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Summary

Human Vy9/V42T cells, mucosal-associated invariantT (MAIT) cells, and other unconventional T cells
are specialised in detecting microbial metabolic pathway intermediates that are absent in humans.
The recognition by such semi-invariant innate-like T cells of compounds like (E)-4-hydroxy-3-methyl-
but-2-enyl pyrophosphate (HMB-PP), the penultimate metabolite in the MEP isoprenoid biosynthesis
pathway, and intermediates of the riboflavin biosynthesis pathway and their metabolites allows the
immune system to rapidly sense pathogen-associated molecular patterns that are shared by a wide
range of micro-organisms. Given the essential nature of these metabolic pathways for microbial via-
bility, they have emerged as promising targets for the development of novel antibiotics. Here, we
review recent findings that link enzymatic inhibition of microbial metabolism with alterations in the
levels of unconventionalT cell ligands produced by treated micro-organisms that have given rise to the
concept of ‘immuno-antibiotics’: combining direct antimicrobial activity with an immunotherapeutic
effect via modulation of unconventional T cell responses.

Abbreviations: 5-A-RU: 5-amino-6-D-ribitylaminouracil; 5-OP-RU: 5-(2-oxopropylideneamino)-6-p-ribitylaminouracil; BTN: butyrophilin;
DHBP: 3,4-dihydroxy-2-butanone 4-phosphate; DMAPP: dimethylallyl pyrophosphate; DMRL: 6,7-dimethyl-8-(1-D-ribityl)lumazine;
FMN: flavin mononucleotide; FPPS: farnesyl pyrophosphate synthase; GEM T cell: germline-encoded mycolyl lipid-reactive T cell; HMB-PP:
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate; iNKT cell: invariant natural killer T cell; IPP: isopentenyl pyrophosphate; MAIT cell:
mucosal-associated invariant T cell; MEP: 2-C-methyl-p-erythritol 4-phosphate; MHC: major histocompatibility complex; MR1: major histo-
compatibility complex class I-related protein 1; TCR: T cell receptor.
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Graphical Abstract

Immuno-antibiotics targeting the non-mevalonate isoprenoid and riboflavin biosynthesis
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Introduction

Unconventional T cells represent a class of T cells that—
unlike conventional CD4* and CD8* T cells—play a
crucial role in sensing danger in the absence of classical
restriction via the major histocompatibility complex
(MHC). Unconventional T cells comprise both aff and
vd T cells that survey peripheral tissues and respond to
stress-related changes upon infection, injury, and ma-
lignancy. In some instances, such responses include the
recognition of non-peptidic antigens, typically in the con-
text of members of the CD1 family or the MHC-related
protein MR1, or via others factors such as butyrophilins
[1]. There are two well-characterised populations of un-
conventional T cells which stand out with regard to their
relative abundance in the human body, their broad re-
activity towards microbial metabolites shared by a wide
range of pathogens, and their ease of manipulation in
vitro: Vy9/V82 T cells (also called Vy2/V82 T cells ac-
cording to an alternative nomenclature) and mucosal-
associated invariant T (MAIT) cells [2]. Moreover,
there is the possibility of a compensatory interplay be-
tween these two types of unconventional T cells, as sug-
gested from findings in an immunocompromised patient
lacking functional MAIT cells, a result of a rare muta-
tion in MR1, who instead showed highly elevated levels
of circulating Vy9/V82 T cells [3]. In the following, we
review progress and prospects for targeting microbial
metabolic pathways for both direct as well as indirect,

unconventional T cell-based killing of pathogens, as well
as immunomodulation in general.

‘Phosphoantigen’-reactive yd T cells

Vy9/Vd2 T cells are the dominant population of y& T
cells in human blood where they typically constitute
1-5% of all circulating T cells, but this can increase to
>20-40% in many infections [4]. They are character-
ised by a distinct T cell receptor (TCR) composed of
a semi-invariant Vy9-JP (TRVG9-TR]JP) chain and a
highly diverse V62 (TRVD2) chain. Intriguingly, Vy9/
V62 T cells have only been found in higher primates
and alpacas, being absent in all other animal species
studied so far [5]. They respond rapidly to intermedi-
ates of the isoprenoid biosynthesis, such as isopentenyl
pyrophosphate (IPP) and (E)-4-hydroxy-3-methyl-but-
2-enyl pyrophosphate (HMB-PP), which bind to the
intracellular B30.2 domain of butyrophilin BTN3A1
[6-8]. It is thought that this interaction induces a con-
formational change of the intracellular part of the pro-
tein and that this modified BTN3A1, and the related
butyrophilin BTN2A1—possibly together with as yet
unknown cellular product(s)—form a complex on the
cell surface that triggers the TCR-mediated activation
of Vy9/Vd2 T cells [5, 9]. As such, IPP and HMB-PP
are not TCR ligands themselves but rather facilitate
BTN2A1/BTN3A1-dependent v T cell responses to-

wards microbial infections, in a truly unconventional
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fashion compared to ‘classical’ antigens. The precise
mechanism of this enigmatic recognition is yet to be
unveiled.

HMB-PP generation by micro-organisms

HMB-PP is a highly immunogenic intermediate of the
so-called non-mevalonate (or MEP, after its signature me-
tabolite 2-C-methyl-p-erythritol 4-phosphate) pathway
of isoprenoid biosynthesis that is utilised by a wide range
of Gram-negative and Gram-positive bacteria but not by
some bacterial pathogens, such as Staphylococcus spp.
and Streptococcus spp., and yeasts [10]. Of note, the
MEP pathway is also present in the chloroplasts of plants
and in the plastid-like organelles of apicomplexan para-
sites, such as Plasmodium falciparum and Toxoplasma
gondii, but is absent in animals.

The MEP pathway starts from the condensation
of pyruvate and glyceraldehyde 3-phosphate (Fig. 1)
and proceeds via the key enzymes 1-deoxy-p-xylulose
5-phosphate (DOXP) reductoisomerase (Dxr), HMB-PP
synthase (IspG/GcpE) and HMB-PP reductase (IspH/
LytB), yielding a mixture of the end products IPP and
dimethylallyl pyrophosphate (DMAPP) in a ~5:1 ratio
[10]. IPP and DMAPP are the building blocks of all
higher isoprenoids, which include ubiquinone and
menaquinone, essential for electron transport and ATP
generation, as well as in bacteria long chain isoprenyl
pyrophosphates such as undecaprenyl pyrophosphate,
essential for cell wall (peptidoglycan) biosynthesis. Since
it is absent in humans, the MEP pathway has, therefore,
emerged as an attractive drug target for a wide range of
infections [11, 12], both bacterial and protozoal.

