
Memoranda

Immunological problems in leprosy research: 1 *
This Memorandum reviews the present status of knowledge of the immunology of

leprosy, with particular attention to developments since the publication of a similar review
in 1970. The different types of lepromin reaction and their significance in healthy contacts
and in patients with tuberculoid and lepromatous leprosy are discussed. The immunological
responsiveness ofpatients with leprosy is also considered, with special attention to in vitro
methods for evaluating this response. Part 2 of the Memorandum will cover possible mecha-
nisms of altered immune response in leprosy (including a tentative scheme to explain the
possible genesis of the lepromatous lesion); genetic, nutritional, and hormonal factors;
the possibility of vaccination; attempts at immunotherapy; and areas in which further
research is needed. A detailed protocol for evaluating the effect of transferfactor in leprosy
will be included as an annex.

Although leprosy is one of the principal public
health problems of the world, the leprosy bacillus
appears to be relatively innocuous and causes damage
to host cells only after extensive proliferation.
Immune responses protect the host against unlimited
multiplication of bacteria and in most exposed indi-
viduals probably terminate the infection at a sub-
clinical level (Godal et al., 1973). Paradoxically,
however, immune responses appear to play a major
role in producing the various structural and func-
tional disturbances that characterize leprosy. The
analysis of immune mechanisms in persons infected
with M. leprae is therefore complex and must range
from the consideration of protective responses to
intracellular microorganisms to the analysis of the
mechanisms of immunologically-mediated tissue
injury.

Leprosy presents a clinicopathological " spec-
trum" of disease between two polar forms (tuber-
culoid and lepromatous). Tuberculoid leprosy, the
highly resistant form, presents with a few well
defined skin lesions that histologically resemble
typical delayed-type hypersensitivity granuloma. The
cellular reaction consists of focal collections of
epithelioid cells surrounded by large numbers of
lymphocytes. Bacilli are not found by routine histo-
logical examinations or are very rare.

In lepromatous leprosy, the " low resistant " form,
however, the lesions are multiple and diffuse and
consist predominantly of macrophages with an

* This Memorandum was drafted by the signatories listed
at the end of Part 2.

undifferentiated (histocytic) or "foamy" appear-
ance. The number of lymphocytes present is insig-
nificant. Bacilli are present in large numbers in
the macrophages.
Between these two forms a continuous range of

clinical and histopathological features is seen. Out-
side this range, early leprosy may manifest itself as
a single vague skin lesion, which has been called
" indeterminate " leprosy. Histologically, loose col-
lections of histiocytes and lymphocytes, often asso-
ciated with dermal nerves, are seen. A few bacilli
may sometimes be seen in histiocytes, dermal nerves,
and erector pilae muscles.
An earlier paper on this subject (Bull. Wld Hlth

Org., 1970) emphasized the importance of a detailed
clinical and histopathological classification of leprosy
so that immunological data could be adequately
compared. At that time the Ridley & Jopling (1966)
scale' appeared to provide additional histological
criteria that had assisted immunologists with the
clinicopathological classification of patients for
research purposes.
During the past 2 years the Ridley-Jopling classi-

fication has shown good correlation between the
clinical-histological scale and the immunological
status as assessed in vitro by lepromin sensitivity
and lymphocyte reactivity to M. Ieprae.
An international collaborative study involving the

exchange of tissue slides from patients whose immu-

1 The Ridley-Jopling scale is as follows: TT, polar tuber-
culoid; BT, borderline tuberculoid; BB, borderline; BL,
borderline lepromatous; LL, polar lepromatous.
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nological status has been determined by in vivo
and in vitro studies would serve to resolve existing
differences in the classification of patients with
leprosy.'

PHYSIOLOGICAL AND ANTIGENIC

PROPERTIES OF M. LEPRAE

Bacteriology and antigenic composition

M. leprae is an obligate intracellular parasite. It
has not been cultivated on artificial media, and only
irregular and limited growth has been reported in
tissue culture. It has been grown in mice and other
small rodents and in armadillos. Nearly all the
bacteriological studies have been carried out in mice.
The rate of growth during the logarithmic phase
shows a doubling time of 12-13 days (Shepard &
McRae, 1965), irrespective of the immunological
competence of the mouse. The rate of growth has
not changed on continued passage in mice during
periods up to 14 years.

Isolates have been found to differ slightly in
certain growth characteristics and have been clas-
sified as "fast" and "slow" (Shepard & McRae,
1971); " fast " strains have somewhat shorter incu-
bation periods, faster average rates of growth
between inoculation and harvest, and higher average
bacterial populations at plateau. The distribution of
various isolates is continuous between the two
extremes of " fastness " and " slowness ". The trait
is stable on passage in mice and repeated isolations
from the same patient have the same characteristic.
There is no relation to drug resistance.

Isolates from different parts of the world and
from patients in the range LL-BT have behaved
similarly in mice. Studies of the tissue distribution
of the bacilli in mice and in men at several constant
ambient temperatures indicate that there is no
optimum temperature for the growth of M. leprae.

