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What Next in Basic Research?*

What's the question?
As we move into the 1990s, it's challeng-

ing to try and speculate about areas of basic
research which we might expect to provide
new insights and developments in the un-
derstanding and control of mycobacterial
diseases over the next decade. The central
feature of mycobacterial pathogens is their
ability to adapt to co-existence within a eu-
karyotic host, and understanding of myco-
bacterial infection at a molecular level relies
on elucidation of the steps taken by the host
and by the pathogen in stabilizing or desta-
bilizing this interaction. Some of the prob-
lems involved in developing a molecular
understanding of the host-parasite interac-
tion are discussed below and are depicted
in Figure 1.

(1) Intracellular mycobacteria. Myco-
bacteria are generally found inside host cells
during infection, but we know little in detail
about how they enter the cells or about the
conditions which they subsequently expe-
rience. There is still uncertainty with regard
to their localization in phagosomes, phago-
lysosomes, or cytoplasm, and we can only
guess as to which nutrients are readily avail-
able for utilization by intracellular myco-
bacteria and which may be in limited sup-
ply. Phenotypic changes have been reported
in infected cells' —perhaps intracellular my-
cobacteria produce some subtle form of tox-
in which subverts host-cell metabolism? Do
intracellular mycobacteria induce the re-
lease of a particular pattern of monokines
from the infected cell which serve to alter
the balance of the immune system in favor
of the pathogen?

(2) Antigens. We imagine that some
components from intracellular mycobacte-
ria become available for antigen processing
and subsequent stimulation of host immune
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responses. Which antigens are important?
Perhaps recognition of proteins which are
secreted from viable bacilli is the key to
protective immunity?2,3 Or does the adju-
vant activity of mycobacterial lipids and
carbohydrates confer particular immuno-
logical significance on proteins associated
with cell-wall structures? 4 Alternatively,
perhaps the induction of synthesis in re-
sponse to the intracellular environment—
as has been suggested for the heat-shock, or
"stress," proteins—is the major factor in
determining which antigens are selected for
processing.

(3) Antigen processing and presentation.
The molecular events involved in antigen
processing are also the subject of specula-
tion. There appear to be two major pro-
cessing pathways which result in partially
degraded antigens being presented on the
cell surface bound to a member of the major
histocompatibility complex (M1-1C). 6 Pro-
teins originating from inside the cell gen-
erally follow a pathway resulting in presen-
tation with a class I MHC molecule, with
external proteins being presented with a class
II molecule. Presumably therefore, the in-
tracellular location of particular mycobac-
terial antigens—i.e., whether or not they es-
cape from phagocytic vesicles—will have
some bearing on their immune recognition.
In addition to the division between class I
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FIG. 1. Molecular mechanisms of mycobactcrial
infection. A "round-trip tour" of a range of questions
concerning molecular mechanisms of mycobacterial
infection is presented: I Intracellular bacteria. How do
mycobacteria enter cells, and where do they multiply?
Do they produce "toxins" which alter the metabolism
of the host cell? Do intracellular mycobacteria induce
release of a particular pattern of monokines important
in regulation of T-cell activation or tissue damage? 2
Antigens. Which mycobacterial antigens are important
in T-cell activation? Secreted proteins? Cell-wall pro-
teins? Heat-shock proteins? 3 Antigen presentation.
How are antigens from intracellular mycobacteria pro-
cessed? Which determinants are presented with which
MIIC molecules? 4 T-cell recognition. What is the role
of a//3 versus VS T cells in mycobacterial infection?
Are different antigens recognized by different T-cell
subsets? 5 T cell function. Arc the T-cell subsets in-
volved in protective immunity functionally distinct
from those which cause immunopathology? Can the
pattern of lymphokine secretion be used to identify the
functional role of T-cell subsets? How does T-cell func-
tion relate to antigen specificity? 6 Bacterial killing.
Can activated macrophages kill mycobacteria? If so,
what is the mechanism? If not, how are mycobacteria
killed by a protective immune response?