The MEP pathway as drug target

Historically, the best characterised target in the MEP
pathway is Dxr, with the inhibitor fosmidomycin
entering clinical trials against urinary tract infections in
the mid 1980s [13], and against malaria, since 2003 [14].
Subsequent studies have also demonstrated the efficacy
of fosmidomycin against multidrug-resistant bacteria
[15]. Despite only having been discovered relatively re-
cently, the crystal structures of all seven enzymes of the
MEP pathway have been solved, often from more than
one organism, and the enzymatic reactions they cata-
lyse have been fully elucidated [16]. As a result, inhibi-
tors of each enzyme have been characterised, and some
of these compounds have been shown to inhibit bacteria
and/or malaria parasites in vitro [17-21]. More recently,
Singh et al. [22] showed the efficacy of novel IspH inhibi-
tors against pan-resistant or multidrug-resistant strains
of Acinetobacter bawmannii, Enterobacter aerogenes,

Klebsiella

and Vibrio cholerae in vitro, and against Enterobacter

pneumoniae, Pseudomonas  aeruginosa,
aerogenes in mice, and importantly, these compounds

also affect the immune system: ‘immuno-antibiotics’ [23].

Genetic manipulation of HMB-PP biosynthesis

Given the importance of the MEP pathway for the
generation of the yd T cell activator HMB-PP, any
manipulation of the pathway that results in an alter-
ation of HMB-PP production is likely to have an im-
pact on the corresponding Vy9/Vd2 T cell response, as
summarised in Table 1. For example, targeted deletion
of genes encoding enzymes upstream of the generation
of HMB-PP leads to a drastically reduced capacity of
bacterial mutants to activate Vy9/Vd2 T cells [24-27].
In contrast, overexpression of Dxs [28] or IspG [28-
30] enhances the metabolic flux through the pathway,
thereby increasing HMB-PP levels, as does the targeted
deletion of IspH [22, 25, 27, 31, 32], with HMB-PP ac-
cumulating and leading to Vy9/V82 T cell stimulation.
This correlation between bacterial HMB-PP levels and
the ensuing vd T cell response is true not only in vitro
but has also been demonstrated in animal models in
which deletion of IspG in Listeria monocytogenes re-
duced yd T cell responses in rhesus macaques compared
to wildtype Listeria [26, 33], while deletion of IspH re-
sulted in enhanced y6 T cell responses to E. coli in hu-
manised mice [27] and to Salmonella enterica in rhesus
macaques [32].

Modulation of yd T cell responses by
immuno-antibiotics

The
hold true for the pharmacological inhibition of the

findings with genetically engineered bacteria

MEP pathway. For example, inhibition of Dxr using
fosmidomycin abrogated Vy9/Vd2 T cell responses to
E. coli [34], Enterobacter cloacae [30] and Plasmodium
falciparum in vitro [35, 36], while inhibition of IspH
increased anti-microbial Vy9/Vd2 T cell responses to
E. coli, Mycobacterium smegmatis and Vibrio cholerae
in vitro, and to E. coli in humanised mice [22]. Based
on these observations, the MEP pathway not only con-
stitutes a promising target for antimicrobial and anti-
malarial therapy [21, 37, 38], but also allows for the
possibility of developing antibiotics that deliberately
modulate Vy9/Vd2 T cell responses as a second effect
(Table 1). Depending on the enzymatic target, this may
either result in silencing microbe-responsive Vy9/V§2
T cells—for instance, when using fosmidomycin—or in
‘turbo-charging’ Vy9/V82 T cells, as in the case of IspH
inhibitors.
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Figure 1 Reaction steps of the MEP pathway of isoprenoid biosynthesis and generation of the Vy9/V42T cell activator HMB-PP. Red
colour denotes the individual enzymes involved in the pathway; green arrows depict the targets of the Dxr inhibitors fosmidomycin
and FR-900098, and the IspH inhibitors 2,4-dioxo-4-phenylbutanoate (C23.07) and 4-(2,5-dimethylphenyl)-4-oxobutanoate (C23.28).
Enzymes: Dxs, 1-deoxy-p-xylulose 5-phosphate (DOXP) synthase; Dxr, DOXP reductoisomerase; IspD, 2-C-methyl-p-erythritol
4-phosphate (MEP) cytidylyltransferase; IspE, 4-diphosphocytidyl-2-C-methyl-p-erythritol kinase; IspF, 2-C-methyl-p-erythritol
2,4-cyclodiphosphate (MEcPP) synthase; IspG, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) synthase (GcpE); IspH,
HMB-PP reductase (LytB).
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Table 1 Immunological consequence of manipulating the MEP pathways of isoprenoid biosynthesis

Organism Target enzyme Type of manipulation  Effect on y& T Experimental model Ref.

cell response
Plasmodium falciparum Dxr Inhibition Reduction N\ in vitro [35, 36]
E. coli Dxr Genetic deletion Reduction in vitro [24,27]
E. coli Dxr Inhibition Reduction \, in vitro [30, 34]
E. coli IspG (GcepE) Genetic deletion Reduction N\ in vitro [24,27]
E. coli IspH (LytB) Genetic deletion Enhancement ~ in vitro [22,27,
31

E. coli IspH (LytB) Inhibition Enhancement ~ in vitro [22]

E. coli IspH (LytB) Genetic deletion Enhancement ~ Hu-PBL-SCID/beige mice[27]

E. coli IspH (LytB) Inhibition Enhancement ~ Hu-PBL-NSG mice [22]
Listeria innocua IspG (GepE) Overexpression Enhancement ~ in vitro [29, 30]
Listeria monocytogenes IspG (GepE) Genetic deletion Reduction \, in vitro [25,26]
Listeria monocytogenes IspG (GepE) Genetic deletion Reduction \, Rhesus macaques [26,33]
Listeria monocytogenes IspH (LytB) Genetic deletion Enhancement ~ in vitro [25]
Mpycobacterium smegmatis IspG (GcepE) Overexpression Enhancement ~ in vitro [30]
Mycobacterium smegmatis IspH (LytB) Inhibition Enhancement in vitro [22]
Mpycobacterium tuberculosis Dxs Overexpression Enhancement ~ in vitro [28]
Mycobacterium tuberculosis Dxr Overexpression No effect — in vitro [28]
Mycobacterium tuberculosis IspG (GcepE) Overexpression Enhancement ~ in vitro [28]
Salmonella enterica ser. IspH (LytB) Genetic deletion Enhancement ~ in vitro [32]

Typhimurium
Salmonella enterica ser. IspH (LytB) Genetic deletion Enhancement ~ Rhesus macaques [32]
Typhimurium
Vibrio cholera IspH (LytB) Inhibition Enhancement ~ in vitro [22]

Hu-PBL-SCID/beige: Mice displaying severe combined immunodeficiency (SCID) affecting both B and T cells and carrying the beige mutation resulting in defective

natural killer cells; reconstituted with human peripheral blood lymphocytes.

Hu-PBL-NSG: Non-obese diabetic (NOD), severe combined immunodeficiency (SCID) and IL-2 receptor common gamma deficient mice lacking mature B, T and NK

cells; reconstituted with human peripheral blood lymphocytes.