Recent experience with mice in the tropics has
shown that temperature control (e.g., air condi-
tioning) is not necessary for experiments with
M. leprae, although it is preferable for the health
of the mice and for constant results at different
seasons of the year.

Heat-killed suspensions of M. leprae fail to react
as a skin-test antigen in patients with lepromatous

1 Since 1970, WHO has planned collaborative studies
involving nine laboratories in connexion with the WHO
International Reference Centre for Histological Identification
and Classification in Leprosy (Instituto Nacional de Der-
matologia, Caracas, Venezuela).

disease. This property is not shown by any other
mycobacterium. Immunodiffusion tests show that
M. leprae shares many antigens with other myco-
bacteria. However, one specific protein antigen
(" nodular extract "), which is inactivated by heat
and trypsin, has been isolated so far (Abe, 1970;
Abe et al., 1973). The specificity of this antigen for
M. leprae was demonstrated by immunodiffusion
and immunofluorescence tests with rabbit antisera
against nodular extract and a wide range of myco-
bacteria (Abe, 1971). It is present in the tissues of
lepromatous nodules and in the bacterium. Obser-
vations suggest that it is a protoplasmic antigen.
In a dose of 10 ,tg, it gave positive 48-hour skin
reactions in patients with tuberculoid leprosy but
negative reactions in those with the lepromatous
form of the disease (30 of each). It is recommended
that the specificity of this antigen in human skin
tests be fully investigated.
Another specific antigen, which is heat-stable,

has been demonstrated by lymphocyte transforma-
tion, and its antigenic relationship to nodular extract
should be investigated by means of the lymphocyte
transformation test.

Detailed histological studies in man and in mice
indicate that all leprosy infections are systemic. The
tissues that contain the largest numbers of bacilli
in lepromatous disease are: the skin (exclusive of
the axillae, creases, etc.), the nasal mucous mem-
brane, the peripheral nerves, and the reticuloendo-
thelial system, including the bone marrow. There
is a continuous bacteraemia in patients with un-
treated lepromatous disease. Tuberculoid disease
shows few bacilli; they are largely concentrated in the
dermal nerves and erector pilae muscles of the lesion
and in the peripheral nerves. In the evolution of
experimental disease, the invasion of nerves by
bacilli is a late manifestation, and therefore in man
may also be secondary to extraneural infection.
Peripheral neuropathy in leprosy is important but the
means by which the bacilli enter the nerves is
unknown.
The route of transmission of leprosy to man is

not established. The portal of exit has commonly
been assumed to be the skin or the nasal mucosa.
The number of bacilli excreted from the skin is small,
whereas the output from the nose is large (compar-
able with that from the lungs in open cases of tuber-
culosis). The portal of entry also has usually been
assumed to be the skin or the nasal mucosa, but is,
in fact, unknown, and the bacillus might well enter
the body in inhaled air.
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Lepromin reaction 1

Type and standardization of lepromin. The original
lepromin of Mitsuda (1923) and Hayashi (1933) is a
suspension of the whole autoclaved homogenized
leproma, including some tissue elements. This is
sometimes called "integral" lepromin. Purified bacil-
lary suspensions have been made, more or less
completely freed from tissue elements, and are some-
times called "bacillary" lepromins. Antigens that
consist of the soluble proteins of the bacilli, with
or without proteins of the leproma not coagulated
by heating, elicit only the early reaction. For distinc-
tion, such antigens should be called "leprolins". The
"defatted" bacillary suspension devised by Dhar-
mendra (1942) is used especially for testing the early
reaction; it gives only a weak late reaction. Because
this material is obtained by the chemical extraction
of bacilli, it is neither a lepromin nor a leprolin as
defined above, and therefore should be referred to
as "Dharmendra antigen". The fundamental differ-
ence between lepromins and leprolins is that the
latter elicit only the early (Fernandez) reaction after
48 hours (Fernandez, 1940) and do not themselves
sensitize; the former also elicit the early reaction to
a variable extent and in addition induce the late
(Mitsuda) reaction after 4 weeks. The test, being
a form of "microvaccination", could affect the
immunological status of the individual. One conse-
quence is that persons negative to a first test may
give positive reactions to a second or subsequent test.2
The injection of autoclaved normal skin or homo-

genates has given negative to weak reactions in
healthy persons and in those with tuberculoid lep-
rosy. From the practical point of view, therefore,
there is a possibility that weak positive reactions may
be caused by the excess of tissue components in the
lepromin.
The Mitsuda reaction is of prime importance for

prognosis, particularly in patients with indeterminate
and borderline leprosy. Some investigators think it
is useful for evaluating the relative resistance of
contacts and populations. In order to obtain compar-
able data from different countries, the standardiza-
tion of lepromin is necessary.