and class II MHC molecules, different hap-
lotypes within each MHC class have marked
differences in their capacity to bind and
present individual antigenic determinants.
Thus, from one antigenic molecule several
distinct antigenic determinants can be se-
lected for presentation by different MHC
molecules. Associations which have been
reported between the incidence of different

forms of leprosy and particular MHC hap-
lotypes do indicate a role for such MHC
selection in determining the outcome of my-
cobacterial infection.' The question of
"which antigen?" is then compounded by
consideration of "which determinant?" and
"which MHC molecule?" In addition to
presentation by infected cells, antigens re-
leased from killed bacteria will also be avail-
able for uptake by adjacent uninfected an-
tigen-presenting cells, including dendritic
cells and 13 lymphocytes. Does antigen pre-
sentation by infected cells and by uninfected
cells provide different signals to the immune
system?

(4) T-cell recognition. The cell surface
antigen-MHC complex is available for rec-
ognition by the antigen-specific receptor on
a T lymphocyte. This results in T cell "ac-
tivation"—the key trigger for cell-mediated
immune responses. The T-cell receptor is a
dimeric protein, structurally related to an
antibody molecule, consisting of either a
and [3 subunits or y and 6 subunits. Atten-
tion has focused principally on T cells with
an a/13 receptor, but recent reports dem-
onstrating that a high proportion of y/6 T
cells are present in leprosy lesions" and are
stimulated by mycobacterial antigens`' serve
to emphasize the importance of the ques-
tion of which receptor is being engaged in
mycobacterial infection?

(5) T-cell function: protection and pa-
thology. The next piece of the puzzle con-
cerns the function of the activated T cells.
The leprosy spectrum provides a striking
illustration to the fact that T-cell activation
in mycobacterial disease contributes both
to the elimination of the bacilli and to tissue
destruction and pathology. Are different
subsets of T cells involved in these two as-
pects? Or do disease and resistance repre-
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sent a difference in function or regulation
of the same set of T cells? T-cell function is
thought to be expressed in the form of re-
lease of soluble lymphokines capable of trig-
gering metabolic responses in adjacent cells,
and by direct cell-cell interactions which can
result, for example, in killing of a target cell
by cytotoxic T lymphocytes. What func-
tions are involved in mediating protection
and pathology? Is the function of a partic-
ular T cell phenotypically stable? Or does
the profile of secreted lymphokines, for ex-
ample, reflect the environment of the cell at
any one time?

(6) Killing of mycobacteria. It is assumed
that a major aspect of T-cell function in
protective immunity is to convert macro-
phages into a metabolically active form in
which they are capable of killing ingested
mycobacteria. It has proved extremely dif-
ficult to obtain experimental evidence for
this model, however, and the mechanisms
which macrophages use to eliminate intra-
cellular mycobacteria remain the subject of
speculation. How might such killing be
brought about? This question brings us back
to the aspects discussed above regarding our
lack of knowledge about intracellular my-
cobacteria. Perhaps there are nutrients or
trace elements which are of particular im-
portance to the intracellular bacilli and, by
ensuring that they are not available, the
macrophage might just slowly starve the
mycobacteria to death? This would be con-
sistent with the ability of the immune sys-
tem to restrict mycobacterial growth in vivo
and the difficulty of reproducing the phe-
nomenon in short-term in vitro cultures.

In setting out this list of questions, I have
tried to make two things clear. Firstly, it is
very easy to formulate a large number of
questions concerning molecular mecha-
nisms of mycobacterial infection. Secondly,
however, I have tried to indicate the way in
which these questions are inter-related in
the almost circular form depicted in Figure
1. If we could identify the antigens from
viable bacilli which are available for pro-
cessing, for example, then this would help
us to identify the T cells which might be
important in regulating the infection. If we
were to identify lymphokines that mediate
protective responses then, by analyzing their
effect on macrophage function, we might