Which of these two options is most desirable depends
on the clinical context. In vulnerable individuals such as
patients with chronic kidney disease who depend on peri-
toneal dialysis as a life-saving renal replacement therapy,
any inflammation-related damage to the peritoneal mem-
brane will negatively affect short and long-term clinical
outcomes, so the possibility of silencing pro-fibrotic Vy9/
V82 T cell responses during episodes of acute bacterial
peritonitis might be an attractive option [39]. Similarly,
particular attention needs to be paid to the protection
of other organs that are prone to inflammation-related
damage, like the lungs, eyes, brain, or reproductive or-
gans. Notwithstanding this potential risk, boosting v
T cell responses towards microbial pathogens is likely
to be beneficial in clearing many infections, as shown
in humanised mice where a productive Vy9/Vd2 T cell
expansion was associated with far lower bacterial loads
in different organs [22]. In support of a protective role,
adoptive transfer of Vy9/V82 T cells to Mycobacterium
tuberculosis-infected cynomolgus macaques led to lower
bacterial burdens in the lung and other organs, and

attenuated the tuberculosis-associated pathology [40].
Moreover, a modified Salmonella vaccine strain har-
bouring a deletion of IspH, thereby stimulating Vy9/V§2
T cells better than the parental strain, was considered safe
with no apparent side effects, in rhesus macaques [32].
It is thinkable that harnessing HMB-PP specific Vy9/
V&2 T cells using immuno-antibiotics may in fact boost
memory-like recall responses to reinfection by HMB-PP
producing organisms, and contribute to cross-protection
against unrelated microbial species [41].

Inhibition of the classical isoprenoid pathway in
humans and microbes

IPP is present in all cells and is generated either from
HMB-PP via the MEP pathway or, in organisms that do
not produce HMB-PP (including humans), via the clas-
sical mevalonate pathway [10, 12]. Free IPP is about
10,000 fold less active than is HMB-PP in stimulating
Vy9/Vd2 T cells in culture [10], and about 1000 fold
less active in binding to the purified BTN3A1 protein
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[6, 8]. Despite this low bioactivity in vitro, IPP may still
play a physiological role as a Vy9/V82 T cell activator
by indicating the metabolic status of host cells. In fact,
pharmacological inhibition of downstream enzymes
of the mevalonate pathway that increases intracellular
IPP levels readily triggers Vy9/Vd2 T cell responses to-
wards treated cells. The most studied examples are with
the enzyme farnesyl pyrophosphate synthase (FPPS) that
condenses two IPP molecules with one DMAPP to pro-
duce the C,; species, farnesyl pyrophosphate. Inhibiting
the expression of FPPS [42], or blocking its activity
using aminobisphosphonates such as pamidronate
or zoledronate [43, 44], leads to accumulation of IPP
and DMAPP, both of which activate Vy9/V82 T cells.
Aminobisphosphonates are widely used in the clinic to
treat excessive bone resorption in patients with osteopor-
osis and cancer [45], and because of their potential to in-
duce Vy9/V82 T cell expansion in vitro and in vivo they
are being exploited as novel immunotherapeutics [46,
47]. While these drugs are generally considered safe, it re-
mains unclear how Vy9/V82 T cells distinguish between
metabolically active tissues that may contain elevated IPP
levels upon malignant transformation, and healthy tis-
sues with a naturally high throughput via the mevalonate
pathway, such as steroid hormone producing glands and
the liver, a major cholesterol producer in the body.

Since the mevalonate pathway is also used by bac-
teria of clinical relevance, such as Staphylococcus aureus,
and the bacterial enzymes are sufficiently distinct struc-
turally from their mammalian counterparts, inhibitors
of the bacterial isoprenoid biosynthesis are of increasing
interest as candidates for novel classes of antibiotics
targeting isoprenoid virulence factors and cell wall bio-
synthesis inhibitors [48, 49]. Whether these inhibitors
lead to an accumulation of upstream intermediates
including IPP in treated bacteria, and hence an increased
capacity to stimulate Vy9/Vd2 T cells, thus evoking the
effect of aminobisphosphonates on human cells, remains
to be determined.

Immunological consequence of manipulating
the riboflavin biosynthesis pathway

Vvy9/Vd2 T cells are not the only unconventional human
T cells that recognise microbial metabolites. Another
well-described antimicrobial T cell population are MAIT
cells that recognise intermediates of the microbial ribo-
flavin (vitamin B2) biosynthesis pathway presented by
the MHC-related molecule MR1 [50]. While the majority
of bacteria and fungi possesses the riboflavin biosynthesis
pathway, prominent exceptions being Streptococcus spp.
and Enterococcus spp., it is essential and is notably

absent in humans and other animals, so constitutes a
potential drug target [51-53]. By analogy to the MEP
pathway, the riboflavin biosynthesis pathway can be
interrupted at various steps that are upstream or down-
stream of the generation of the potent MAIT cell ligand,
5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
(5-OP-RU) [50] (Fig. 2). In fact, genetic deletion of the
enzymes mediating early steps in the pathway has been
shown to abrogate MAIT cell responses to Lactococcus
lactis, E. coli and Salmonella typhimurium in vitro
[54-56] and to E. coli and Salmonella typhimurium in
experimental mouse models i vivo [55-57], mimicking
the effect of Dxr or IspG deficiency on Vy9/V82 T cells
(Table 2). But how to improve activity?

The final two steps in the generation of riboflavin
are the condensation of 5-amino-6-D-ribitylaminouracil
(5-A-RU) and 3,4-dihydroxy-2-butanone 4-phosphate
(DHBP) to form 6,7-dimethyl-8-(1-D-ribityl)lumazine
(DMRL), catalysed by lumazine synthase (RibE in
E. coli, RibH in some other bacteria), followed by the
dismutation of two DMRL molecules into riboflavin and
5-A-RU, catalysed by riboflavin synthase (RibC). The
MAIT cell ligand 5-OP-RU is not an actual intermediate
in the riboflavin biosynthesis pathway but rather, is
generated when 5-A-RU reacts with methylglyoxal, an
endogenous metabolite in mammalian cells and also a
constituent in some dietary sources [58]. Evoking the ac-
cumulation of HMB-PP in the MEP pathway either by
genetic manipulation or via IspH inhibition [22, 31],
similar effects in the riboflavin biosynthesis pathway
might lead to the accumulation of upstream intermedi-
ates including 5-A-RU and DMRL, and to concomitant
MAIT cell activation. Indeed, interruption of the ter-
minal step of the pathway can lead to enhanced levels of
DMRL in some bacteria, as shown for riboflavin synthase
deficient Bacillus subtilis [59]. However, things are a little
more complicated. Specifically, genetic knockout of GTP
cyclohydrolase II (RibA) or pyrimidine deaminase/reduc-
tase (RibD/RibG) abrogated 5-OP-RU formation and
MAIT cell activation by E. coli and Lactococcus lactis,
as expected, but DHBP synthase (RibB) or lumazine syn-
thase (RibE/RibH) knockouts did not show enhanced
5-OP-RU levels or enhanced MAIT cell activation, com-
pared to wildtype bacteria (Table 2) [54, 55].