Recent research has been directed towards the

For reaction scale, see Bull. Wid Hlth Org. (1970).
Such studies are being carried out by the WHO regional

reference centres for standardization of lepromin (Johns
Hopkins University, Leonard Wood Memorial, Department
of Pathobiology, Baltimore, USA, and the National Institute
for Leprosy Research, Tokyo, Japan) and by the Instituto
de Leprologia, Rio de Janeiro, Brazil. These laboratories
are able to provide lepromin for research purposes.

production of an improved lepromin and the investi-
gation of Mitsuda reactions to diluted lepromins. It
is hoped to retain all significant reactions to the
bacilli while decreasing the number of false positive
(1 +) reactions, which have been attributed to tissue
components. An improved lepromin should possess
three properties: (1) bacilli that have been subjected
to minimal, controlled mechanical trauma, (2) a
uniform range of bacterial clump sizes, and (3) free-
dom from visible, rapidly settling tissue particles.
These qualities would increase the reliability of
bacteria counts as a primary means of standardiza-
tion and ensure the injection of uniform doses of
bacteria with minimal tissue component.

Healthy persons in endemic areas. The lepromin
test is usually negative in the first months after birth.
Before the age of 1 year, approximately 50% of
children may present a weak (1+) reaction. The
proportion of positive reactions and the degree of
positivity increase steadily with age, and at the age
of 15 years and over most persons give a 2+ or 3+
reaction.

Maturation and/or exposure to M. leprae,
M. tuberculosis, and possibly other mycobacteria
may be the cause of such reactivity. The injection
of lepromin can also act as a sensitizer. Some believe
that prior sensitization with either M. leprae or
M. tuberculosis does not offer an adequate explana-
tion for the occurrence of natural reactivity to
lepromin in some areas. The cause of such reactivity
is in fact unknown.
The in vitro test of lymphocyte responsiveness to

M. leprae appears to give a high proportion of
positive results in the contacts of patients with lep-
rosy, while most of those who are not contacts give
negative results (Godal et al., 1973). On the other
hand, no association could be found between the
intensity of the Mitsuda reaction and the in vitro
lysing activity of the derived monocytes of healthy
individuals.
Healthy persons in nonendemic areas. Several

studies have shown that populations in areas where
leprosy is not endemic (Europe and the USA) show
a high proportion (about 80%) of positive Mitsuda
reactions. The proportion of positive Fernandez
reactions is low, even in patients with tuberculosis.

Macroscopic and histological appearance. It has
been shown that positive late lepromin reactions are
characterized histologically by a tuberculoid-type
granuloma, while negative and doubtful reactions
(0, ±) are associated with a nonspecific cellular
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response. Weak positive (+) reactions are associated
with a nonspecific cellular response in approximately
15% of contacts, while in tuberculoid and indeter-
minate cases of leprosy they are usually associated
with a tuberculoid-type granuloma.

Further histological studies are required to deter-
mine whether greater refinement in the preparation
of lepromin would reduce the frequency of non-
specific histological responses in + late lepromin
reactions.

Repeated reactions in healthy persons. It is well
established that repeated Mitsuda tests-often even
a second test-can convey lepromin positivity. This
type of conversion has been observed even in children
who are tuberculin-negative. The reaction may also
intensify (+) in a relatively high proportion of
individuals. Thus lepromin may act as a sensitizer
in persons who have the potentiality to react. Rees
(1964) has reviewed the significance of the lepromin
reaction in man.

WHITE CELL RESPONSES TO INFECTIONS

The main leucocytes involved in responses to
chronic infections, including leprosy, are lympho-
cytes and macrophages, although polymorphonuclear
infiltrations are found in acute exacerbations such
as erythema nodosum leprosum. Collaboration
between lymphocytes and macrophages appears to
be the main defence mechanism against organisms,
such as M. leprae, that multiply within cells.

Origin and activation of lymphocytes
This subject has been discussed in detail by the

WHO Scientific Group on Cell-Mediated Immunity
and Resistance to Infection (1973). Lymphocytes
are of two main types-thymus-derived (T cells)
and bone-marrow-derived (B cells). T cells are
generated within the thymus from precursor cells
seeded from the bone marrow. Some of these T cells
migrate to special regions of the lymph nodes and
spleen (thymus-dependent areas) and proliferate
following contact with the appropriate antigen.
T cells are characterized by an extensive capacity for
circulation from one lymphoid organ to another via
the thoracic duct and blood and can freely penetrate
most tissues, often returning to lymph nodes in the
afferent lymph.
B lymphocytes also arise from precursors in the

bone marrow and migrate to defined areas of the
lymph nodes and spleen. These cells also proliferate
following antigenic stimulation, and some B cells
can circulate although most appear to remain

localized at their site of production in the lymphoid
tissues.

