM, class-switched IgG antibody
responses to the Mtb-specific proteins ESAT6 and CFP10.% In a re-
cent non-human primate study, intravenous BCG vaccination before
Mtb challenge resulted in superior protection against Mtb and in-
duced higher titers of 1gG, IgM, and IgA antibody specific for Mtbh
whole-cell lysate in plasma and bronchoalveolar lavage compared

with other BCG vaccination routes.”®

3.1.3 | Innate immune cell-mediated resistance
Innate immune mechanisms likely play a role in protection against
Mtb infection. In the initial stage of infection, inhaled aerosolized
Mtb encounters the lung-resident alveolar macrophages as the first
line of defence against pathogens in the lung alveoli.”>?* Alveolar
macrophages are a self-renewing population permanently residing
in the lungs, while shorter-lived, monocyte-derived macrophages
(MDMs) are recruited to the lungs during infection.”>?” Alveolar
macrophages are the initial hosts for Mtb, and recruited MDMs as-
sume this role as infection progresses.98 Macrophages are endowed
with the ability to kill internalized Mtb and produce pro-inflammatory
cytokines and chemokines to recruit other immune cells to the lungs,
and therefore are highly influential in the eventual outcome of Mtbh
infection.

Innate immune cells recognize Mtb through germline-encoded
pattern recognition receptors (PRRs), both on the cell surface and
in the cytosol, which leads to phagocytosis of Mtb and immune ac-
tivation.??-101 Engagement of various toll-like receptors (TLRs), a
subgroup of PRRs, by mycobacterial cell wall components triggers
the production of pro-inflammatory cytokines such as TNF-0,20? |L-
1p,1%% and 1L-6.1%% Previous studies have shown that mice deficient in
one or more of these TLR signalling pathways are more susceptible
to mycobacterial infections than wildtype mice.}%>%%? Engagement
of intracellular NOD-like receptors, another type of PRR, such as
NOD2 by mycobacterial peptidoglycans also induces the production
of IL-1f and has synergistic effects on TLR2-induced production
of TNF-a and 1L-6.11%111 NOD2 stimulation also directly enhances

TNF-aand IL-1p production in response to subsequent infection with
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Mtb and other pathogens, and improves mycobacterial killing.1!21%3

When the infection cannot be cleared, the infected alveolar macro-
phages will eventually undergo apoptosis or necrosis.” Infected cells
that undergo apoptosis express ATP and phosphatidylserine, which
promote efferocytosis of apoptotic macrophages by uninfected
monocytes and neutrophils, enhancing Mtb killing by improved de-

livery to the lysosomal compartment.}'*

While apoptosis has been
shown to inhibit Mtb replication, necrosis facilitates the dissemina-
tion of Mtb in the lung interstitium, causing infection of other re-
cruited interstitial macrophages, leading to Mtb outgrowth.'*® In this
way, early clearance may be influenced by the fate of Mtb-infected
macrophages and their intracellular killing capacity.

When macrophages are unable to kill the internalized pathogens
and clear the infection, they produce chemokines to attract other
cell types to the infection site. Chemokines such as CCL2, CCL3,
CCL4, CCL5, and MCP-1 recruit monocytes and MDMs, NK cells,
dendritic cells (DCs), and neutrophils.?*® Several studies have shown
the importance of neutrophils in early responses against Mtb infec-
tion. In a rat study, inducing neutrophilia by intratracheal injection
of LPS before Mtb infection resulted in reduced Mtb growth, and
impeded granuloma formation in the Iungs.117 Another study in mice
showed that intraperitoneal injection of Mtb led to extensive neutro-
phil recruitment to the infection site.!*® In the same study, induced
neutropenia by intravenous injection of an antineutrophil monoclo-
nal antibody in the first week of Mtb infection resulted in increased
mycobacterial growth in the liver, spleen, and lung.}*®

Activated neutrophils secrete an array of antimicrobial enzymes,
as well as cytokines and chemokines to combat the infection.”**?
Neutrophils are capable of internalizing and killing Mtb by releasing
granule-associated antimicrobial peptides such as cathelicidin and
lipocalin-2.12° Neutrophils can also augment the intracellular growth
restriction of Mtb by macrophages. As macrophages internalize
apoptotic neutrophils, neutrophil granules fuse with Mtb-containing
phagosomes, leading to enhanced anti-Mtb activity.*?* Supporting
a role for neutrophils in restriction of Mtb growth, it was recently
demonstrated by Lowe et al. that depletion of neutrophils from
whole blood before infection with Mtb resulted in impaired growth
restriction.’? In contrast, the addition of viable neutrophils restored
the restrictive capacity. Further, in a cohort of 117 TB case contacts
in London, higher peripheral neutrophil counts were associated with
a reduced risk of a positive IGRA result.??° Additionally, persistently
IGRA negative case contacts in the Gambia displayed greater Th17
cytokine responses (associated with neutrophil recruitment) to
whole-blood stimulation with mycobacterial antigens compared to
IGRA converters.'?

Natural killer (NK) cells are another cell type that may be involved
in early clearance. NK cells can promote Mtb killing and macrophage
apoptosis through the production of IFN-y and 1L-22.124125 These
cells can also exert cytotoxicity against Mtb-infected cells to mediate

mycobacterial killing'?¢

and can kill Mtb directly via granulysin and
perforin.127 Additionally, NK cells display a specific memory-like abil-
ity and are capable of mounting an enhanced recall response.128 NK

cells activated by cytomegalovirus infection display a long-lasting,
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T cell-independent memory response against re-infection, charac-
terized by rapid degranulation and cytokine production. Further,
adoptive transfer of these activated NK cells to naive recipient mice
offered significant protection against viral infection. In concordance
with this, BCG vaccination has been shown to enhance long-term
responsiveness of NK cells against unrelated pathogens such as

Candida albicans.*?’

3.2 | BCG-induced trained immunity as a
mechanism of early clearance

Although it is clear from the previous section that different cell
types and immune mechanisms contribute to protection against Mtb
infection, one question remains unanswered: what accounts for the
observed protection of BCG against Mtb infection? Based on our
work and that of others, we think that the answer may lie in BCG-
induced trained immunity. Vaccination is traditionally based on the
induction of specific adaptive immune memory against a particular
pathogen, which leads to enhanced responsiveness of lymphocytes
upon subsequent infection with the same pathogen. However, an in-
creasing body of evidence suggests that a number of live-attenuated
vaccines, including BCG and measles vaccine, also provide protec-
tion against unrelated infectious diseases. A number of randomized
controlled trials have confirmed that BCG vaccination indeed lowers
all-cause morbidity and mortality through protection against un-
related infections, so-called non-specific protection.130 It has been
proposed that BCG may also offer protection against infection with
SARS-CoV-2 and reduce severity of COVID-19 disease,'*! with some
studies suggesting an association between universal BCG vaccina-
tion and reduced COVID-19 mortality,132 while others did not.r®®
Several randomized trials in healthcare workers!®* and elderly pa-
tients that are underway or pending final analysis will provide final
proof for a protective effect of BCG against COVID-19.