A possible reason for these observations is that in
order to grow, all of these knockouts require the add-
ition of riboflavin to the medium [54, 55, 59], and high
concentrations of riboflavin are known to trigger the
so-called flavin mononucleotide (FMN) riboswitch—a
genetic element that in many bacteria controls the ex-
pression of genes responsible for riboflavin biosynthesis
by causing premature termination of the transcription



Immunotherapy Advances, 2021, Vol. 1, No. 1 7

HO OH

°© o o
HO-B-0-P-0-P-0

N
OH OH OH [
$

Guanosine-5'-friphosphate (GTP)

RibA l

HO  OH
o} Jféz;fﬁ
HO-P-0 HN Nﬁ)m?
OH | g
HaN

2,5-Diamino-6-(5-phospho-D-ribosylamino)-4-pyrimidinone (DARP)

RibD l

oH % oH
i -
HO,, 07 9H
HO"
HN_ N__O
g
HoN
‘ , - . QOH
5-Amino-6-(5'-phospho-D-ribitylamino)uracil HO, - OH
??
l j o e
HN (o]
g \B) \ T
Ho, _L_ _OH NH
Methylglyoxal N
o oH D\\P,OH ..... ol |
HO O bon HO™
HN N 0

5-(2-Oxopropylideneamino)-

D-Ribulose 5-phosphate 6-D-ribitylaminouracil
(5-OP-RU)
Rle 5-Amino- E-D-nbltyramlnouracll
(5-A-RU)
HO RibE RibC
OH
3,4-Dihydroxy-2-butanone
4-phosphate

DHBP) I:'%\K' :©:N/ y \f:

6,7-Dimethyl-8-(1-D-ribityl)lumazine Riboflavin
(RL-6,7-DiMe, DMRL) (Vitamin B2)

Figure 2 Reaction steps of the riboflavin pathway and generation of the MAIT cell ligand 5-OP-RU. Red colour denotes the individual
enzymes involved in the pathway. Enzymes are labelled according to their names in E. coli; genes and enzymes in other bacteria
such as Bacillus subtilis or Lactococcus lactis may follow a different nomenclature. Note also that RibC catalyses the dismutation
of two DMRL molecules. Enzymes: RibA, guanosine-5'-triphosphate (GTP) cyclohydrolase II; RibB, 3,4-dihydroxy-2-butanone
4-phosphate (DHBP) synthase; RibC, riboflavin synthase; RibD, 2,5-diamino-6-(5"-phospho-p-ribosylamino)-4-pyrimidinone (DARP)
deaminase/reductase; RibE, 6,7-dimethyl-8-(1-b-ribityl)lumazine synthase (lumazine synthase);??, hypothetical phosphatase.



Immunotherapy Advances, 2021, Vol. 1, No. 1

Table 2 Immunological consequence of manipulating the riboflavin pathway

Organism Target enzyme Type of manipulation  Effect on MAIT ~ Experimental Ref.
cell response model

E. coli GTP cyclohydrolase II (RibA) Genetic deletion Reduction N\ in vitro [55]%

E. coli GTP cyclohydrolase II (RibA) Genetic deletion Reduction \ iVa19-Tg mice [55]*

E. coli 3,4-Dihydroxy-2-butanone 4-phosphate ~ Genetic deletion No effect — in vitro [55]*

synthase (RibB)

E. coli Pyrimidine deaminase/reductase (RibD) Genetic deletion Reduction in vitro [55]1*

E. coli Pyrimidine deaminase/reductase (RibD) Genetic deletion Reduction N\ iVa19-Tg mice [55]*

E. coli Pyrimidine deaminase/reductase (RibD) Genetic deletion Reduction N\ CS57BL/6 mice [57]*

E. coli Lumazine synthase (RibE) Genetic deletion No effect — in vitro [55]*

E. coli Lumazine synthase (RibE) Genetic deletion No effect — iVal9-Tg mice [55]*

E. coli nla Chlorpyrifos Enhancement / in vitro [63]*

treatment
Lactococcus lactis  GTP cyclohydrolase II (RibA) Genetic deletion Reduction \, in vitro [54]
Lactococcus lactis  3,4-Dihydroxy-2-butanone 4-phosphate ~ Genetic deletion No effect — in vitro [54]
synthase (RibB)

Lactococcus lactis  Pyrimidine deaminase/reductase (RibG) Genetic deletion Reduction N\ in vitro [54]

Lactococcus lactis  Lumazine synthase (RibH) Genetic deletion No effect — in vitro [54]

Salmonella Pyrimidine deaminase/reductase (RibD) Genetic deletion Reduction \, in vitro [54,
typhimurium and Lumazine synthase (RibH) 56]*

Salmonella Pyrimidine deaminase/reductase (RibD) Genetic deletion Reduction \, C57BL/6 mice [56]*
typhimurium and Lumazine synthase (RibH)

*Studies were performed using murine MAIT cells, which display the same MR 1-dependent reactivity towards riboflavin metabolites as human MAIT cells.

iVa19-Tg: Mice expressing an invariant murine Vo19-Ja33 TCRa chain transgene.

Note that the short names for some of these enzymes (e.g. RibE) differ between bacterial species.

of the rib operon [60, 61]. Thus, a partial shutdown of
the pathway via the FMN riboswitch in the presence
of exogenous riboflavin would be expected to decrease
the anticipated accumulation of intermediates such as
5-A-RU and DMRL, depending on the bacterial species
and the culture conditions. FMN riboswitch inhibitors
in fact constitute a new class of antibiotics that lead to
riboflavin starvation [62], and that are thus also likely
to reduce MAIT cell activation. The conclusion is, there-
fore, that unlike the situation with IspH—if we are to
apply the concept of immuno-antibiotics to the ribo-
flavin biosynthesis pathway—then enzymatic inhibition
of DHBP synthase (RibB), riboflavin synthase (RibC),
and/or lumazine synthase (RibE/RibH), rather than their
genetic deletion, will be required. In this respect, it is
interesting to note that pre-treatment with the pesticide
chlorpyrifos has been shown to enhance the potential
of E. coli to activate MAIT cells, and that this effect
appears to be accompanied by a reduced expression of
riboflavin synthase [63].

Targeting other microbe-responsive
unconventional T cells

Further candidates for immuno-antibiotics include in-
hibitors of mycolic acid biosynthesis in mycobacteria,

already an attractive target for novel tuberculosis drugs
[64-67], since this is likely to affect the response of
CD1b-restricted germline-encoded mycolyl lipid-reactive
(GEM) T cells [68]. Similarly, interruption of mycobac-
terial phosphomycoketide biosynthesis [69, 70] might
also affect antimicrobial responses by CD1c-restricted T
cells [71]. Another well characterised population of un-
conventional T cells are CD1d-restricted invariant natural
killer T (iNKT) cells, which are activated by glycolipids,
especially microbial o-linked glycosphingolipids [72].
Altered iNKT cell activation as a consequence of inter-
ference with bacterial metabolism has not yet been de-
scribed, although this may just be a consequence of our
limited knowledge of the details of a-glycosphingolipid
biosynthesis [73]. Additional unconventional T cell
populations with antimicrobial reactivity exist but are
often only poorly characterised.