In the peripheral lymphoid organs, the main
proliferative stimulus for T and B cells is antigenic
stimulation. This is a highly selective process since
individual lymphocytes are stimulated only by one
or a limited number of antigens. The individual, or
restricted, responsiveness of lymphocytes is a pro-
perty acquired by these cells in the thymus and bone
marrow in a process involving selective gene de-
repression and synthesis of antigen receptors-
which, in the case of B cells, are immunoglobulins
that can be demonstrated on the plasma membrane.
While lymphocyte circulation ensures a regular

distribution of lymphocytes to the tissues, this
process is amplified when local deposits of antigens
or microorganisms are present in a tissue. Reaction
between antigen and the occasional circulating
lymphocyte with specific receptors for that antigen
causes lymphocyte activation and the local release
of soluble factors, which may bring about the
localization of additional leucocytes that are not
necessarily specifically reactive. Since B and T cells
responding to antigens become more adherent and
less mobile than unstimulated cells, with the passage
of time there may be a tendency towards selective
accumulation of specifically reactive cells at local
sites of antigen deposition and in the draining
lymph nodes.
The clonally expanded populations of T and B

lymphocytes that develop following antigenic sti-
mulation have distinct immunological functions.
B lymphocytes and their specialized variants, the
plasma cells, secrete specific immunoglobulins (anti-
bodies: Ab). T lymphocytes are the effector cells
of cell-mediated immune responses and in humoral
responses to most antigens T cells collaborate with B
cells, helping the latter to proliferate and secrete
antibody.
T lymphocytes responding to specific antigens

undergo blast transformation and proliferate. Acti-
vated T cells can kill target mammalian cells with
which they come into contact-e.g., foreign cells
with antigens against which the T cells are specifi-
cally sensitized. This may possibly include target
cells containing microorganisms if products of the
latter reach the cell membrane. There is no evidence
so far that T cells can kill microorganisms by such
direct contact. However, activated lymphocytes can
increase the capacity of macrophages to kill micro-
organisms (see below) and also release macrophage-
immobilizing factors.

348
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B lymphocytes responding to specific antigens
secrete immunoglobulins, which, in conjunction with
complement, are bacteriolytic for some bacteria and
can opsonify many microorganisms, thereby faci-
litating their phagocytosis by leucocytes. No infor-
mation yet exists as to whether antigen-stimulated B
cells release other soluble products that affect the
localization and functional activity of other leuco-
cytes.

Macrophage production, localization, and activation

Most tissue macrophages are derived from blood
monocytes, which originate from precursor cells
located mainly in the bone marrow, with smaller
numbers in the spleen (Nelson, 1970; Metcalf &
Moore, 1971).
Following localization in different organs and

exposure to varying stimuli, macrophages can adopt
a wide variety of morphological forms. The resulting
pleomorphism is well exemplified in leprosy where
macrophages may appear as epithelioid, multi-
nucleate, histiocytic, or foamy cells. In culture,
clonally-derived macrophages can assume a fibro-
blastic appearance, and this may also happen in
tissues.
Macrophages and granulocytes are closely linked

in origin and regulatory control. They share the
same precursor cells (in vitro colony-forming cells)
and their proliferative activity is controlled by the
same regular system-the glycoprotein colony-sti-
mulating factor. Selective entry of the proliferating
cells into the granulocytic or monocyte-macrophage
pathway is determined by the concentration of this
factor and by the operation of a complex of serum
lipoproteins termed " colony-stimulating-factor inhi-
bitors ". Macrophage formation is favoured by
relatively low or high levels of inhibitor.

Following viral or bacterial infections, or the
injection of bacterial antigens, there is a rapid
increase in tissue synthesis of stimulating factor
and a subsequent rise in the levels of this factor in
the serum. This response is radioresistant and not
T-cell-mediated. Specifically preimmunized animals
fail, on challenge, to exhibit this response and their
depressed stimulating-factor reactivity is transferable
to normal animals by immune sera. The rise in the
levels of colony-stimulating factor following anti-
genic stimulation is followed by increased prolifera-
tive activity of granulocyte and monocyte-macro-
phage precursors, particularly in the spleen (Metcalf,
1972).
Under certain conditions of antigenic stimulation

-e.g., after the use of complete adjuvants including
mycobacteria-a limited degree of proliferation can
occur in local tissue macrophages (see Nelson, 1970).
Under normal conditions, a slow turnover of tissue
macrophages results from the seeding of blood
monocytes into the tissues and a limited degree of
relocation of tissue macrophages among different
organs. The latter process could result in the disse-
mination of organisms from one tissue to another-
e.g., in leprosy, where the macrophages contain viable
organisms. In the lepromatous form of the disease
dissemination may be favoured by frank bacillaemia.
The localization of macrophages at sites of antigen

deposition may be amplified by the release from
reacting lymphoid cells of macrophage chemotactic
and immobilizing factors.

Macrophages play a number of important roles
in immune response (WHO Scientific Group on
Cell-Mediated Immunity and Resistance to Infection,
1973). On the afferent side they allow (a) phagocyto-
sis and modification of particulate antigens with the
release of more antigenic determinants; and (b) long-
term retention of antigen on the cell membrane in
an accessible and correctly oriented form that is
capable of activating potentially reactive lympho-
cytes. This latter process may be facilitated by the
capacity of macrophages to allow attachment of the
Fc portion of immunoglobulins at the cell membrane.
Macrophage-associated antigen is especially efficient
in eliciting cell-mediated immune responses.
On the efferent side of the immune response, the