In search of an immunological mechanism explaining these ob-
servations, it is unlikely that cross-reactive lymphocytes are able to
protect against such a broad range of pathogens. A more likely ex-
planation of these non-specific effects is the education of the innate
immune system. While it is well established that adaptive immune
cells develop immunological memory upon stimulation, recent stud-
ies have shown that an infection or vaccination can also leave an
imprint on innate immune cells. This de facto innate immune memory

has been termed trained immunity*3>13¢

and is briefly outlined in
Fig. 1. The mechanism of BCG-induced trained immunity and its pos-
sible relevance for protection against Mtb is described in more detail

in the following sections.
3.2.1 | BCG vaccination enhances innate responses
to unrelated pathogens

We have conducted a series of studies to characterize the mechanisms
involved in the induction of trained immunity after BCG vaccination.
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FIGURE 1 BCG vaccination induces trained immunity in monocytes and enhances subsequent responses to unrelated pathogens. (A)
Interaction of macrophages with various pathogens induces the release of cytokines and activation of several antimicrobial functions to
clear the infection. (B) BCG vaccination induces persistent epigenetic modifications and metabolic reprogramming in innate immune cells
(depicted here in monocytes, giving rise to trained macrophages). These changes allow the trained innate immune cells to exhibit enhanced
level of cytokine production and antimicrobial functions in response to unrelated pathogens, leading to better protection compared to

untrained innate immune cells. Created with BioRender.com

PBMCs isolated from BCG-vaccinated healthy adults produce in-
creased levels of the innate cytokines TNF-a, IL-6,and IL-1f in response
to stimulation with Mtb lysate, but also upon stimulation with unre-
lated pathogens such as Staphylococcus aureus and C. albicans. 13137145
The elevated capacity for IL-1p and TNF-a production persisted for
three months post-vaccination, returning to baseline levels within 12
months.**® After vaccination, monocytes also displayed increased
surface expression of activation markers CD11b, CD14, CD206, and
TLR4, and these changes persisted for 12 months.*3143 BCG vaccina-
tion also enhanced cytokine responses from NK cells at two weeks
and three months post-vaccination.*?’ Importantly, BCG vaccination
leads to temporarily increased inflammation but no increased inflam-
mation at 90 days post-vaccination, rather it enhances the inflamma-
tory responsiveness to a secondary stimulation. 44

BCG vaccination also induces trained immunity in newborn in-
fants. In a study in Guinea-Bissau, BCG vaccination at birth led to
increased production of TNF-a, IL-1p, and IL-6 in response to PPD
and the TLR2 agonist Pam3CSK4 at four weeks post-vaccination.#
Additionally, whole-blood stimulation with Mtb lysate induced
greater production of IFN-y, TNF-q, IL-6, and GM-CSF among BCG-
vaccinated infants compared to unvaccinated infants at four months
post-vaccination.’*” Monocytes from these infants also had greater
expression of CD11b and CD206, and NK cells displayed greater
expression of the activation marker CD69. Finally, neonatal BCG
vaccination induced greater IL-6 and TNF-a responses to stimulation
with BCG at seven months post-vaccination.!*® Together, these data
indicate that BCG vaccination in infants and adults enhances the ca-
pacity for cytokine production by innate immune cells in response to
secondary stimulation with mycobacterial or other antigens.

Next, we asked ourselves which receptors and intracellular sig-
nalling pathways are involved in BCG-induced trained immunity.
This process was shown to be dependent on engagement of the
NOD2 receptor and the receptor-interacting protein kinase (Rip2) as
monocytes from individuals with genetic deficiencies in the NOD2
receptor are incapable of mounting trained immunity in response to
BCG.'%137 NOD2 recognizes muramyl dipeptide (MDP), a key com-
ponent of the mycobacterial cell wall,**’ and stimulation of mono-
cytes with MDP alone was sufficient to induce trained immunity.113
Further, the levels of circulating MDP before BCG vaccination were
associated with the strength of trained immunity responses,*®
demonstrating the importance of this pathway for mounting trained
immunity in response to BCG. NOD?2 is also a crucial PRR for the
control of Mtb infection in human macrophages.!*? Because NOD2
is essential for both trained immunity and effective restriction of
Mtb growth by macrophages, trained immunity might also have a
crucial role in protective responses against Mtb infection.

3.2.2 | BCG-induced trained immunity is
independent from T and B lymphocytes

To address question whether BCG-induced trained immunity is in-
deed mediated by monocytes or other innate immune cells and is
independent from T and B lymphocytes, we injected severe com-
bined immunodeficiency (SCID) mice, which lack T cells and B cells,
with either BCG or saline 14 days before inoculation with a lethal
dose of C. albicans.*'® BCG conferred complete protection against
this unrelated infection, with lower outgrowth of fungi, and higher
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LPS-induced production of pro-inflammatory cytokines. This ef-
fect was replicated in another mouse study.'?? In line with these
results, a recent study examining intravenous BCG vaccination
in mice showed that macrophages from BCG-vaccinated mice
have stronger ex vivo control of Mtb growth compared to naive
macrophages, in the absence of any other cells including B and T

cells.**°

3.3 | Molecular mechanisms of BCG-induced
trained immunity

Several studies have helped elucidate the molecular mechanisms un-
derlying BCG-induced trained immunity, showing that it is mediated
by metabolic and epigenetic changes that affect transcription of
particular genes, resulting in increased responsiveness of cells.13>15!
This process is briefly outlined in Fig. 2 and is discussed in more

depth in this section.

3.3.1 | Epigenetic modification
The altered transcriptional programme in trained immunity is me-
diated by multiple regulatory processes, including histone modifi-

cations, alterations in DNA methylation, and transcription of long

BCG

4

FIGURE 2 Molecular mechanisms
of BCG-induced trained immunity. (A)
Muramyl dipeptide (MDP) from BCG
interacts with the cytosolic NOD2
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non-coding RNAs (IncRNAs). Histone modifications at the promoter
and enhancer regions of pro-inflammatory genes are a hallmark of
BCG-induced trained immunity. Tri-methylation of lysine-4 of the
H3 histone protein (H3K4me3) is upregulated at the promoters for
TNFA, IL6, and TLR4 in BCG-trained monocytes, accompanied by
increased mRNA expression for these genes}13138142152 |5 5qdi-
tion, retinoic acid has been shown to inhibit BCG-induced trained
immunity in monocytes in vitro, through the methyltransferases
SUV39H2, resulting in downregulation of H3K4me3 and upregula-
tion of the repressive histone mark H3K9me3 at the promoters of
several cytokine genes.?®®

Acetylation of lysine-27 of histone protein 3 (H3K27ac) is also
a key histone mark in BCG-induced trained immunity. Whole-
epigenome analysis of monocytes before BCG vaccination and one
month post-vaccination revealed a differential pattern of H3K27ac,
and this trained response was associated with enhanced protection
against experimental infection with yellow fever virus.2® In partic-
ular, H3K27ac at the NOD2 gene was associated with the strongest
anti-viral response induced by BCG, in line with the essential role for
NOD?2 in BCG-induced trained immunity.