Outlook

Taken together, recent progress in our understanding of
the MEP isoprenoid and riboflavin biosynthesis path-
ways has opened up new possibilities in targeting mi-
crobial pathogens. This is all the more important in the
current era of rapidly growing multidrug resistance to
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existing treatments, and a worrying shortage of new
antibiotics in preclinical and clinical development.
Most intriguingly, the link between unconventional T
cells and microbial metabolism is now leading to the
development of new immunotherapies that deliberately
exploit this relationship, by using bespoke ‘immuno-
antibiotics’ that target pathogens both directly, by
interrupting biosynthesis of vital metabolites, and in-
directly, by harnessing the immune system against the
infectious agent. However, it will be pivotal to min-
imise possible side effects such as overshooting re-
sponses that may cause local or systemic tissue damage.
Of particular interest will be answering the question
as to whether specifically activating Vy9/Vd2 T cells,
or other unconventional T cells, using such ‘immuno-
antibiotics’ confers long-lasting protection against
reinfection with the same pathogen, or even against
other microbes producing the same type of unconven-
tional T cell ligands [33, 41]. Undoubtedly, new oppor-
tunities will become ever more apparent as we learn
more about the peculiar antimicrobial responsiveness
of unconventional human T cell subsets, and their
immunopathological context.

Acknowledgements

We would like to thank the members of our research teams for
critical comments on the manuscript before submission.

The Editor-in-Chief, Tim Elliott, and handling editor, Marianne
Boes, would like to thank the following reviewer, Ben Willbox,
and an anonymous reviewer, for their contribution to the publi-
cation of this article.

Funding

M.E. was supported by the Medical Research Council, United
Kingdom (MR/N023145/1) and the Welsh European Funding
Office’s Accelerate programme (PR-0013); E.O. was supported
by a Harriet A. Harlin Professorship and by the University
of Illinois Foundation; T.H. was supported by the Deutsche
Forschungsgemeinschaft (HE2346/8-2) as part of FOR 2799:
‘Receiving and Translating Signals via the y8 T Cell Receptor’.

Author contributions

All authors contributed to researching data for the article, made
a substantial contribution to discussion of content, wrote and
reviewed/edited the manuscript before submission.

Conflict of interest

The authors of this review article declare that they have no con-
flicts of interest to disclose.

Data availability

No new data were generated or analysed in support of this
research.

References
1. Godfrey DI, Uldrich AP, McCluskey ] et al. The bur-

geoning family of unconventional T cells. Nat Immunol
2015;16(11):1114-23. https://doi.org/10.1038/ni.3298

2. Liuzzi AR, McLaren JE, Price DA et al. Early innate re-
sponses to pathogens: pattern recognition by unconven-
tional human T-cells. Curr Opin Immunol 2015;36:31-7.
https:/doi.org/10.1016/}.c0i.2015.06.002

3. HowsonL],Awad W, von Borstel A et al. Absence of mucosal-
associated invariant T cells in a person with a homozygous
point mutation in MR1. Sci Immunol 2020;5(49):eabc9492.
https://doi.org/10.1126/sciimmunol.abc9492

4. Morita CT, Jin C, Sarikonda G et al. Nonpeptide antigens,
presentation mechanisms, and immunological memory
of human Vgamma2Vdelta2 T cells: discriminating friend
from foe through the recognition of prenyl pyrophosphate
antigens. Immunol Rev 2007;215(1):59-76. https://doi.
0rg/10.1111/.1600-065X.2006.00479.x

5. Herrmann T, Karunakaran MM, Fichtner AS. A glance over
the fence: using phylogeny and species comparison for a
better understanding of antigen recognition by human vd
T-cells. Immunol Rev 2020(1);298:218-36. https://doi.
org/10.1111/imr.12919

6. Sandstrom A, Peigné CM, Léger A et al. The intracellular
B30.2 domain of butyrophilin 3A1 binds phosphoantigens
to mediate activation of human Vy9V82 T cells.
Immunity 2014;40(4):490-500. https://doi.org/10.1016/j.
immuni.2014.03.003

7. Hsiao CH, Lin X, Barney RJ et al. Synthesis of a
phosphoantigen prodrug that potently activates Vy9V§2
T-lymphocytes. Chem Biol 2014;21(8):945-54. https://doi.
org/10.1016/j.chembiol.2014.06.006

8. Rhodes DA, Chen HC, Price AJ et al. Activation of human
vd T cells by cytosolic interactions of BTN3A1 with soluble
phosphoantigens and the cytoskeletal adaptor periplakin.
J Immunol 2015;194(5):2390-8. https://doi.org/10.4049/
jimmunol. 1401064

9. Eberl M. Antigen recognition by human v& T cells: one step
closer to knowing. Immunol Cell Biol 2020;98(5):351-4.
https://doi.org/10.1111/imcb.12334

10. Eberl M, Hintz M, Reichenberg A et al. Microbial
isoprenoid biosynthesis and human vy& T cell activation.
FEBS Lett 2003;544(1-3):4-10. https://doi.org/10.1016/
s0014-5793(03)00483-6

11. Jomaa H, Wiesner J, Sanderbrand S et al. Inhibitors of the
nonmevalonate pathway of isoprenoid biosynthesis as anti-
malarial drugs. Science 1999;285(5433):1573-6. https:/
doi.org/10.1126/science.285.5433.1573

12. Heuston S, Begley M, Gahan CGM et al. Isoprenoid bio-
synthesis in bacterial pathogens. Microbiology (Reading)


https://doi.org/10.1038/ni.3298
https://doi.org/10.1016/j.coi.2015.06.002
https://doi.org/10.1126/sciimmunol.abc9492
https://doi.org/10.1111/j.1600-065X.2006.00479.x
https://doi.org/10.1111/j.1600-065X.2006.00479.x
https://doi.org/10.1111/imr.12919
https://doi.org/10.1111/imr.12919
https://doi.org/10.1016/j.immuni.2014.03.003
https://doi.org/10.1016/j.immuni.2014.03.003
https://doi.org/10.1016/j.chembiol.2014.06.006
https://doi.org/10.1016/j.chembiol.2014.06.006
https://doi.org/10.4049/jimmunol.1401064
https://doi.org/10.4049/jimmunol.1401064
https://doi.org/10.1111/imcb.12334
https://doi.org/10.1016/s0014-5793(03)00483-6
https://doi.org/10.1016/s0014-5793(03)00483-6
https://doi.org/10.1126/science.285.5433.1573
https://doi.org/10.1126/science.285.5433.1573

10

Immunotherapy Advances, 2021, Vol. 1, No. 1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2012;158(Pt
mic.0.051599-0
HP, Murakawa T, Sakamoto H et al.
Fosmidomycin, a new phosphonic acid antibiotic. Part II:
1. Human pharmacokinetics. 2. Preliminary early phase
la clinical studies. Int | Clin Pharmacol Ther Toxicol
1985;23(10):521-8.