activation of macrophages-e.g., by exposure to
products of interactions between antigens and
T lymphocytes-increases the capacity of these cells
to kill or inhibit the multiplication of certain patho-
genic organisms. Macrophages so activated can kill
Listeria monocytogenes and inhibit the multiplication
of M. microti and M. lepraemurium, but their role
in relation to M. leprae has not yet been investigated.
The survival of some intracellular organisms (e.g.,
M. tuberculosis) may be favoured by the failure of
lysosomes containing hydrolytic enzymes to fuse
with phagocytic vacuoles containing living bacteria,
but in macrophages infected with M. leprae and
M. lepraemurium such fusion appears to take place.
Whether M. leprae can be digested by macrophages
is also unknown. If so, the process must be very slow
since organisms remain demonstrable for years in
the tissues of patients with lepromatous leprosy who
are under treatment. Possibly the ultimate loss of
organisms from lesions follows the relocation of
macrophages containing indigestible cell walls.
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Macrophages can also collaborate with fibroblasts
in chronic inflammatory reactions. In silicosis, par-
ticles that are ingested by and damage macrophages
stimulate collagen synthesis and extensive fibrosis.
The presence of indigestible mycobacterial constitu-
ents or of immune complexes in certain types of
leprosy may favour fibrogenesis by analagous
mechanisms.
The functional efficiency of the extreme morpho-

logical variants of macrophages seen in leprosy
lesions is unknown. The possibility that activated
macrophages may release factors that modify the
proliferative or functional activity of lymphoid or
other cells has not yet been investigated, although
macrophages exposed to mycobacterial and other
adjuvants appear to increase lymphocyte prolifera-
tion in immune responses (WHO Scientific Group
on Cell-Mediated Immunity and Resistance to
Infection, 1973).

Lymphocyte function tests

Distinguishing lymphocyte subpopulations. Principal
lymphocyte subpopulations can be identified and
distinguished by virtue of their surface markers and
by their response in vitro to certain nonspecific
stimuli. B lymphocytes are known to have surface
immunoglobulins that can be identified by direct
or indirect immunofluorescence using polyvalent
antisera to human immunoglobulins. In addition,
B lymphocytes have a complement receptor that can
be detected by rosette formation (termed the "EAC
rosette test") with sheep erythrocytes coated with
a rabbit anti-Forssman antibody (i.e., amboceptor)
plus mouse complement (or human complement in
sublytic concentrations). They also have a receptor
for the Fc fragment of human immunoglobulin that
has been either bound to antigen in the form of a
soluble immune complex or heated at 600C. Because
this last method requires the use of isotopically
labelled immunoglobulins or antigen, the EAC
rosette test is more generally applicable. There is
much evidence that T lymphocytes form spontaneous
rosettes (termed "E rosettes") with washed sheep
erythrocytes. Clearly, T lymphocytes do not have
surface receptors for immunoglobulin or for com-
plement; nor do they have a receptor for the Fc
fragment of human immunoglobulins. It has been
possible to separate T and B subpopulations of
human peripheral blood lymphocytes by physical
methods using these properties. In addition, T
lymphocytes can be recognized by the blast-cell
transformation test using phytohaemagglutinin (PHA

test) or allogeneic lymphocytes (MLC test); here
lymphocyte stimulation is detected by morphological
enumeration of blast cells or by their ability to
incorporate isotopically labelled thymidine.

Specific immunological reactivity of cultured lym-
phocytes. A number of in vitro tests have been and
are currently being developed to detect specific
immunological reactivity of T and B lymphocyte
subpopulations. This discussion is limited to the two
tests that have been most extensively applied in man.
Antigen-induced blast-cell transformation is thought
to detect primarily T-cell sensitization, although
there are situations in which B cells are thought to
respond. In order to assess the significance of lym-
phocyte transformation responses it is desirable to
test reactivity to a panel of common antigens with
which most individuals in the population may have
had contact (e.g., tuberculin PPD, streptokinase-
streptodornase, Candida, mumps). A positive lym-
phocyte transformation test is inferred when the
number of blast cells in antigen-stimulated cultures
exceeds by 3 % the number in the control cultures
or when there is a twofold (or greater) increase in
thymidine incorporation relative to the control
cultures. The second widely used test of lymphocyte
reactivity is that in which antigen inhibits the out-
ward migration of leucocytes from cell suspensions
packed in capillary tubes. In this test it is thought
that specific antigen stimulates the lymphocytes to
generate a migration inhibition factor whose action
in this system is recognized by the inhibition of
polymorph migration. A positive leucocyte migration
test is inferred when specific antigen reduces leuco-
cyte migration areas by 20% (or more) with respect
to control cultures. In this test it is important to
delineate toxic (i.e., nonimmunological) effects of
antigens on the migration of leucocytes; accordingly,
antigen preparations should be used at concentrations
below those that inhibit leucocyte migration from
individuals known not to be sensitized. As with
lymphocyte transformation, the significance of leuco-
cyte migration inhibition is best assessed by reference
to other common antigens to which individuals may
be expected to have developed sensitivity.