DNA methylation has also been suggested to regulate BCG-
induced immune responses. After BCG vaccination, macrophages
from people who showed enhanced containment of Mtb, defined
as “responders,” displayed altered DNA methylation patterns on

promoters of immune genes compared to non-responders.t>® In

NOD2
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addition, PBMCs from infants after BCG vaccination revealed differ-
entially methylated genes between high and low responders based
on their cytokine responses, and these genes were enriched in im-
mune pathways and cellular processes, such as glutamate signalling
and WNT pathways.*>*

Recently, Fanucchi et al. showed that epigenetic reprogramming
of genes in trained immunity is influenced by a novel subset of In-
cRNAs called immune gene priming IncRNA (IPLs).*>> Upon B-glucan
priming, which is a fungal cell wall component and another known
inducer of trained immunity, IPLs were upregulated and coordinated
H3K4me3 accumulation at target gene promoters.’>® One such
IPL called UMLILO (upstream master IncRNAs of the inflammatory
chemokine locus) was found to mediate H3K4me3 accumulation at
the promoters of IL8, CXCL1, CXCL2, and CXCL3 during B-glucan-
induced trained immunity.156 Similar mechanisms may be involved
in BCG-induced trained immunity. Together, these data show that
BCG-induced trained immunity is mediated by a changing epigene-
tic landscape, involving a balance of transcriptionally permissive and
repressive histone marks, resulting in an altered transcriptional pro-

gram upon secondary stimulation.

3.3.2 | Metabolic reprogramming

The epigenetic modifications observed in BCG-induced trained
immunity occur in concert with changes to intracellular metabo-
lism, involving a metabolic shift towards glycolysis. In vitro stim-
ulation of human monocytes with BCG leads to an increase in
glucose consumption and lactate production, indicating the upreg-
ulation of glycolysis.?3?%” H3K4me3 was increased and H3K9me3
was decreased at the promoters for key glycolysis enzymes HK2,
PFKP, and the master regulator of glycolysis, mTOR, which led
to increased mRNA expression of these genes.139 Further, BCG-
induced trained immunity was prevented when mTOR was inhib-
ited by metformin treatment, indicating that increased glycolysis
is essential for trained immunity.

Additionally, genes involved in glutamine metabolism, such as
the glutaminolysis enzymes glutaminase and glutamate dehydro-
genase, are also upregulated in monocytes after BCG training.139
Furthermore, inhibiting glutamine metabolism, or reducing gluta-
mine concentration in the culture medium during in vitro training,
prevented the potentiation of secondary TNF-a, IL-1B, and IL-6 re-
sponses.’®? Fumarate is a metabolite of glutaminolysis and has been
shown to affect histone methylation and acetylation in trained im-
munity. Fumarate inhibits KDM5 histone demethylases enzymes (re-
sponsible for H3K4 demethylation), and stimulation of monocytes
with fumarate alone resulted in increased H3K4me3 and H3K27ac,
hallmark histone changes of trained immunity.**® Accumulation of
fumarate through glutaminolysis therefore links the metabolic and
epigenetic changes in trained immunity.**® Clearly, changes in intra-
cellular metabolism are crucial for the generation of trained immu-
nity by BCG and are intertwined with BCG-induced changes to the
epigenomic landscape.

3.3.3 | Functional changes in various innate
immune cells

Most of the research performed so far has focussed on unravelling the
mechanisms of trained immunity in monocytes. However, the ability
of BCG vaccination to induce trained immunity in other cell types
of the innate immune system remains largely unexplored. As already
discussed, BCG vaccination can induce long-term functional repro-
gramming of NK cells. NK cells from BCG vaccinated healthy subjects
produce increased levels of pro-inflammatory cytokines upon ex vivo
stimulation with mycobacterial or unrelated pathogens.??’ NK cells
were also shown to play a role in the protective effect of BCG vac-
cination against unrelated pathogens. After BCG vaccination, NOD/
SCID/IL2Ry (NSG) mice lacking T, B, and NK cells have lower survival
rates following C. albicans infection compared to SCID mice, which
only lack B and T cells.*?? Trained immunity was also induced in NK
cells from BCG-vaccinated infants, as these NK cells exhibited in-
creased expression of activation markers and secreted higher con-
centrations of IL-12 and IL-10 following stimulation with Pam3Cys.**

Microbial exposure has also been shown to elicit memory-like re-
sponses by dendritic cells (DCs). DCs isolated from mice vaccinated with
Cryptococcus neoformans produce higher levels of IFN-y, IL-2, IL-4, and
TNF-a following secondary challenge.*® DCs from these vaccinated mice
also express NOS2, CXCL9, and CXCL10, pro-inflammatory markers as-
sociated with M1 macrophages. These changes were linked to epigenetic
changes as the effects were reduced by treatment with a methyltransfer-
ase inhibitor. Additionally, increased CXCL9 and CXCL10 production has
been associated with trained immunity and enhanced anti-mycobacterial
activity in a cohort of recently exposed individuals in the Netherlands.°

Recently, it was also observed that neutrophils undergo long-term
immunophenotypic changes after BCG vaccination in humans. After
BCG vaccination, neutrophils showed enhanced expression of ac-
tivation markers CD66b and myeloperoxidase, as well as increased
production of IL-8 and the antimicrobial enzyme elastase after ex
vivo stimulation.*®? In addition, neutrophils also displayed enhanced
reactive oxygen species (ROS) production, and increased capacity for
phagocytosis and C. albicans killing. This increased responsiveness per-
sisted for at least 3 months after vaccination. Finally, these changes
were accompanied by genome-wide epigenetic changes at the level
of H3K4me3 in promoter regions of pro-inflammatory and glycolysis
genes. In addition, in a study of BCG-vaccinated adults, the bone mar-
row was skewed towards granulocytic cell lineage priming and the tran-
scriptome of these progenitor cells was also enriched in genes involved
in neutrophil-mediated immunity.**! These findings were corroborated
by higher neutrophil numbers in BCG-vaccined infants, suggesting a

possible role for neutrophils in BCG-induced trained immunity.
3.3.4 | Long-term epigenetic changes of trained
immunity are mediated by progenitor cells