Fernandes JF, Lell B, Agnandji ST et al. Fosmidomycin as an
antimalarial drug: a meta-analysis of clinical trials. Future
Microbiol 2015;10(8):1375-90. https://doi.org/10.2217/
FMB.15.60

Davey MS, Tyrrell JM, Howe RA et al. A promising target
for treatment of multidrug-resistant bacterial infections.
Antimicrob Agents Chemother 2011;55(7):3635-6. https://
doi.org/10.1128/AAC.00382-11

Hale I, O’Neill PM, Berry NG et al. The MEP pathway and
the development of inhibitors as potential anti-infective
agents. Med Chem Commun. 2012;3(4):418-33. https :/
doi.org/10.1039/C2MD00298A

Bartee D, Freel Meyers CL. Toward understanding the
chemistry and biology of 1-Deoxy-d-xylulose 5-Phosphate
(DXP) synthase: a unique antimicrobial target at the heart
of bacterial metabolism. Acc Chem Res 2018;51(10):2546—
55. https://doi.org/10.1021/acs.accounts.8b00321
Haymond A, Dowdy T, Johny C ez al. A high-throughput
of DXP
reductoisomerase (IspC) and MEP cytidylyltransferase
(IspD).  Anal Biochem 2018;542:63-75. https://doi.
org/10.1016/.ab.2017.11.018

Ghavami M, Merino EF, Yao ZK et al. Biological studies
and target engagement of the 2-C-Methyl-d-Erythritol

6):1389-401. https://doi.org/10.1099/

Kuemmerle

screening campaign to identify inhibitors

4-Phosphate Cytidylyltransferase (IspD)-targeting anti-
malarial agent (1 R,3 S)-MMV008138 and analogs. ACS
Infect Dis 2018;4(4):549-59. https://doi.org/10.1021/
acsinfecdis.7b00159

Baatarkhuu Z, Chaignon P, Borel F ez al. Synthesis and kin-
etic evaluation of an azido analogue of methylerythritol
phosphate: a novel inhibitor of E. coli YgbP/IspD.
Sci Rep  2018;8(1):17892.  https://doi.org/10.1038/
s41598-018-35586-y

Wang W, Oldfield E. Bioorganometallic chemistry with
IspG and IspH: structure, function, and inhibition of the
[Fe(4)S(4)] proteins involved in isoprenoid biosynthesis.
Angew Chem Int Ed Engl 2014;53(17):4294-310. https://
doi.org/10.1002/anie.201306712

Singh KS, Sharma R, Reddy PAN et al. IspH inhibitors
kill Gram-negative bacteria and mobilize immune clear-
ance. Nature 2021;589:597-602. https://doi.org/10.1038/
s41586-020-03074-x

Mehellou Y, Willcox BE. A two-pronged attack on
antibiotic-resistant microbes. Nature 2021;589(7843):517-
8. https://doi.org/10.1038/d41586-020-03660-z

Altincicek B, Moll J, Campos N et al. Cutting edge: human
gamma delta T cells are activated by intermediates of
the 2-C-methyl-D-erythritol 4-phosphate pathway of
isoprenoid biosynthesis. | Immunol 2001;166(6):3655-8.
https://doi.org/10.4049/jimmunol.166.6.3655

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Begley M, Gahan CG, Kollas AK et al. The interplay be-
tween classical and alternative isoprenoid biosynthesis
controls v T cell bioactivity of Listeria monocytogenes.
FEBS Lett 2004;561(1-3):99-104. https://doi.org/10.1016/
50014-5793(04)00131-0

Frencher JT, Shen H, Yan L et al. HMBPP-deficient Listeria
mutant immunization alters pulmonary/systemic responses,
effector functions, and memory polarization of Vy2V§2
T cells. | Leukoc Biol 2014;96(6):957-67. https://doi.
org/10.1189/jlb.6HI1213-632R

Puan KJ, Jin C, Wang H et al. Preferential recognition of a
microbial metabolite by human Vgamma2Vdelta2 T cells.
Int Immunol 2007;19(5):657-73. https://doi.org/10.1093/
intimm/dxm031

Brown AC, Eberl M, Crick DC et al. The nonmevalonate
pathway of isoprenoid biosynthesis in Mycobacterium
tuberculosis is essential and transcriptionally regulated
by Dxs. | Bacteriol 2010;192(9):2424-33. https://doi.
org/10.1128/]B.01402-09

Begley M, Bron PA, Heuston S et al. Analysis of the
isoprenoid biosynthesis pathways in Listeria monocytogenes
reveals a role for the alternative 2-C-methyl-D-erythritol
4-phosphate pathway in murine infection. Infect Immun
2008;76(11):5392-401. https://doi.org/10.1128/
IAL.01376-07

Davey MS, Lin CY, Roberts GW et al. Human neutrophil
clearance of bacterial pathogens triggers anti-microbial
vd T cell responses in early infection. PLoS Pathog
2011;7(5):e1002040. https://doi.org/10.1371/journal.
ppat.1002040

Eberl M, Altincicek B, Kollas AK et al. Accumulation of a po-
tent gammadelta T-cell stimulator after deletion of the lytB
gene in Escherichia coli. Immunology 2002;106(2):200-11.
https://doi.org/10.1046/j.1365-2567.2002.01414.x
Workalemahu G, Wang H, Puan KJ et al. Metabolic en-
gineering of Salmonella vaccine bacteria to boost human
Vy2Vd2 T cell immunity. | Immunol 2014;193(2):708-21.
https://doi.org/10.4049/jimmunol. 1302746

Shen L, Frencher ], Huang D ef al. Immunization of Vy2V§2
T cells programs sustained effector memory responses that
control tuberculosis in nonhuman primates. Proc Natl Acad
Sci USA 2019;116(13):6371-8. https://doi.org/10.1073/
pnas.1811380116

Feurle J, Espinosa E, Eckstein S et al. Escherichia coli pro-
duces phosphoantigens activating human gamma delta
T cells. J Biol Chem 2002;277(1):148-54. https://doi.
org/10.1074/jbc.M106443200

Guenot M, Loizon S, Howard ] et al. Phosphoantigen burst
upon Plasmodium falciparum schizont rupture can distantly
activate Vy9Vd2 T cells. Infect Immun 2015;83(10):3816—
24. https://doi.org/10.1128/IA1.00446-15

Junqueira C, Polidoro RB, Castro G et al. vy T cells suppress
Plasmodium  falciparum blood-stage infection by direct
killing and phagocytosis. Nat Immunol 2021;22(3):347-
57. https://doi.org/10.1038/s41590-020-00847-4

Eoh H, Brennan PJ, Crick DC. The Mycobacterium tuber-
culosis MEP (2C-methyl-d-erythritol 4-phosphate) pathway


https://doi.org/10.1099/mic.0.051599-0
https://doi.org/10.1099/mic.0.051599-0
https://doi.org/10.2217/FMB.15.60
https://doi.org/10.2217/FMB.15.60
https://doi.org/10.1128/AAC.00382-11
https://doi.org/10.1128/AAC.00382-11
https ://doi.org/10.1039/C2MD00298A
https ://doi.org/10.1039/C2MD00298A
https://doi.org/10.1021/acs.accounts.8b00321
https://doi.org/10.1016/j.ab.2017.11.018
https://doi.org/10.1016/j.ab.2017.11.018
https://doi.org/10.1021/acsinfecdis.7b00159
https://doi.org/10.1021/acsinfecdis.7b00159
https://doi.org/10.1038/s41598-018-35586-y
https://doi.org/10.1038/s41598-018-35586-y
https://doi.org/10.1002/anie.201306712
https://doi.org/10.1002/anie.201306712
https://doi.org/10.1038/s41586-020-03074-x
https://doi.org/10.1038/s41586-020-03074-x
https://doi.org/10.1038/d41586-020-03660-z
https://doi.org/10.4049/jimmunol.166.6.3655
https://doi.org/10.1016/S0014-5793(04)00131-0
https://doi.org/10.1016/S0014-5793(04)00131-0
https://doi.org/10.1189/jlb.6HI1213-632R
https://doi.org/10.1189/jlb.6HI1213-632R
https://doi.org/10.1093/intimm/dxm031
https://doi.org/10.1093/intimm/dxm031
https://doi.org/10.1128/JB.01402-09
https://doi.org/10.1128/JB.01402-09
https://doi.org/10.1128/IAI.01376-07
https://doi.org/10.1128/IAI.01376-07
https://doi.org/10.1371/journal.ppat.1002040
https://doi.org/10.1371/journal.ppat.1002040
https://doi.org/10.1046/j.1365-2567.2002.01414.x
https://doi.org/10.4049/jimmunol.1302746
https://doi.org/10.1073/pnas.1811380116
https://doi.org/10.1073/pnas.1811380116
https://doi.org/10.1074/jbc.M106443200
https://doi.org/10.1074/jbc.M106443200
https://doi.org/10.1128/IAI.00446-15
https://doi.org/10.1038/s41590-020-00847-4