Technical considerations. For distinguishing T cells
and B cells it is desirable to work with purified
washed lymphocytes. Peripheral blood lymphocytes
are best obtained by centrifugation through a solu-
tion containing " Ficoll" (a sucrose polymer) and
sodium metrizoate (or sodium diatrizoate or diodone)
at a specific gravity of 1.078 (B6yum, 1968); cells
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purified in this way can also be used for lymphocyte
transformation studies. In the assessment of lympho-
cyte transformation it is desirable to employ a range
of antigen concentrations and to determine the time
course of response, and dose-response relationships
should similarly be obtained in leucocyte migration.
In lymphocyte transformation tests, the measurement
of radiolabelled thymidine uptake is preferable owing
to its greater precision and sensitivity; however, mor-
phological assessment of blast cells correlates well
with thymidine uptake if the cells are counted by an
experienced observer. It is recommended that indivi-
dual tests of lymphocyte transformation be carried
out in duplicate or triplicate, and that in leucocyte
migration six replicate capillaries be used at each
antigen concentration. Both tests are now available
in a miniaturized form that permits the use of
smaller quantities of blood, making replicate tests
and paediatric applications possible.

IMMUNOLOGICAL RESPONSIVENESS IN LEPROSY

While the humoral immune responses, as gauged
by serum immunoglobulin levels and the ability to
form antibodies to bacterial vaccines such as TAB,
are unimpaired in patients with leprosy, there is
increasing evidence of a depression of cell-mediated
immunity in certain categories of patients suffering
from leprosy. The degree of depression varies from
the TT to the LL end of the spectrum in relation to
the clinical, bacteriological, and histopathological
status of the subject. The maximum impairment is
noticeable in untreated patients with the polar form
of lepromatous leprosy. As will be specified below,
it appears that the depression of cell-mediated
immune response is both specific and nonspecific.
Peripheral leucocytes from untreated cases of lepro-
matous leprosy show poor transformation with PHA
and M. leprae antigens. Upon treatment, the mito-
genic response to PHA is improved, while anergy
to M. leprae antigens is maintained over many
years of treatment with sulfones. The status of
immunological responses in various categories of
patients with leprosy as shown by in vivo and in vitro
tests is considered below.

In vivo studies on cell-mediated immunity
In vivo studies on cell mediated immune processes

in leprosy have included the following tests: (1) reac-
tivity to killed (autoclaved) suspensions of whole
M. leprae bacilli (bacillary lepromin) and Dhar-
mendra lepromin; (2) delayed hypersensitivity to
other bacterial antigens, such as tuberculin (PPD);

(3) active sensitization to 1-chloro-2,4-dinitrobenzene
and 2-chloro-1,3,5-trinitrobenzene (" picryl chlor-
ide"); and (4) skin allograft rejection. The findings
may be summarized as follows.

Lepromin testing. Patients with tuberculoid leprosy
give uniformly strong reactions of the late type
(Mitsuda reaction) but a variable degree of reac-
tivity of the early type (Fernandez reaction). Patients
with polar lepromatous disease give uniformly nega-
tive results in both tests. Patients with borderline
leprosy show a variable degree of reactivity, depend-
ing on their place in the pathological spectrum-i.e.,
those with the BT and TT forms react similarly,
while untreated patients with the BL form usually
reveal a negative response (Myrvang, 1972).

Delayed hypersensitivity to PPD and other micro-
bial antigens. In contrast to late lepromin, the
reactivity to PPD does not bear a consistent rela-
tionship to the spectrum of disease in patients with
leprosy. Variable proportions of positive and nega-
tive reactors are found in patients with tuberculoid,
borderline, and lepromatous disease (Myrvang,
1972). Similar observations have been made with
other microbial antigens (Turk & Bryceson, 1971).

Active sensitization. A high proportion of patients
with lepromatous disease have been found not to
respond to 1-chloro-2,4-dinitrobenzene, in contrast
to healthy persons and those with the tuberculoid
form of the disease (Turk & Bryceson, 1971). Similar
findings have been noted with 2-chloro-1,3,5-tri-
nitrobenzene (Bullock, 1968).

Skin allograft rejection. Patients with the lepro-
matous and, to a lesser degree, the tuberculoid
form of the disease have revealed a delayed rejection
of allogeneic skin grafts as compared with healthy
individuals. The degree of impairment in patients
with lepromatous leprosy was found to be correlated
to bacillary concentration of the skin at the site of
transplantation (Han et al., 1971).

Assessment of lymphocyte function in vitro

The following methods have been used to assess
cell-mediated immune response in patients with
leprosy: (1) blast transformation of peripheral
leucocytes in the presence of whole M. leprae, leprolin,
other mycobacteria, and PHA; (2) mixed leucocyte
culture, and (3) tests of the ability of sensitized
lymphocytes to produce biologically active products.

Blast transformation. The method of lymphocyte
transformation has recently been established for the
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study of lymphocyte reactivity to M. leprae in vitro,
(Bullock & Fasal, 1971; Godal et al., 1971). While
patients with TT leprosy respond quite strongly,
those with the LL form of the disease regularly give
negative results (Bullock & Fasal, 1971; Godal et
al., 1971). Those with BT leprosy show a variable
degree of responsiveness, while those with untreated
BL disease are usually negative (Myrvang, 1972).
The failure of lepromatous lymphocytes to respond
to M. leprae appears not to be reversed even after
many years of chemotherapy (Godal et al., 1972a).
Although lepromatous leucocytes fail to transform

in the presence of M. leprae, they respond to a
varying degree to other mycobacterial antigens, such
as whole BCG and PPD (Myrvang, 1972). The level
of reactivity appears to depend on the status of
treatment-i.e., untreated patients with lepromatous
leprosy have revealed lower reactivity than those
who have received prolonged chemotherapy (Godal
et al., 1972).