BCG vaccination enhances the responsiveness of innate immune

cells for three months and even up to one year.'*®>%*3 These effects
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persist far beyond the typical one-day lifespan of monocytes in the
peripheral circulation after emergence from the bone marrow.'¢?
This suggests that trained immunity may be induced at the level of
myeloid progenitors in the bone marrow. Indeed, intravenous BCG
vaccination induced IFN-y-dependent expansion of haematopoietic
stem and progenitor cells (HSPCs) in mice, with a bias towards my-
eloid differentiation, at the expense of lymphoid differentiation.**°
Bone marrow-derived macrophages (BMDMs) from BCG vaccinated
mice had a greater capacity to restrict Mtb growth in vitro, dem-
onstrating that BCG can imprint an enhanced anti-mycobacterial
programme in myeloid progenitors. Intradermal BCG vaccination in
humans also induced a transcriptional shift towards myelopoiesis.***
HSPCs taken from volunteers at three months post-vaccination
were enriched for mRNA transcripts of multiple macrophage and
neutrophil-associated genes. This training programme in HSPCs was
mediated by hepatic nuclear family (HNF) transcription factors and
increased chromatin accessibility at upregulated genes, facilitating
the persistent renewal of trained peripheral CD14" monocytes.

Trained immunity induced by p-glucan also acts through shifting
HSPC differentiation towards myelopoiesis. In mice, this effect is de-
pendent on the action of GM-CSF and IL-1f in the bone marrow. 3
Further, in -glucan training, GM-CSF signalling caused upregulation
of the dectin-1 receptor, suggesting that GM-CSF can intensify the
B-glucan signal and improve the induction of trained immunity.*%* It
is unclear whether GM-CSF signalling is involved in the induction
of trained immunity by BCG in myeloid progenitors; however, genes
implicated in GM-CSF signalling were overrepresented in human
macrophages that were restrictive of Mtb growth in vitro, compared
to those that were more permissive.}®> Additionally, the addition of
GM-CSF made these macrophages more restrictive of Mtb growth,
while blockage of GM-CSF made them more permissive. Further,
GM-CSF production by macrophages is associated with their abil-
ity to control intracellular Mth infection.!® If GM-CSF is involved in
BCG-induced training of myeloid precursors, this may generate dif-
ferentiated macrophages with enhanced anti-mycobacterial activity
and contribute to early clearance of Mtb infection.

3.4 | BCG-induced trained immunity and early
clearance of M. tuberculosis infection

3.4.1 | Human studies

Since early clearance has been associated with BCG vaccination,
and BCG induces trained immunity, we hypothesize that BCG
confers protection against Mtb infection through the induction of
trained immunity.® This hypothesis is supported by results from a
randomized trial evaluating BCG re-vaccination in South Africa.®
BCG re-vaccination reduced the risk of sustained IGRA conver-
sion over two years by 45.5% compared to placebo vaccination,®
but also reduced the incidence of upper respiratory tract infec-
tions by more than 70% (2.1% in BCG re-vaccinated subjects ver-
sus 7.9% in placebo arm). This protection against heterologous,
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non-mycobacterial infections is a hallmark of BCG-induced trained
immunity.130

Indirect evidence may also come from our study of household
contacts of TB patients in Indonesia, which has shown differences
in innate immune signatures between those who were persistently
IGRA negative over 14 weeks (early clearers) and IGRA convert-
ers.}” Among early clearers, peripheral monocytes, granulocytes,
and innate-like T cells became less frequent over 14 weeks, while
this contraction of innate immune populations was not observed
in IGRA converters. This may reflect elimination of the infection in
early clearers, with ongoing inflammation in Mtb infection explain-
ing the lack of contraction in IGRA converters. Whole-blood stim-
ulation with E. coli also elicited greater production of TNF-a, IL-6,
and IL-8 from early clearers than from IGRA converters. This het-
erologous response is consistent with trained immunity induced by
BCG. Further, in individuals who had a BCG scar, the magnitude of
these effects was increased, suggesting that BCG vaccination may
enhance early clearance by inducing trained immunity, facilitating
more robust, protective innate immune responses to incident Mtb
infection.

Other immunological evidence also supports the idea that
trained immunity induced by mycobacterial exposure may con-
fer host-mediated protection against Mtb. A study of previously
mycobacteria-naive donors in the Netherlands showed that PBMCs
from those who were recently exposed to Mtb had greater capacity
to control the outgrowth of BCG than PBMCs from naive controls, or
from active/latent TB patients.160 The culture supernatants of these
individuals also had increased levels of TNF-a, IL-1f, and IL-6, the
hallmark cytokines of BCG-induced trained immunity. The increased
capacity for BCG control was dependent on CXCRS3 signalling and
was associated with the frequency of non-classical CD144™ mono-
cytes which produced CXCL10. This CD149™ monocyte population
was also identified as a contracting cell population over 14 weeks

among early clearers in Indonesia, suggesting a key role.’

3.4.2 | Experimental evidence for trained
immunity and protection against M. tuberculosis

In addition to studies with BCG,**° studies with p-glucan provide
strong evidence that trained immunity can protect against Mtb.
Human monocytes treated with p-glucan in vitro displayed enhanced
TNF-a, IL-1B, and IL-6 responses to Mtb and were more restrictive of
Mtb growth compared with naive monocytes.® Intraperitoneal in-
jection of mice with -glucan four or seven days prior to infection with
Mtb also improved protection, reducing bacterial burden in the lung
and improving survival.1®® This was mediated by shifting HSPC differ-
entiation to myelopoiesis, increasing expression of anti-mycobacterial
genes in an IL-1-dependent manner. IL-1 signalling is crucial for trained
immunity, as genetic variants in this pathway modulate the induction
of trained immunity by BCG, and IL-1p alone is even capable of in-
ducing trained immunity.**° IL-1p production has also been shown to

improve anti-Mtb activity by macrophages,’®1"? intersecting trained
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TABLE 2 Experimental evidence of trained immunity and protection against M. tuberculosis

Type of
Author(s), year Model experiment
Kaufmann et al., Mice parabiosis and In vivo
2018144 adoptive transfer
Mice BMDMs Ex vivo
Moorlag et al., Mice In vivo
2020162
Human PBMCs Ex vivo
Khan et al. Mice BMDMs Ex vivo
2020166 Mice adoptive transfer  In vivo
Mice BMDMs Ex vivo
Mice In vivo

immunity and anti-mycobacterial activity. These data suggest that
the induction of trained immunity in myeloid precursors by BCG and
B-glucan, mediated by cytokine signalling, may elicit improved pro-
tection against Mtb. The studies that showed the capacity of trained
immunity to protect against Mtb are summarized in Table 2.