reveal the mechanisms involved in killing
of intracellular mycobacteria. Or, vice ver-
sa, if we understood the mechanism of kill-
ing, then we could search for lymphocytes
capable of inducing such functions. In other
words, rather than trying to say that any of
the questions listed above in itself repre-
sents the "key" to understanding mycobac-
terial disease, in reality, acquiring knowl-
edge in any of these subjects would have a
"knock-on" effect which might lead to
breakthroughs in other questions. Thus,
rather than imposing a hierarchy of impor-
tance, we should take a pragmatic attitude
and be grateful for progress in any of the
areas listed above. In which areas can we
expect some progress in the next few years?
I would like to discuss this under three head-
ings of molecular biology, immunology and
diagnostics.

What is the answer?
Molecular biology. In his younger days,

a now distinguished molecular biologist cas-
tigated an audience of leprologists at Car-
ville, Louisiana, U.S.A., with the taunt that
they "knew nothing about Mycobacterium
leprae. - He went on to qualify the statement
by saying that he was making a comparison
with Escherichia coli and, much to his cred-
it, has spent the intervening years trying to
remedy the situation. I think that the gulf
between Al. leprae and E. coli—or rather,
the possibilities of bridging it--holds the
most exciting potential for fundamental new
insights into mycobacterial disease in the
1990s. Molecular geneticists have spent de-
cades in understanding E. coll. Now that
the tools of molecular genetics arc beginning
to prise open the mycobacterial patho-
gens, we can pose an exciting challenge
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to basic scientists. On the one hand, we have
the vast amount of detailed knowledge of
E. coli genetics; on the other, the blank page
of mycobacterial genetics. How should we
start to fill in our knowledge of mycobac-
teria? Surely not by reproducing all that has
been done with E. coli. Can we use that
knowledge, however, to identify those as-
pects of mycobacterial genetics which are
most relevant to their pathogenicity? It is
important that the new developments in
molecular genetics are not simply used as
an excuse for the straightforward repetition
of old E. coli experiments with another or-
ganism, but rather that they are used to lend
a new perspective to the complex and in-
tellectually demanding questions concerned
with mechanisms of mycobacterial infec-
tion.

Perhaps growth rate is the most obvious
starting point in comparing mycobacteria
and E. coli. Why does AI. tuberculosis grow
so slowly and M. leprae—in vitro—not at
all? I can't believe that this is because my-
cobacteria are slow witted or defective in
some way. It seems much more likely that
this characteristic has been selected in order
to facilitate the interaction with their eu-
karyotic hosts and is probably crucial to their
success as parasites. The bulk of our knowl-
edge of prokaryotic gene regulation is de-
rived from study of E. coli cells with a di-
vision time of around 20 minutes—are there
any fundamental differences in a bacterium
which divides only once in 24 hours, or once
every week or so? In addition to academic
interest, investigation of this type of ques-
tion may provide novel perspectives rele-
vant to disease control. Most adult tuber-
culosis results from reactivation of
apparently "dormant" infection. Perhaps a
fundamental study of gene regulation will
allow us to define some state of mycobac-
terial "dormancy" and might identify
mechanisms involved in switching between
dormancy and active multiplication. It can
be imagined that mycobacteria will display
different levels of drug sensitivity at differ-
ent stages of their growth cycle, and insights
derived from the study of such basic phe-
nomena might therefore point the way to
improved chemotherapy regimens allowing
more rapid elimination of "persister" or-
ganisms and reduction in the length of treat-
ment.