Immunotherapy Advances, 2021, Vol. 1, No. 1

"

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

as a new drug target. Tuberculosis (Edinb) 2009;89(1):1—
11. https://doi.org/10.1016/j.tube.2008.07.004

Masini T, Hirsch AK. Development of inhibitors of the
2C-methyl-D-erythritol 4-phosphate (MEP) pathway en-
zymes as potential anti-infective agents. | Med Chem
2014;57(23):9740-63. https://doi.org/10.1021/jm5010978
Liuzzi AR, Kift-Morgan A, Lopez-Anton M et al.
Unconventional human T cells accumulate at the site of in-
fection in response to microbial ligands and induce local
tissue remodeling. | Immunol 2016;197(6):2195-207.
https://doi.org/10.4049/jimmunol.1600990

Qagish A, Huang D, Chen CY et al. Adoptive transfer
of phosphoantigen-specific & T cell subset attenuates
Mycobacterium tuberculosis infection in nonhuman pri-
mates. | Immunol 2017;198(12):4753-63. https://doi.
org/10.4049/jimmunol.1602019

Huang D, Chen CY, Ali Z et al. Antigen-specific
Vgamma2Vdelta2 T effector cells confer homeostatic pro-
tection against pneumonic plaque lesions. Proc Natl Acad
Sci USA 2009;106(18):7553-8. https://doi.org/10.1073/
pnas.0811250106

Li J, Herold MJ, Kimmel B et al. Reduced expression of
the mevalonate pathway enzyme farnesyl pyrophos-
phate synthase unveils recognition of tumor cells by
Vgamma9Vdelta2 T cells. | Immunol 2009;182(12):8118-
24. https://doi.org/10.4049/jimmunol.0900101

Kunzmann V, Bauer E, Feurle ] et al. Stimulation of
gammadelta T cells by aminobisphosphonates and in-
duction of antiplasma cell activity in multiple myeloma.
Blood 2000;96(2):384-92. https://doi.org/10.1182/blood.
V96.2.384

Herrmann T, Fichtner AS, Karunakaran MM. An up-
date on the molecular basis of phosphoantigen recogni-
tion by Vy9Vo2 T cells. Cells 2020;9(6):1433. https://doi.
org/10.3390/cells9061433

Rogers MJ, Crockett JC, Coxon FP et al. Biochemical
and molecular mechanisms of action of bisphosphonates.
Bone 2011;49(1):34-41. https://doi.org/10.1016/j.
bone.2010.11.008

Hoeres T, Smetak M, Pretscher D e al. Improving the
efficiency of Vy9Vd2 T-cell immunotherapy in cancer.
Front Immunol 2018;9:800. https://doi.org/10.3389/
fimmu.2018.00800

Sebestyen Z, Prinz I, Déchanet-Merville J et al. Translating
gammadelta (yd) T cells and their receptors into cancer
cell therapies. Nat Rev Drug Discov 2020;19(3):169-84.
https://doi.org/10.1038/s41573-019-0038-z

Liu CI, Liu GY, Song Y et al. A cholesterol biosyn-
thesis inhibitor blocks Staphylococcus aureus virulence.
Science 2008;319(5868):1391-4. https://doi.org/10.1126/
science.1153018

Zhu W, Zhang Y, Sinko W et al. Antibacterial drug
leads targeting isoprenoid biosynthesis. Proc Natl Acad
Sci USA 2013;110(1):123-8.  https://doi.org/10.1073/
pnas.1219899110

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

Corbett AJ, Awad W, Wang H ez al. Antigen recognition
by MR1-reactive T cells; MAIT cells, metabolites, and re-
maining mysteries. Front Immunol 2020;11:1961. https://
doi.org/10.3389/fimmu.2020.01961

Chen J, Illarionov B, Bacher A et al. A high-throughput screen
utilizing the fluorescence of riboflavin for identification of
lumazine synthase inhibitors. Anal Biochen 2005;338(1):124—
30. https://doi.org/10.1016/j.ab.2004.11.033

Haase I, Griawert T, Illarionov B et al. Recent advances in
riboflavin biosynthesis. Methods Mol Biol 2014;1146:15-
40. https://doi.org/10.1007/978-1-4939-0452-5_2

Kundu B, Sarkar D, Ray N ef al. Understanding the ribo-
flavin biosynthesis pathway for the development of anti-
microbial agents. Med Res Rev 2019;39(4):1338-71.
https://doi.org/10.1002/med.21576

Corbett AJ, Eckle SB, Birkinshaw RW et al. T-cell activa-
tion by transitory neo-antigens derived from distinct micro-
bial pathways. Nature 2014;509(7500):361-5. https://doi.
org/10.1038/mature13160

Soudais C, Samassa F, Sarkis M et al. In vitro and in vivo
analysis of the gram-negative bacteria-derived riboflavin
precursor derivatives activating mouse MAIT cells. |
Immunol 2015;194(10):4641-9. https://doi.org/10.4049/
jimmunol.1403224

Chen Z, Wang H, D’Souza C et al. Mucosal-associated
invariant T-cell activation and accumulation after in vivo
infection depends on microbial riboflavin synthesis and
co-stimulatory signals. Mucosal Immunol 2017;10(1):58-
68. https://doi.org/10.1038/mi.2016.39

Legoux F, Bellet D, Daviaud C et al. Microbial metabolites
control the thymic development of mucosal-associated in-
variant T cells. Science 2019;366(6464):494-9. https://doi.
org/10.1126/science.aaw2719

Tang JS, Compton BJ, Marshall A et al. Manuka honey-
derived  methylglyoxal
by mucosal-associated invariant T cells. Food Funct
2020;11(7):5782~7. https://doi.org/10.1039/d0fo01153¢
Bacher A, Mailinder B. Biosynthesis of riboflavin in

enhances microbial  sensing

Bacillus subtilis: function and genetic control of the ribo-
flavin synthase complex. | Bacteriol 1978;134(2):476-82.
https://doi.org/10.1128/JB.134.2.476-482.1978

