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In humans, T lymphocytes bearing a Vg9Vd2 antigen recep-
tor (TCR) exhibit strong cytotoxic activity against cells infected
by a wide variety of intracellular pathogens, from bacteria (4, 5,
13, 15, 17, 19, 25, 28) to complex eukaryotic parasites (1, 12).
It is now well established that the involvement of human gd T
cells in antiinfectious immunity depends on their TCR-depen-
dent activation by small, protease-resistant ligands containing
critical phosphate residues (phosphoantigens). Peripheral
Vg9Vd2 T cells are subjected to an intense postnatal amplifi-
cation, most probably due to recurrent encounter with these
widespread molecules. Such antigens have been isolated from
the mycobacteria Plasmodium falciparum and Francisella tula-
rensis (2, 7, 25, 33), and it is suspected that they exist in several
other species (15, 18). Thus, it is clear that the phosphoanti-
gens responsible for gd T-cell activation are broadly distrib-
uted in living organisms. It has been shown that the gd T-cell
response is directed towards cells that contain live bacteria
(14) as well as towards live parasites (34), which means that the
presence of the recognized ligand depends on an active para-
sitical metabolism rather than on degradation by-products
within the host cell. Finally, the absence of a requirement for
classical major histocompatibility complex molecules in the
activation of Vg9Vd2 T cells reveals a mode of antigen recog-
nition totally different from that of ab T cells, which enables a
particularly rapid response.

Isopentenyl pyrophosphate (IPP) was described as the first
structurally identified natural ligand for human gd T lympho-
cytes (33). IPP is an essential precursor in the synthesis of
isoprenoids (vitamins and steroids, etc.) and is generally syn-
thesized through a mevalonate-dependent pathway (6). This
ubiquitous mevalonate pathway begins with the condensation
of three molecules of acetyl coenzyme A, leading to mevalonic
acid (see Fig. 1). IPP is very widespread in organisms, from
bacteria to fungi and higher eukaryotes. Thus, the significance
of the Vg9Vd2 T-cell response to IPP in humans raises the
question of how its production in healthy human cells does not
lead to strong gd T-cell-mediated autoimmunity. It has been
suggested that the differential concentration of intracellular
IPP—higher in infected cells, as the metabolism of the patho-
gen is intense—could account for gd T-cell discrimination be-
tween infected and healthy cells (8). It has also been proposed
that the differential subcellular sequestration of IPP could al-
low the same kind of distinction, with the IPP produced by the
host cell remaining in the cytoplasm whereas that of parasitical
origin being released inside the phagosome (8).

Very recent studies have given new clues to the understand-

ing of the basis of Vg9Vd2 T lymphocyte activation by infected
cells and their discrimination from noninfected cells.

It had already been demonstrated that some species produce
IPP independently of mevalonate through another essential
biochemical pathway (23, 26, 30; for a review, see reference
11), often referred to as the Rohmer pathway. This pathway
begins with the transketolization of pyruvate and glyceralde-
hyde 3-phosphate (27), which is catalyzed by deoxy D-xylulose
5-phosphate (DXP) synthase (Fig. 1). DXP is then converted
through several yet-uncharacterized steps into 2-C-methyl D-
erythritol 4-phosphate (9) by DXP reductoisomerase. Both
DXP synthase and DXP reductoisomerase are highly con-
served in evolution (16, 21, 22, 24, 29, 31, 32). Finally, 2-C-
methyl D-erythritol 4-phosphate is transformed into IPP (10)
through yet-unidentified intermediates involving a second
phosphorylation step (Fig. 1), most likely catalyzed by the
isopentenyl monophosphate kinase (IPK) cloned from Esche-
richia coli and peppermint (20). Another recent work estab-
lishes that only the bacterial strains in which IPP synthesis
depends on the Rohmer pathway elicit gd T-cell proliferation
in vitro (15). First, the investigators show that in extracts from
such bacteria, the IPP concentration does not reach the min-
imum required to activate gd T cells (15). Then, they demon-
strate that the stimulatory activity of these extracts should
rather be attributed to one (or more) of the IPP precursors
from the Rohmer pathway (15). Moreover, the recent elucida-
tion of the structure of 3-formyl-1-butyl pyrophosphate, the
moiety common to gd-stimulating mycobacterial antigens, has
most probably identified the natural ligand of Vg9Vd2 T cells
in bacterial and parasitical infections (3). The origin of this
5-carbon, pyrophosphate-bearing metabolite can be attributed
to several pathways: 3-formyl-1-butyl pyrophosphate could cor-
respond to an IPP precursor expected in the last steps of the
Rohmer pathway (3) (Fig. 1). It could also result from the
phosphorylation of an IPP precursor by IPK, as the in vivo
substrate specificity of this novel enzyme remains to be fully
established (20). A recent publication by Jomaa et al. (16) also
demonstrates that the second enzyme of the Rohmer pathway
is conserved and fully functional in the eukaryotic parasite P.
falciparum. As it is now well known that gd T cells account for
the strong immunological response observed in malarial infec-
tions (1), it is likely that malarial ligands for gd T cells also rely
on the Rohmer pathway of IPP synthesis.

Taken together, these lines of evidence shed a new light on
the way human Vg9Vd2 T lymphocytes discriminate between
infected cells and healthy cells.

gd T cells recognize phosphoantigens in a rapid and direct
fashion, which requires a high degree of specificity in order to
control the safety of the response. Both the parasite and the
host cell produce IPP through distinctive pathways of biosyn-
thesis involving different phosphorylated precursors. By pre-
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cisely discriminating these precursors, the gd T-cell response is
focused on the parasite. Some of these parasitic precursors are
able to elicit an immune response at nanomolar concentra-
tions, whereas the gd T-cell response requires micromolar con-
centrations of the metabolic product IPP. It has been estab-
lished that at the concentrations reached by the diverse natural
phosphoantigens in bacterial extracts (15) and thus most cer-
tainly in living cells, only the Rohmer pathway metabolites and
not IPP itself can elicit a gd T-cell response. On the whole, it
seems that the Vg9Vd2 T lymphocyte response to phosphoan-
tigenic molecules in antiinfectious immunity obeys both qual-
itative and quantitative rules. These rules involve the discrim-
ination of different metabolic routes and of different levels of
antigen concentration. Therefore, targeting of the Vg9Vd2
T-cell response to phosphoantigen thresholds attained solely in
proliferating pathogens significantly lowers the risk of autoim-
munity. These new results also explain the current observation
that gd T lymphocytes exhibit a specific although broad reac-
tivity to many intracellular pathogenic species distant in evo-
lution. In fact, gd T cells may have evolved to target a distinc-
tive and vital metabolic route shared by these pathogens,
regardless of their nature.
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