A second aspect of gene regulation which
is now open to study is the question of my-
cobacterial adaptation to the host-parasite
interaction in vivo. A central feature of bac-
terial pathogenicity research over the last
few years has been the discovery that ex-
pression of genes encoding components in-
volved in interactions with host cells (in-
cluding adhesins and toxins—the classical
"virulence factors") is induced in response
to environmental signals encountered dur-
ing infection.' 4 Is it also the case for my-
cobacteria that factors which are of partic-
ular importance for intracellular survival are
induced following phagocytosis? Evidence
from other bacterial pathogens suggests that
heat-shock proteins are included among the
proteins induced by entry into host mac-
rophages, 15 and analysis of the regulation of
these genes in mycobacteria might lead to
the identification of other co-regulated genes
encoding factors important for intracellular
growth. Analysis of such factors should pro-
vide information about the conditions ex-
perienced by intracellular mycobacteria. We
might anticipate, for example, finding genes
encoding components of transport systems
for nutrients which are particularly impor-
tant for in vivo survival. Studying gene reg-
ulation in mycobacteria would then be an
indirect monitor of conditions within the
infected host cell, and might allow us to
identify host cell metabolic features which
are conducive or inhibitory to mycobacteri-
al survival. Proteins which are induced dur-
ing intracellular growth may also be of par-
ticular interest to the immune system.
Lymphocytes directed to such antigens
might specifically recognize cells harboring
live organisms, and antibodies to induced
proteins may distinguish progressive infec-
tion from subclinical infection in the ab-
sence of bacterial growth.

Molecular genetics also offers the possi-
bility of modifying mycobacteria. For M.
leprae, it may be possible to introduce new
genes, or to inactive control mechanisms,

" Miller, J. F., Mekalanos, J. J. and Falkow, S. Co-
ordinate regulation and sensory transduction in the
control of bacterial virulence. Science 243 (1989) 916-
922.

15 Buchmeier, N. A. and Heffron, F. Induction of
Salmonella stress proteins upon infection of macro-
phages. Proc. Natl. Acad. Sci. U.S.A. 248 (1990) 730-
732.
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in order to create mutant strains adapted
for in vitro culture. For cultivable myco-
bacteria, it will be possible to follow pro-
cedures adopted with other pathogens of dc-
!cling specific genes in order to evaluate the
role of individual molecules, or regulatory
pathways, in the overall process of infec-
tion. 16 In addition, the creation of rationally
attenuated mutant strains can be envisaged,
with genetic alterations designed to destroy
pathogenicity while preserving immunoge-
nicity. Generation of such strains in the
1990s would represent a second step along
the pathway initiated by Calmette and
Guêrin in the early decades of the century.
Attempts to modify the BCG vaccine itself
by introduction of genes encoding "protec-
tive" antigens from other pathogens are al-
ready underway, 10-12 and this approach
could be applied to development of novel
antimycobacterial vaccines if the appropri-
ate antigens arc identified.

Immunology. The "normal" immune re-
sponse of most individuals living in leprosy-
endemic areas seems to be sufficient to pro-
vide resistance to clinical disease, and the
concept of using a vaccine to enhance or
modify immunity in the remaining suscep-
tible portion of the population is an attrac-
tive prospect. The goal of rational vaccine
development was enthusiastically em-
braced during the 1980s following dramatic
breakthroughs in antigen availability. How
far have we progressed in an understanding
of the molecular mechanisms of mycobac-
terial immunity, and what are the prospects
for a genetically engineered "subunit" vac-
cine in the next decade? The answer to this
question depends on our view of the nature
of protective immunity to mycobacteria.

The simplest model of the immune re-
sponse to mycobacteria would envisage a
situation in which disease occurs when the
immune system is switched "off," and dis-
ease is prevented when the system is "on"
(Fig. 2A). "Off" might represent failure to
recognize the infection, or active suppres-
sion, and would be illustrated classically by
lepromatous leprosy. The pathology asso-
ciated with tuberculoid leprosy could be ex-
plained by a delayed switch "on" causing

Finlay, B. B. and Falkow, S. Common themes in
microbial pathogenicity. Microbiol. Rev. 53 (1989)
210-230.
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FIG. 2. Models for cellular immunity in leprosy.
Three schematic representations of possible cellular
immune responses in the leprosy spectrum arc pre-
sented, showing a simple "on-or system in A, a more
complex model involving "protective" and "patho-
logical" T-cell subsets in B, and a balanced "network"
of interacting lymphocytes in model C.

an over-reaction by the immune system
subsequent to the establishment of the in-
fection. On the basis of this model, one
would look for a vaccine containing suffi-
cient antigenic determinants to prime a
broad spectrum of T cells, and one might
feel reasonably optimistic that such a prep-
aration could indeed be obtained.