3.4.3 | M. tuberculosis prevents the induction of
trained immunity

Virulent Mtb promotes a different immune response to BCG and
prevents the induction of trained immunity.}’? C57BL/6J mice were
injected intravenously with Mtb or BCG four weeks before bone
marrow harvest and BMDM differentiation. Mtb imprinted a unique
transcriptomic profile in HSPCs that impairs myelopoiesis and in-
nate immunity against Mtb. The Mtb and BCG groups also displayed
a different transcriptional signature in the IFN-I signalling and iron
metabolism pathways. Mtb induced RIPK3-dependent necroptosis in
the myeloid progenitors through the IFN-1/Fe axis, leading to impair-
ment of myelopoiesis and the trained immunity response. The study
also demonstrated that both BCG and Mtb imprinting of HSPCs can

last for at least one year.

3.5 | Unanswered questions regarding
trained immunity

A number of questions remain unanswered about BCG-induced
trained immunity. First, the large interindividual variability that we
have observed in the induction of trained immunity after BCG vac-
cination has not been explained.!'313%140152.173 T\ experimental
human infection studies depicted the large interindividual variation
in the ability of BCG vaccination to protect against infections, as
was studied for yellow fever'®” and malarial’®. Both studies identi-
fied “responders,” people in whom BCG vaccination led to increased
infection control, and “non-responders.” The biological mechanism

Type of training

Intravenous BCG

Intravenous BCG

Intraperitoneal p-Glucan

In vitro f-Glucan

Intravenous BCG
Intravenous BCG
Intraperitoneal B-Glucan

Intraperitoneal p-Glucan

Outcome

Lower Mtb burden in target organs

Differences in expression pattern compared to
control in response to infection

Higher survival rate compared to control and lower
Mtb burden in the lung

Increased proinflammatory cytokines and restriction
of Mtb growth

Lowest colony forming units compared to other groups
Lower lung bacterial burden
Lower colony forming units compared to PBS

Better survival rate compared to PBS

underlying this variation in BCG-induced protection is not clearly
understood, and understanding this process is crucial to harness
trained immunity for vaccination strategies against Mtb.

One factor that might drive the interindividual variation is host
genetics, as it was shown previously that genetic variants influence
cytokine responses.'’* Indeed, genetic variation related to gly-
colysis, autophagy, and the production of pro-inflammatory cyto-
kines such as IL-1p influences the induction of trained immunity by
BCG.13?140.152 variation in the promoter region of IL1B and polymor-
phisms in other genes of the IL-18 pathway such as IL-18 receptors
and inflammasome components PYCARD/ASC,'* as well as the gly-
colysis rate-limiting enzymes HK2 and PFKP influenced the produc-
tion of IL-6 and TNF-a by monocytes in response to LPS stimulation
in BCG-induced trained immunity.*>4° Polymorphisms in the auto-
phagy genes ATG2B or ATG5 also dampened the induction of trained
immunity by BCG.? Individuals infected with Mtb who carry these
genetic variations may not mount strong enough innate immune re-
sponses to clear the infection.

Interindividual variation in the epigenome, possibly induced by
environmental factors, also influences the induction of trained im-
munity by BCG. Verma et al. found alterations in the DNA methylome
of MDM s isolated from a subset of BCG-vaccinated “responders.”*>®
Macrophages isolated from these responders restricted the growth
of Mtb to a greater extent than those from non-responders. They also
observed that MDMs from responders produced greater amounts of
IL-1B in response to Mtb infection than non-responders, even before
BCG vaccination. These preliminary findings prompted a subsequent
study by Das et al., mapping 43 differentially methylated genes from
PBMCs prior to vaccination, enriched in genes involved in regulat-
ing phagocytosis.175 Macrophages from responders were more ef-
fective at internalizing fluorescent Mtb, a process which precedes
mycobacteria-induced production of IL-1.

Other factors, including age, sex, diet, and time of vaccination, might
also impact trained immunity responses. It was recently shown that
morning administration of BCG vaccination induced stronger trained
immunity with higher cytokine production (IL-1p and TNF-a) after ex
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vivo stimulation with Mtb as well as S. aureus compared to evening ad-
ministration.”® This result was validated by in vitro experiments using
peripheral blood from healthy volunteers. Monocytes isolated in the
morning had a higher capability of trained immunity compared to those
isolated in the evening. This suggests that the intrinsic molecular clock of
monocytes is an important regulator of BCG-induced trained immunity.

Other factors that are known to impact the immune response,
including the metabolome, the gut microbiome, and immune cell
subset frequencies, could also impact the magnitude of BCG-
induced trained immunity responses, and could be the subject of
future research.

It is not known whether different BCG strains equally induce
trained immunity. Multiple strains of BCG exist, which are all sub-
cultures of the original BCG strain, resulting in BCG vaccine hetero-
geneity that differ in phenotype and genotype. In terms of cytokine
production after BCG vaccination, BCG-Denmark and BCG-Japan
seem to be more immunogenic than other BCG strains.'”” In the con-
text of trained immunity, studies that used BCG-Denmark!*® seem
to show a higher fold-increase of cytokine after secondary stimu-
lation with unrelated stimuli such as S. aureus, compared to studies
that used BCG—Bngaria.144 One could hypothesize that the more im-
munogenic BCG strains may more robustly induce trained immunity.

It is unclear whether the route of BCG administration could in-
fluence the induction of trained immunity in humans and how this
affects protection against unrelated pathogens and Mtb. Previously,
intravenous BCG vaccination rather than subcutaneous BCG has
been shown to induce trained immunity through imprinting of the
HPSCs in mice, giving rise to macrophages which confer enhanced
protection against Mtb.}*° Another recent study showed that intra-
venous BCG vaccination promotes better protection against TB dis-
ease compared with intradermal and aerosol BCG administration in
non-human primates.‘;’3 However, there were no significant increases
in TNF, IL-1p, IL-6, or other trained immunity-associated cytokines in
response to ex vivo stimulation of PBMCs with Mtb, heat-killed S.
aureus, or LPS in any vaccination group. In mice studies exploring
non-specific BCG-mediated protection, intranasal BCG vaccina-
tion elicited stronger protection against influenza virus A (H1IN1),

compared to subcutaneous vaccination'”®

or intraperitoneal vacci-
nation.r”? In contrast, intravenous BCG did not result in protection
against avian influenza A/Anhui/1/2013 (H7N9) challenge in mice,
despite splenocytes and peritoneal macrophages showing charac-

teristics of trained immunity in response to ex vivo stimulation.'®

3.6 | Potential mechanisms of delayed clearance

We have defined delayed clearance as the elimination of Mtb infec-
tion after it has been established (Table 1). Gaining understanding
of the mechanisms of delayed clearance phenotype is challenging,
primarily because diagnostic tests rely on immune reactivity to my-
cobacterial antigens and do not test for bacterial presence directly.
Further, reversion of a positive IGRA result to negative does not reli-

22,29

ably predict clearance, and individuals may remain TST positive

Immunolog

for up to 10 years without developing disease, even in a state of
immunosuppression, suggesting many of these individuals have pre-
viously cleared their infection.?!