Pedrolli DB, Kihm C, Sévin DC et al. A dual con-
trol mechanism synchronizes riboflavin and sulphur
Proc Natl Acad Sci
https://doi.org/10.1073/

metabolism in Bacillus subtilis.
USA  2015;112(45):14054-9.
pnas. 1515024112

Pedrolli D, Langer S, Hobl B et al. The ribB FMN riboswitch
from Escherichia coli operates at the transcriptional and
translational level and regulates riboflavin biosynthesis.
FEBS ] 2015;282(16):3230-42. https://doi.org/10.1111/
febs. 13226

Motika SE, Ulrich R], Geddes EJ et al. Gram-negative anti-
biotic active through inhibition of an essential riboswitch.
J Am Chem Soc 2020;142(24):10856—62. https://doi.
org/10.1021/jacs.0c04427


https://doi.org/10.1016/j.tube.2008.07.004
https://doi.org/10.1021/jm5010978
https://doi.org/10.4049/jimmunol.1600990
https://doi.org/10.4049/jimmunol.1602019
https://doi.org/10.4049/jimmunol.1602019
https://doi.org/10.1073/pnas.0811250106
https://doi.org/10.1073/pnas.0811250106
https://doi.org/10.4049/jimmunol.0900101
https://doi.org/10.1182/blood.V96.2.384
https://doi.org/10.1182/blood.V96.2.384
https://doi.org/10.3390/cells9061433
https://doi.org/10.3390/cells9061433
https://doi.org/10.1016/j.bone.2010.11.008
https://doi.org/10.1016/j.bone.2010.11.008
https://doi.org/10.3389/fimmu.2018.00800
https://doi.org/10.3389/fimmu.2018.00800
https://doi.org/10.1038/s41573-019-0038-z
https://doi.org/10.1126/science.1153018
https://doi.org/10.1126/science.1153018
https://doi.org/10.1073/pnas.1219899110
https://doi.org/10.1073/pnas.1219899110
https://doi.org/10.3389/fimmu.2020.01961
https://doi.org/10.3389/fimmu.2020.01961
https://doi.org/10.1016/j.ab.2004.11.033
https://doi.org/10.1007/978-1-4939-0452-5_2
https://doi.org/10.1002/med.21576
https://doi.org/10.1038/nature13160
https://doi.org/10.1038/nature13160
https://doi.org/10.4049/jimmunol.1403224
https://doi.org/10.4049/jimmunol.1403224
https://doi.org/10.1038/mi.2016.39
https://doi.org/10.1126/science.aaw2719
https://doi.org/10.1126/science.aaw2719
https://doi.org/10.1039/d0fo01153c
https://doi.org/10.1128/JB.134.2.476-482.1978
https://doi.org/10.1073/pnas.1515024112
https://doi.org/10.1073/pnas.1515024112
https://doi.org/10.1111/febs.13226
https://doi.org/10.1111/febs.13226
https://doi.org/10.1021/jacs.0c04427
https://doi.org/10.1021/jacs.0c04427

12

Immunotherapy Advances, 2021, Vol. 1, No. 1

63.

64.

65.

66.

67.

Mendler A, Geier F, Haange SB er al. Mucosal-associated in-
variant T-Cell (MAIT) activation is altered by chlorpyrifos-
and glyphosate-treated commensal gut bacteria. [
Immunotoxicol 2020;17(1):10-20. https://doi.org/10.1080
/1547691X.2019.1706672

Lehmann J, Cheng TY, Aggarwal A et al. An antibac-
terial B-lactone kills Mycobacterium tuberculosis by
disrupting mycolic acid biosynthesis. Angew Chem Int
Ed Engl 2018;57(1):348-53. https://doi.org/10.1002/
anie.201709365

North EJ, Jackson M, Lee RE. New approaches to target
the mycolic acid biosynthesis pathway for the devel-
opment of tuberculosis therapeutics. Curr Pharm Des
2014;20(27):4357-78. https://doi.org/10.2174/138161281
9666131118203641

Tahlan K, Wilson R, Kastrinsky DB et al. SQ109 tar-
gets MmpL3, a membrane transporter of trehalose
monomycolate involved in mycolic acid donation to the
cell wall core of Mycobacterium tuberculosis. Antimicrob
Agents  Chemother 2012;56(4):1797-809. https://doi.
org/10.1128/AAC.05708-11

Thakare R, Dasgupta A, Chopra S. Pretomanid for
the treatment of pulmonary tuberculosis. Drugs Today
(Barc)  2020;56(10):655-68.  https://doi.org/10.1358/
dot.2020.56.10.3161237

68.

69.

70.

71.

72.

73.

Van Rhijn I, Kasmar A, de Jong A et al. A conserved human
T cell population targets mycobacterial antigens presented
by CD1b. Nat Immunol 2013;14(7):706-13. https://doi.
org/10.1038/n1.2630

Chopra T, Banerjee S, Gupta S et al. Novel intermolecular
iterative mechanism for biosynthesis of mycoketide catalyzed
by a bimodular polyketide synthase. PLoS Biol 2008;6(7):e163.
https://doi.org/10.1371/journal.pbio.0060163

Wolucka  BA.  Biosynthesis  of
mycobacteria—a novel bacterial pathway with implications
for antimycobacterial therapy. FEBS ] 2008;275(11):2691-
711. https://doi.org/10.1111/1.1742-4658.2008.06395.x
Roy S, Ly D, Li NS et al. Molecular basis of mycobacterial
lipid antigen presentation by CD1c and its recognition by
af T cells. Proc Natl Acad Sci USA 2014;111(43):E4648-
57. https://doi.org/10.1073/pnas. 1408549111

Adams EJ. Lipid presentation by human CD1 molecules and
the diverse T cell populations that respond to them. Curr
Opin  Immunol 2014;26:1-6. https://doi.org/10.1016/;.
€01.2013.09.005

Okino N, Li M, Qu Q et al
glycosphingolipid synthases responsible for the synthesis
of glucuronosylceramide and a-galactosylceramide. | Biol
Chem 2020;295(31):10709-25. https://doi.org/10.1074/
jbc.RA120.013796

D-arabinose  in

Two bacterial


https://doi.org/10.1080/1547691X.2019.1706672
https://doi.org/10.1080/1547691X.2019.1706672
https://doi.org/10.1002/anie.201709365
https://doi.org/10.1002/anie.201709365
https://doi.org/10.2174/1381612819666131118203641
https://doi.org/10.2174/1381612819666131118203641
https://doi.org/10.1128/AAC.05708-11
https://doi.org/10.1128/AAC.05708-11
https://doi.org/10.1358/dot.2020.56.10.3161237
https://doi.org/10.1358/dot.2020.56.10.3161237
https://doi.org/10.1038/ni.2630
https://doi.org/10.1038/ni.2630
https://doi.org/10.1371/journal.pbio.0060163
https://doi.org/10.1111/j.1742-4658.2008.06395.x
https://doi.org/10.1073/pnas.1408549111
https://doi.org/10.1016/j.coi.2013.09.005
https://doi.org/10.1016/j.coi.2013.09.005
https://doi.org/10.1074/jbc.RA120.013796
https://doi.org/10.1074/jbc.RA120.013796