A more elaborate view of the immune
system would envisage the occurrence of
separate protective and pathogenic aspects
to immune activation. Perhaps the vigorous
T-cell activation manifest in most forms of
mycobacterial disease—including tubercu-
losis and tuberculoid leprosy—is of a dif-
ferent nature from that responsible for pro-
tective immunity? One might then consider
the possibility of "protective" and "patho-
genic" T-cell subsets as depicted in Figure
2B. On the basis of this model, we could
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think of a vaccine in terms of specifically
inducing functionally distinct T-cell subsets
using different antigenic stimuli. The fact
that we have little idea as to the nature of
"protective" T cells in mycobacterial dis-
ease, and that there is a lack of certainty in
the equation of antigen specificity with
T-cell function, may make one less opti-
mistic about the prospects for rational vac-
cine development along these lines. If
"pathogenic" T-cell subsets are involved in
tissue damage, perhaps we should also con-
sider the possibility of developing vaccines,
or therapies, based on the idea of specifically
inhibiting certain forms of T-cell activa-
tion—by analogy with strategies designed to
combat autoimmune diseases?

Further sophistication of our model of
cellular immunity would include consider-
ation of a possible "network" of interacting
lymphocytes which express a variety of
functional activities and with complex pat-
terns of communication with each other in
addition to response to foreign antigens (Fig.
2C). In this model, protective immunity
would arise from an appropriate balance of
immune activities—possibly involving both
lysis and activation of phagocytic cells' 7 —
while disease could result from the same
immune functions activated in an unbal-
anced or inappropriately regulated fashion.
The different clinical symptoms of the lep-
rosy spectrum would then be seen as a man-
ifestation of the immune system being
knocked out of balance in different direc-
tions. Designing a vaccine to set up, or to
restore, a complex balance in the immune
system would seem to present a rather for-
midable challenge, with attenuated "whole
cell" vaccines perhaps seeming more at-
tractive than defined "subunit" prepara-
tions.

In discussing the prospects for progress
in molecular biology, there is an opportu-
nity to contrast mycobacteria with well-de-
fined models derived from study of other
bacteria. The difficulties encountered in try-
ing to uncover molecular mechanisms of
mycobacterial immunity, on the other hand,
are shared by the whole field of cellular im-
munology. Elucidation of fundamental

mechanisms of cellular immunity is a goal
which is actively pursued by a substantial
section of the basic research community and,
in order to ensure progress in mycobacterial
immunity, it is important that the problems
we face are expressed in a form accessible
to active workers in this basic field. This
allows rapid application of new ideas arising
from basic research, and also has the effect
of increasing general awareness and interest
in the problems associated with mycobac-
terial disease. Persuading immunologists to
switch from sperm-whale myoglobin to a
mycobacterial heat-shock protein as a mod-
el system is a useful step in this direction.

Diagnostics. Leprosy has traditionally
been diagnosed on the basis of a) detection
of the organism by skin smear, and b) de-
tection of the disease by clinical examina-
tion for skin and nerve lesions, and by his-
topathology. The input from molecular
scientists in the field of diagnostics has been
directed essentially toward detection of the
organism. Perhaps there is scope for devel-
opment of more disease-oriented diagnostic
tests in the 1990s?