Phytohaemagglutinin in solution induces the blast
transformation of T cells and can thus be used as
a measure of T cell responsiveness. The test can be
performed on a micro scale with 50 ,1 of blood.
Well-standardized methods that permit sensitive and
repeatable measurements have been described
(Mehra et al., 1972). The mitogenic response of
peripheral leucocytes to PHA is observed to be
depressed in untreated cases of lepromatous leprosy,
while tuberculoid and DDS-treated lepromatous
cases show a normal response (Talwar et al., 1972).

Peripheral leucocytes from untreated cases of
lepromatous leprosy manifest low transformation
when cultured in autologous as well as in AB serum
(Mehra et al., 1972). Furthermore, serum from
patients with lepromatous leprosy fails to inhibit
M. leprae-induced transformation of leucocytes from
patients with the tuberculoid form of the disease,
suggesting that transformation inhibitory factors are
absent from these sera (Godal et al., 1972).

Mixed leucocyte culture. The blast-cell respon-
siveness of lepromatous leucotytes (LxL) appears
to be of similar degree to that of tuberculoid (T x T)
leucocytes in mixed leucocyte cultures (Godal et
al., 1971). The response to phytomitogens, as com-
pared with allogeneic cells, has so far not been studied
in individual patients.

Production of lymphocyte factors. The supernatant
fluid from cultures of M. leprae with lymphocytes
from patients with untreated lepromatous leprosy
does not aggregate guineapig macrophages (MAF)

(Talwar et al., 1972) or affect their migration (MIF)
(Katz et al., 1971). Moreover, the migration of
lepromatous leucocytes is not inhibited when they
are cultured in the presence of M. leprae (Myrvang,
1972). Patients with tuberculoid leprosy give a
positive response in all these tests.

Humoral responses in leprosy
Immunoglobulins. Increased levels of IgG, IgA,

and IgM are frequently found in cases of lepro-
matous leprosy and erythema nodosum leprosum,
although many patients have values within normal
limits. IgD levels are within normal limits but IgE
levels are sometimes higher than those in control
samples from the same areas. The levels are somewhat
higher in lepromatous leprosy than in the tuberculoid
form of the disease, although there is considerable
overlap. The production of antibodies to unrelated
antigens such as typhoid/paratyphoid vaccines
appears to be normal in patients with tuberculoid and
lepromatous leprosy (Sheagren et al., 1969; Jha et
al., 1971).

Antimycobacterial antibodies. Circulating anti-
bodies against the polysaccharide antigen shared by
M. leprae and other mycobacteria have been demon-
strated by immunodiffusion, immunofluorescence,
and indirect haemagglutination tests. A very high
proportion of patients with lepromatous leprosy and
a minority of those with the tuberculoid form of
the disease have these antimycobacterial antibodies,
and the antibody levels are higher in the former
than in the latter. Specific antibodies against M.
leprae have also been demonstrated by indirect
immunofluorescence with sera from patients with
lepromatous disease absorbed with cardiolipin and
mycobacterial polysaccharide (Abe et al., 1972b).
These antibodies seem to react with protein antigens
of M. leprae, because the reaction is greatly reduced
by autoclaving or trypsin digestion of bacilli. The
antibodies compete with rabbit antibodies against
" nodular extract " antigen as judged by immuno-
fluorescence reactions.
The antibodies specifically reacting with M. leprae

are found in the IgG and IgM classes, but none has
yet been found in the IgA (Abe et al., 1972). It
would be of special interest to know whether IgA
antibodies to M. leprae are present in secretory
fluids such as nasal fluid.
Although irradiated or ALS-treated thymec-

tomized mice can produce antibodies against hetero-
logous proteins, the specific antibody response of
these immunosuppressed mice against M. leprae and
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its relationship with the development of disease are
not yet fully clarified. Antibodies against M. leprae
have not yet been demonstrable in the immuno-
suppressed mice.

It would be interesting to investigate, using the
model disease in mice, the possibility that a humoral
response against M. leprae may inhibit the develop-
ment of cell-mediated immune responses. Some
intact mice infected with M. leprae develop a lepro-
matous type of disease after a long incubation period,
and antibody against mycobacterial polysaccharide
antigens has been observed by immunodiffusion. The
contrast with T-cell-deprived mice suggests that a
T-cell helper effect may be required for the formation
of antibody against mycobacterial antigens. The
presence of antimycobacterial antibodies in patients
with lepromatous leprosy suggests the presence of
T-cell function.