In cynomolgus macaques, those that develop active TB disease
have more lesions in the lung, with increased bacterial burden and
dissemination, while those with Mtb infection have fewer lesions and

t.281 Macaques with active disease or

no extrapulmonary involvemen
infection both contain granulomas with the capacity for sterilization.
Those with active disease simultaneously have localized areas of ex-
tensive tissue pathology with bacterial growth as well as sterile granu-
lomas.*®! The observed heterogeneity between granulomas may be a
crucial determinant of the infection outcome, as the capacity for bac-
terial killing by individual lesions dictates the bacterial burden.?182
Further, genomic barcoding of individual Mtb bacilli reveals that
each granuloma in an infected host is seeded by a single organism,
with considerable variation in their developmental trajectory and
capacity for sterilization. 82 Rather than a globally permissive or re-
strictive response, each individual granuloma in a host represents a
distinct, localized environment. Failure of individual granulomas to
contain or eliminate bacteria, while rare, contributes to dissemina-
tion and sustained infection with Mtb, with those who eventually
clear the infection having sterile granulomas, theoretically with the
potential for all granulomas in an individual to be sterile.
Granulomas in macaques capable of sterilization displayed
slightly higher production of IL-17, TNF, and other Thl-type cyto-
kines by T cells, although most T cells were single-functional.® This
suggests that sterilization requires a combination of T cells with dif-
ferent functional profiles. Indeed, sterilization was associated with
a combination of pro- (IFN-y, TNF, IL-2, IL-17) and anti-inflammatory
(IL-10) cytokine production by T cells within the granuloma.®® Finally,
intravenous BCG vaccination of macaques six months prior to chal-
lenge with Mtb resulted in almost complete protection.”® Six of ten
macaques had no Mtb in any tissues, and three more had fewer than
45 CFU, all contained within one granuloma. In the lungs of these
protected animals, there were an increased proportion of CD3* T
cells, and CD11c" antigen-presenting cells. Further, approximately
80% of these T cells were tissue-derived, and expressed CD69 and
CD103, indicating that they may represent tissue-resident memory
T cells induced by intravenous BCG vaccination. Delayed clearance
may be mediated through the development and subsequent steril-
ization of granulomas as seen in cynomolgus macaques, mediated by
a combination of innate and adaptive immune mechanisms that alter
the trajectory of individual granulomas. Potentiating the local im-
mune responses through vaccination may increase the killing capac-

ity of individual granulomas and contribute to bacterial clearance.

4 | IMPLICATIONS FOR DEVELOPMENT
AND EVALUATION OF NEW-GENERATION
TB VACCINES

Clearly, improved understanding of the mechanisms underlying
BCG-induced protection and the possible role of trained immunity
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in early clearance and the prevention of Mtb infection should lead
to more effective TB-preventive strategies, including vaccination. In
this section, we discuss preclinical and clinical aspects of develop-

ment of TB vaccines focused on Mtb infection.

4.1 | Early clearance and trained immunity in TB
vaccine development

41.1 | Establishing a biomarker signature for
early and delayed clearance

The early and delayed clearance phenotypes represent examples of
effective, host-mediated protection against Mtb infection. In our TB
household study in Indonesia, we have found that early clearance is
associated with increased ex vivo cytokine production in response
to unrelated stimuli, as seen in trained immunity.*®” To further char-
acterize the biosignature of early clearance and to examine whether
it indeed has similarities with trained immunity, further immuno-
logical phenotyping of circulating innate cell populations and multi-
omics comparison between early clearers and IGRA converters is
now ongoing.>*” Similar phenotyping studies should be performed
in other well-characterized cohorts to further develop and refine a
signature of early clearance, which could help unravel possible un-
derlying mechanisms and be used as an indicator of protective ef-
ficacy in future vaccine studies.

Many studies in TB have used blood transcriptomics, but to
our knowledge, no such studies have specifically focused on Mtbh
clearance. Somewhat related however, IGRA-positive individuals in
London who received TB-preventive therapy showed divergent lon-
gitudinal blood transcriptomic profiles.®3 One subgroup displayed a
similar gene expression profile over time to unexposed, IGRA nega-
tive controls, while the second subgroup did not. Differentially ex-
pressed genes were largely involved in immune responses, many of
which had previously been identified in transcriptomic studies of TB
patients vs healthy controls, suggesting a lack of viable Mtb infection
in the first subgroup. If confirmed, this signature may represent a
biological marker of delayed clearance to be used as a readout for
vaccine efficacy studies. Another study examined the transcrip-
tional response of ex vivo stimulated monocytes from Ugandan
TB contacts who were either IGRA/TST positive or “resisters.”'84
Differential expression included pathways controlled by histone
deacetylases (HDACs), while treatment of monocytes with HDAC
inhibitors increased cytokine production in response to Mtb infec-
tion. These data and studies that have shown that HDAC inhibitors
increase glycolysis and IL-1p production of human MDMs infected
with Mtb,'8 and improve pro-inflammatory cytokine production and
restriction of intracellular Mtb growth by macrophages,*®® suggest
that epigenetic and metabolic changes reminiscent of trained immu-

140 4re also involved in Mtb clearance.

nity
Proteomic or metabolomic profiling may complement transcrip-
tomic studies and add to our understanding of early and delayed

clearance. Plasma proteomic signatures can help distinguish active

TB and LTBI, and predict progression of LTBI to active TB.2° With
regard to early clearance, Bark et al. recently applied a proteomic
approach in 97 TB household contacts.*®’ Using discovery and val-
idation groups, they identified a number of proteins that were up-
regulated differentially between HIV-uninfected contacts in Uganda
who were “resisters,” compared to contacts who became TST pos-
itive. Albeit relatively small, this study clearly shows the potential
of proteomics for better understanding of early clearance, and the
need for replication in other cohorts. Metabolomic studies in TB
have mainly focused on diagnosis of LTBI and active TB, or on pre-
dicting progression to active disease,*®81%° but one study in India
found significantly higher concentrations of particular metabolites
in household contacts compared to controls.}”* This is an interest-
ing result, but unfortunately no data were provided on IGRA/TST
among household contacts, so no conclusions can be made regard-
ing early clearance.