Identification of antigenic determinants
specific to M. leprae in the early 1980s
prompted renewed efforts to develop sero-
diagnostic tests for leprosy." Circulating
antibodies were used to detect M. leprae and
conscientiously reported back that a lot of
Al. leprae is present in multibacillary dis-
ease, and that a little M. leprae is present
in paucibacillary disease and in a propor-
tion of contacts presumably exposed to some
form of subclinical infection. Perhaps the
next generation of diagnostic tests will be
able to probe for immune responses which
are specific to progressive, clinically rele-
vant infection? As discussed above, molec-
ular genetics may identify antigens induced
during intracellular growth which would
represent useful new serological targets. Ad-
vances in understanding of molecular
mechanisms of cellular immunity might al-
low the distinction of protection from
pathological forms of immune activation,
and could point the way toward develop-
ment of tests for immune phenomena, spe-
cifically associated either with resistance or
with disease.

' 7 Kaufmann, S. H. E. CD8' T lymphocytes in in-
tracellular microbial infections. Immunol. Today 9^'8 Serological tests for leprosy (Editorial). Lancet 1
(1988) 168-174.^ (1986) 533-535.
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In terms of sensitivity, both serological
tests and the traditional smear evaluation
are now undoubtedly surpassed by the re-
markable developments of molecular biol-
ogy in the form of the polymerase chain
reaction (PCR).' , 20 PCR provides an ex-
quisitely sensitive and specific tool for de-
tecting perhaps as little as a single myco-
bacterial genome, and it is hoped that further
development to reduce the technical diffi-
culties and cost of the assay will result in
its becoming available in routine diagnostic
laboratories. It will be fascinating to see how
widespread Al. leprae is within exposed
populations. Will there be a significant pro-
portion of individuals harboring a few ap-
parently harmless bacilli as predicted by im-
m unodiagnostic assays? Or will the presence
of the organism actually correlate with the
presence of clinical disease? It is anticipated
that the use of gene probes and PCR tech-
niques will have much to reveal about the
epidemiology of mycobacterial infection
over the next decade.

Returning to the idea of detection of the
disease process, one might anticipate that
further effort to understand neuropathology
at a molecular level could lead to devel-
opment of early tests for nerve damage in
leprosy. Detection of autoantibodies to
nerve components is under active investi-
gation,'-' and perhaps breakdown products

I Hance, A. J., Grandchamp, B., Levy-Frebault, V.,
Lecossier, D., Rauzier, J., Bocart, D. and Gicquel, 13.
Detection and identification of mycobacteria by am-
plification of mycobacterial DNA. Mol. Microbiol. 3
(1989) 843-849.

2" Hartskeerl, R. A., de Wit, M. Y. L. and Klatser,
P. R. Polymerase chain reaction for the detection of
Mycobacterium leprae. J. Gen. Microbiol. 135 (1989)
2357-2364.

Itty, B. M., Mukerjee, R. and Talwar, G. P. An
enzyme immunoassay (EIA) based on antibodies against
human nerve antigen for diagnosis of all categories of
leprosy patients. (Abstract). Int. J. Lepr. 57 Suppl. (1989)
304.

from damaged nerves could themselves be
successfully identified in serum samples?
Another class of molecules related to the
disease process which may be useful diag-
nostic targets are the soluble mediators of
the immune response. Serological detection
of tumor necrosis factor is one example, 22

and perhaps, as we refine our understanding
of immune mechanisms, particular lym-
phokine patterns will be seen to distinguish
protective and pathogenic forms of immune
activation.

Concluding remarks
The most exciting aspect of fundamental

research is not just in finding a solution to
a defined problem, but in the possibility that,
from some novel perspective, the problem
itself will no longer exist. In an era when we
are seeing the ground rules of mycobacterial
disease control undergo dramatic changes
in HIV-infected populations, it is more than
ever important that, along with pursuit of
established goals— implementation of mul-
tidrug therapy, testing of vaccine candi-
dates, and assessment of existing diagnostic
tests—we continue to try to expand our ba-
sic understanding of molecular mechanisms
in the hope of uncovering new concepts for
application to the control and prevention of
mycobacterial disease.

— Douglas B. Young, Ph.D.
MRC Tuberculosis and

Related Infections Unit
Royal Postgraduate Medical School
Hammersmith Hospital
Du Cane Road
London W12 011S, England
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