Autoimmunity. Since mycobacteria exert adjuvant
effects, they might be expected to stimulate the
formation of many autoantibodies. There have been
many reports of increased autoantibodies in patients
with lepromatous leprosy, but the findings have not
been uniform. Cryoglobulins are common in India
and Italy but are rare in Japan and Malaysia. The
incidence of antinuclear factors, rheumatoid factors,
antithyroglobulin antibodies, and cold autoantibo-
dies is raised in patients with lepromatous leprosy
in some countries but not in others. False positive
results of serological tests for syphilis are com-
mon, and may be related to the presence in M. leprae
of a cardiolipin antigen. Cytotoxic antibodies
that react with lymphocytes from a panel of normal
subjects at 15oC and lyse these cells in the presence
of complement have been found in patients with
lepromatous and, to a lesser extent, tuberculoid
leprosy. Further comparative observations on
autoimmune reactions in leprosy would be of
interest, especially the evaluation of the possible
role of autoantibodies against lymphocytes in the
generalized depression of T-cell function often found
in the lepromatous form of the disease. Such anti-
bodies should be tested against lymphocytes from
the same patient rather than from other subjects. It
would also be of interest to know whether auto-
immune reactions against nervous tissue contribute
to peripheral nerve injury in a manner analagous to
experimental allergic neuritis.

Allergic reactions and nerve damage in leprosy
Allergic reactions. Two types of allergic reaction

in leprosy were described in Bull. Wid Hlth Org.

(1970)-erythema nodosum leprosum and reversal
reactions.
Erythema nodosum leprosum occurs in highly

bacilliferous patients (BL-LL) and both the local
and systemic manifestations observed suggest that
immune complexes are involved in the pathogenesis
of these lesions. Moreover, IgG and ,Blc/pla (com-
ponents of C3) have been demonstrated in the lesions
by immunofluorescence (Wemambu et al., 1969).
Further support for this concept has recently been
provided by the finding of immune complexes in
the serum of such patients as demonstrated by
precipitation with Clq (Moran et al., 1972; Estrada-
Parra, 1973). However, as a proportion of patients
with lepromatous leprosy but without erythema
nodosum leprosum also show complexes by this
technique, further studies-including more detailed
characterization of the antigen and the antibody in
these complexes-are needed. There appears to be
no difference in the immunoglobulin levels in patients
with erythema nodosum leprosum and in those
without this condition but with lepromatous leprosy;
however, complement (C2 and C3) is raised (Bull.
Wld Hlth Org., 1970).
Reversal reactions may occur throughout the

spectrum of leprosy, with the exception of the two
polar groups as defined by the Ridley-Jopling
classification. Such reactions often appear "spon-
taneously" in untreated patients, but may also be
precipitated by chemotherapy against M. leprae.
Some observations suggest that BCG vaccination
or exposure to M. tuberculosis may precipitate such
reactions.

Present evidence indicates that reversal reactions
are due to a rapid increase of cell-mediated immune
response to M. leprae for the following reasons:
(1) reversal reactions are associated with a shift in
histological classification, both in lesions and in
lymph nodes, towards the tuberculoid end of the
scale (Souza Lima & Cerqueira, 1946; Souza Lima
& Rath de Souza, 1949; Souza Lima, 1953; Ridley,
1969; Turk & Waters, 1971); (2) patients with rever-
sal reactions reveal strong responses to M. leprae
in vitro as measured by lymphocyte transformation
and leucocyte migration inhibition (Godal, 1972);
and (3) mice with high bacillary loads develop,
following injections of syngeneic lymphoid cells,
changes in their lesions that resemble the reversal
reaction in man (Rees, 1970; Gaugas et al., 1971).

Nerve damage. Peripheral nerves are affected in
all forms of leprosy and during allergic reactions.
In tuberculoid leprosy the histological lesion in the
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nerve is the same as in the skin, but can also some-
times produce caseation ("abscess"), both resulting
in destruction ofnerve fibres with subsequent fibrosis.
In lepromatous leprosy nerves are heavily infected
with bacilli, mainly in Schwann and perineurial
cells. Although the infected nerves are not damaged
initially in lepromatous leprosy, neuritis eventually
develops in a high proportion of such patients, and
the perineurium is mainly affected. In patients
developing reversal reactions or erythema nodosum
leprosum, cellular changes corresponding to those
in the skin occur in nerves, leading to severe damage
to nerve fibres.

Experimental leprosy in the mouse also results
ultimately (8-30 months) in nerve involvement and
has provided a model for studying in detail the

evolution of leprosy neuritis and the effect of
"'reversal reactions" on infected nerves (Rees &
Weddell, 1968; Weddell et al., 1971). Thus, in
reversal reactions, oedema formation within the
nerves is an important cause of nerve fibre destruc-
tion. In mice with leprosy the perineurial cells are
frequently damaged and later there is also increased
permeability of the capillaries in the nerves (Bod-
dingius et al., 1972).
The observations in the mouse suggest that leprosy

neuritis may be due to a change in the endoneural
environment following a defect in the blood and/or
perineurial nerve barrier. Further comparative
observations on human leprosy neuritis would be
of interest, especially evidence of such a defect in
man and for an immunological origin of the defect.
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