Future studies, with stronger data on exposure, infection status,
and traditional risk factors (age, smoking, diabetes, etc.) should in-
tegrate ‘omics’ data, host genotyping and functional immunological
data,'?? as has been done in candidemia for instance.}?31%4 Finally,
early clearance and trained immunity signatures should be com-
pared, to examine what pathways are overlapping. This can help
further experimental work, but can also select possible correlates
of protection against Mtb infection in TB contact or TB vaccination

studies.
4.1.2 | Examining trained immunity effects of new
TB vaccines

It is largely unknown if new TB vaccine candidates, induce trained
immunity similarly to BCG. MTBVAC is the only TB vaccine based on
live-attenuated Mtb that has entered clinical trials, where it demon-
strated a similar safety profile to BCG in neonates and adults, along
with similar induction of Thil-type T cell responses.”® MTBVAC has
shown better protection against Mtb infection compared to BCG
in mice,’”> and it improved the pre-existing BCG-mediated pro-
tection in guinea pigs.l% Interestingly, MTBVAC vaccination also
conferred heterologous protection against S. pneumoniae infec-
tion, both in wildtype mice and SCID mice that lack T cells and B
cells, and increased cytokine responses to LPS by human PBMCs in
vitro, providing clear evidence of its trained immunity effects.!”” It
is urgent to assess whether MTBVAC vaccination induces trained
immunity in humans, and whether this accounts for its protective
effects. However, it may be difficult to characterize the effects of
MTBVAC on early clearance, because the vaccine contains Mtb an-
tigens and causes IGRA conversion in a dose-dependent manner, al-
though reversion is common, especially at lower doses.”® Studies of
MTBVAC-induced protection against Mtb infection may adopt clini-
cal endpoints of sustained IGRA conversion, similar to the definition
used by Nemes et al.® as IGRA positivity may be vaccine-induced,
rather than reflecting incident infection. Other vaccine candidates
besides MTBVAC such as M72/ASO1.,'® and the adjuvant ASO1
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alone should also be examined for their capacity to induce trained
immunity, and whether their capacity to do so is associated with pro-

tection against Mtb.

4.1.3 | Improving vaccine-induced trained immunity
If markers of trained immunity show a consistent association with
early clearance, this may direct future vaccine strategies to enhance
the induction of trained immunity by BCG vaccination. From our
studies in healthy adult volunteers, it is clear that BCG does not in-
duce trained immunity equally well in all individuals.}1313%140.152.153
It may be possible to modify vaccination strategies to improve the
consistency with which vaccines induce trained immunity between
individuals. These novel “trained immunity-based vaccines” may
capitalize on innate immunological memory through the incorpora-
tion of innate immune adjuvants to already-existing vaccines such as
BCG.Y? Such adjuvants that engage PRRs may amplify the trained
immune response already induced by BCG, and because different
stimuli induce different cell activation pathways, adjuvants may in-
duce trained immunity pathways beyond those elicited by BCG.?%°
If pathways involved in trained immunity show a consistent associa-
tion with early clearance, this may direct future vaccine strategies to
enhance the induction of trained immunity.

There may be ways to enhance the trained immunity effects of
TB vaccines. MDP may engage the NOD2 receptor and enhance
the activation of this pathway beyond what is achieved by vacci-

nation alone 114113145

B-glucan may amplify the vaccine-induced
trained immune response through engagement of the dectin-1 re-
ceptor and enhance anti-mycobacterial responses as observed in
the mouse model of Mtb infection.'® Further, intravesical BCG in
combination with recombinant Th1 cytokines such as IFN-y, IL-2, and
GM-CSF have shown stronger efficacy than BCG alone in inducing
anti-tumour responses and preventing recurrence in patients with
bladder cancer.?%! IFN-y2°2204 a3nd GM-CSF!6>1%¢ are both known
to enhance anti-mycobacterial activity by monocytes and macro-
phages, and are also essential for the induction of trained immunity
at the level of myeloid precursors in the bone marrow in murine
models. 20163164 |n mice, BCG strains expressing GM-CSF have
been shown to increase the quantity of pulmonary APCs compared
to BCG alone, leading to enhanced T cell responses and improved
protection against disseminated Mtb infection.?°>2% Further, using
DNA vaccine expressing Ag85A and GM-CSF as a boost following
BCG vaccination also improves protection against Mtb infection in
mice.?%” These data suggest that incorporating inflammatory me-
diators in vaccines to modulate the local immune response by en-
hancing trained immunity may contribute to protection against Mtb
infection.

Given that trained immunity is mediated by epigenomic modu-
lation and changes to intracellular metabolism, Dominguez-Andrés
et al. (Mbio, in press) propose incorporating metabolic and epigen-
etic modulators to amplify vaccine-induced immune responses.

These “amplifiers” would be incorporated in addition to the primary

T Wi LE Y-

immunogenic antigen or organism, and any adjuvants, ultimately en-
hancing effector responses and amplifying the induction of trained
immunity. Cellular metabolism may be modulated by compounds
analogous to metabolites of the TCA cycle, such as succinate and fu-
marate, leading to inhibition of KDM5 histone demethylase enzymes
and improving the deposition of permissive histone marks charac-
teristic of trained immunity.’>® Histone modifying enzymes such
as HDACs, histone methyltransferases, and histone acetyltrans-
ferases may also be targeted directly to modulate the deposition
and removal of histone marks and improve chromatin accessibility
at the promoters of pro-inflammatory genes after vaccination.?%®
Modulating the molecular mechanism of trained immunity in this
way may amplify the signals induced by vaccination and improve
the induction of trained immunity and further enhance protection

against Mtb infection.

4.2 | Clinical evaluation: Epidemiological and
immunological characterization

Essentially, trials of vaccine efficacy against Mtb infection should as-
sess the ability of a vaccine to prevent an initial or subsequent Mth
infection. In an endemic setting, the first/initial infection may occur
early in life in most people. However, since infection may be tran-
sient, there is likely to be value in assessing the ability of a vaccine
to prevent a new infection in anyone who is TST or IGRA negative,
especially if they are entering a period or setting whereby they are
at increased risk of developing infection and/or disease. For example,
children entering into adolescent years are at increased risk of devel-
oping TB disease, while it is unclear if they are at increased risk of Mtbh
infection; and those entering healthcare work in a TB-endemic setting

for the first time are at increased risk of Mtb infection and disease.

4.2.1 | Pre-infection intervention trials

We consider three particular approaches to pre-infection trials—
vaccination at birth, in adolescents, and in healthcare students.
There are other populations that are at increased risk of infection,
such as people with diabetes and people living with HIV. While it
will be important for a new vaccine to show efficacy in these groups,
they may not be ideal groups for initial trials because they may have
impaired immune responses, leading to lower, non-generalizable ef-

ficacy estimates.

Vaccination at birth

Since BCG is given at birth, it would seem reasonable for new vac-
cines to be trialed at birth or as an early booster for BCG. In a high
TB-endemic setting, it would be reasonably straightforward to
downsize historical BCG trials for an Mtb infection endpoint. A vac-
cine, or vaccine combination, given at birth could be assessed for
efficacy against initial Mtb infection, including with different levels
of Mtb exposure in those who become contacts of known TB cases,



FOSTER ET AL.

ﬁl—Wl LEY

Immunological Reviews

and in enhancing delayed clearance in those who do develop Mtb
infection.

In their long-term follow-up of a BCG trial, Mancuso et al.%8
found that approximately 20% of TST converters in the BCG arm
underwent TST reversion within five years of a positive TST, com-
pared to less than 5% of TST converters in the placebo arm. Given
that some TST conversion may be due to BCG vaccination itself, and
these individuals may be expected to more readily revert, differ-
ences in IGRA reversion between arms may be smaller than differ-

ences in TST reversion.

Vaccination of adolescents

Vaccination of adolescents is a strategy adopted in South Africa by
Nemes et al.® A full confirmatory trial has been funded by the Bill
and Melinda Gates Foundation. This is essentially a trial of BCG re-
vaccination in a high burden/high incidence country. While the ado-
lescents need to be IGRA negative for randomization, because of
the limitations of any test for Mtb infection, and the high exposure
setting, it is likely that a significant proportion have been previously
exposed, infected, or even remain infected. Therefore, this study
should be seen as reflecting protection against a new exposure and
new infection, in the context of likely exposures in the past. The
South African confirmatory trial in approximately 1800 randomized
adolescents will assess the efficacy of BCG against the primary end-
point of sustained IGRA conversion based on an IFN-y concentration

cutoff value of 0.35 IU/mL (A. Schmidt, personal communication).

Vaccination of healthcare students

One approach is to identify a study population transitioning into a
high exposure situation. The obvious population for this is health-
care worker trainees. In Indonesia we have identified that nursing
and medical students entering clinical training are such a group. They
are also knowledgeable and motivated to find solutions in relation
to their exposure to Mtb. In an initial study (Apriani et al., submitted
for publication) we enrolled 379 students entering clinical training
into a cohort study; 70 (18.5%) were IGRA positive at baseline. Of
293 IGRA negative students tested at one year, 26 (8.9%) underwent
IGRA conversion. Participation in sputum collection or bronchoscopy
procedures were significantly associated with IGRA conversion. We
will now proceed to a proof-of-principle randomized controlled trial
of BCG re-vaccination, incorporating multiple IGRA tests over a 12-
month follow-up period, and integrated sampling and bio-archiving
for immunological studies focused on innate immune training.

It is possible to provide an estimate of the required size for a trial
of a vaccine against Mtb infection in healthcare students. In the study
of healthcare students, the adjusted relative risk of IGRA conversion
for those who were BCG vaccinated was 0.68, with relatively wide
confidence intervals in keeping with the size of the study (95% ClI
0.25-1.83). Using a more stringent cutoff for conversion, there were
24 converters and the adjusted relative risk for IGRA conversion
among BCG vaccinated students was 0.53 (0.19-1.53). Assuming the
absolute proportion of initially IGRA negative students who are IGRA
positive at 12 months is 0.09, and the proportion of students that

have IGRA conversion at any time before that which converts to neg-
ative at 12 months is 0.05, the cumulative proportion of students with
IGRA conversion is estimated to be 0.14 in the placebo arm. With a
conservative estimate of 30% protection, the cumulative proportion
of IGRA converters in the BCG intervention arm is estimated to be
0.098. Assuming 95% completion, with 1300 individuals in each arm,
there would be 90% power to detect this difference at the p = 0.05
(two-sided) level of significance. If the efficacy is 40% or greater, the

numbers required in each arm would be well under 1000 students.

4.2.2 | Post-infection intervention trials

On balance, our judgment is that there is not enough evidence that
a post-infection vaccine will promote delayed clearance of Mtb to
warrant designing trials of post-infection vaccines focused on a de-
layed clearance endpoint. However, such a trial would enrol those
who have evidence of Mtb infection and randomize them to vaccine
or placebo. Considering that post-infection vaccines are currently in
development, it would be relatively straightforward to include re-

peated tests for Mtb infection as part of follow-up.

4.2.3 | Sampling in trials to facilitate interlocking
microbiological and immunological studies

In intervention studies of early clearance in humans, it is essential
that samples are collected before, and at various time points after
intervention to capture peak responsiveness for immunological and
epigenomic or transcriptomic analysis. Typically, to facilitate sam-
ple collection from a large number of individuals, responses will
be measured in peripheral blood. While it must be acknowledged
that peripheral blood responses do not robustly reflect the local re-
sponses in the Iungs,33 if an intervention is demonstrated to have a
protective effect on infection with Mtb, peripheral blood represents
a valuable, easily accessible resource to identify biomarkers that
are correlated with increased protection or susceptibility to infec-
tion. Immunological assays may be performed on peripheral blood
samples to assess changes in immune cell populations, cytokine re-
sponsiveness, and the capacity for mycobacterial growth inhibition.
Other assays may test for whole-blood or cell-specific transcrip-
tomic, metabolic, and epigenomic changes. These methods allow
for an evaluation of the biological response to any intervention that
may correlate with susceptibility or protection against Mtb infection.
Trials in humans should be conducted in a variety of locations, par-
ticularly those where a high enough proportion of Mtb strains are of
the Beijing genotype family.

5 | CONCLUDING REMARKS

The discovery that BCG is likely to protect against Mtb infection
and not just progression from infection to TB disease has presented
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new opportunities to characterize this protection, identify associ-
ated protective immune responses, and to design and assess pos-
sible interventions. Key opportunities to improve on BCG protection
against Mtb infection include the duration of the effect, susceptibil-
ity to high pathogen infecting dose, and protection across different
Mtb strains. The infection phenotypes discussed in this review allow
for robust definition and analysis of epidemiological cohorts with
known, quantifiable exposure levels to Mtb. It is likely that IFN-vy-
independent and non-conventional T cells, humoral immunity, and
innate immune mechanisms including BCG-induced trained immu-
nity all contribute to early clearance of Mtb, and examining their
role in early clearance may identify correlates of immune-mediated
protection against Mtb to inform future vaccination strategies. Such
vaccines may aim specifically to boost trained immunity responses
through inflammatory mediators and amplifiers. Further, identify-
ing correlates of protection may aid in the development of a well-
defined biomarker signature of early clearance which, if validated,
may be used as an endpoint in future vaccine efficacy trials, enabling
evaluation of new or modified vaccines at a lower cost, reducing the

necessity for large trials with clinical endpoints.
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