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 and Mitsuda Reactivity in Guinea Pigs
Sensitized with Heat-killed Mycobacterium leprae:
Persistence and Specificity of Skin Reactivity to

Soluble and Particulate Antigens'
Frank M. Collins, Norman E. Morrison, and Susan R. Watson 2

Recent studies indicate that both mice (I")
and guinea pigs (") can be sensitized by the
introduction ()fa dense saline suspension of
heat-killed leprosy bacilli into the tissues.
The resulting immune response to the dead
A/yeobacterifon leprae appears to be supe-
rior to that achieved with other mycobac-
terial vaccines, with the possible exception
of live I3CG ("). In particular, little or no
cross-protection could be observed with Al.
vacate or Al. norichromegenicum despite
taxonomic and immunologic evidence ( 2 ')
that they were both antigenically related to
the leprosy bacillus ( 21. This lack of im-
munogenicity shown by live Al. yucca(' and
M. nouchromogenicum could be explained
by their inability to establish persistent sys-
temic infections in the vaccinated mice or
guinea pigs ( IN ' 25 ). Available clinical and ep-
idemiological data suggest that the same is
probably equally true for man CI. How-
ever, it may not be necessary to use live
mvcobacterial vaccines to sensitize the host
to the relevant M. leprae antigens. It has
been known for many years that killed my-
cobacteria can induce both delayed hyper-
sensitivity and antituberculous immunity
in appropriately vaccinated animals, pro-
vided that large enough amounts of anti-
gen(s) were introduced into the tissues ("•
Thus, guinea pigs could be sensitized by in-
jecting a large dose (500-1000 pg dry weight)
of saline-suspended heat-killed Al. leprae',
M. tuberculosis, M. nouchromogenicvm, or
M. vaccac into normal guinea pigs. Subse-
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quently. a persistent state of skin hypersen-
sitivity developed in all four groups. How-
ever, the response to the Al. leprae
suspension was always quantitatively su-
perior to that observed for the other three
test mycobacteria.

MATERIALS AND METHODS
Animals. Specific pathogen-free, inbred

strain 2 guinea pigs weighing 250-350 g were
obtained from the Trudeau Animal Breed-
ing Facility, Saranac Lake, New York.
U.S.A. They were housed two to a cage and
fed sterile commercial guinea pig chow and
chlorinated water ad libitum ( 3.).

Bacterial suspensions. M. tuberculosis
H37Rv (TMC #102), Al. nonchromo,f,,eni-
cum (TMC #1481), and .11. vaccae (TMC
#1526) were obtained from the Trudeau
Mycobacterial Culture Collection, Saranac
Lake, New York, U.S.A. The organisms
were grown as surface pellicles on Proskauer
and Beck synthetic liquid medium incubat-
ed at 27°C in Roux bottles. The pellicle was
removed by filtration, washed thoroughly
with sterile saline, inactivated by heating at
100°C for 30 min, and the suspension ly-
ophilized without further washing. The dried
bacteria were suspended in 0.05% Tween
80-saline at a concentration of 500 pg dry
weight per ml and homogenized with a tef-
lon pestle for 30 sec (Tri-R Instruments,
Rockville Center, New York, U.S.A.) Fi-
nally, the suspension was exposed to 5 sec
of ultrasonic vibration (50% power output)
before being standardized microscopically
to 2 x 10" acid-fast bacilli (AFB) per ml
using auramine-stained smears examined
under ultraviolet illumination ( 4 ).

M. leprae suspensions. Human .11. leprae
were obtained from wedge biopsies taken
from untreated Burmese lepromatous pa-
tients. The tissue samples were generously
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donated by Dr. A. M. Dhople, Johns Hop-
kins University School of Hygiene and Pub-
lic Health, Baltimore, Maryland, U.S.A.
Briefly the tissues were autoclaved at 1 15°C
for 10 min and homogenized in 10 g batches
in 0.3 M sucrose-phosphate buffer contain-
ing 0.25 M EDTA (p1-1 7.2). The resulting
homogenate was centrifuged at 300 x g
5 min to remove residual tissue pieces, and
the supernatant fluid was centrifuged at
15,000 x g for 10 min at 4°C. The cell pellet
was resuspended in 1% Triton X-100 in 0.3
N4 sucrose-EDTA buffer and allowed to
stand at room temperature for 1 hr to lyse
the residual human cell-membrane frag-
ments. No attempt was made to digest the
homogenate with proteinases or to treat the
cells with sodium hydroxide ( 1 "). The M.
frprae were concentrated by centrifugation
at 15,000 x g for 10 min at 4°C, and the
pellet washed twice with sucrose-EDTA
buffer before being resuspended in 0.1 M
Tris-HCI buffer (pH 7.2) and incubated
overnight at 37°C with 10 pg of collagenase
per ml (Worthington Biochemicals, Free-
hold, New Jersey, U.S.A.) in the presence
of 10 -4 M calcium chloride and 0.05% so-
dium azide. The M. frprae were washed,
resuspended in 0.05% Tween-saline, and
standardized microscopically using the
method of Shepard and McRae ('''). The
suspension was adjusted to a final concen-
tration of 2 x 10" AFB per ml which rep-
resents approximately 1 mg dry weight per
ml ( 4 ).

Immunization procedures. Groups of
guinea pigs were injected subcutaneously
into the nape of the neck with 1.0 x 10' (ca.
500 pg) of heat-killed M. 'effete, M. tuber-
culosis, AI. nonchrontogenicum, or Al. yuc-
ca(' in 0.5 ml of sterile 0.05% Tween-saline
("). Control animals were injected with 0.5
ml of sterile saline. Some of the guinea pigs
were given an identical booster injection of
the homologous suspension some three
months later.

Skin test antigens and testing procedures.
Whole-cell antigen (WCA) was prepared
from heat-killed M. leprae, Al. tuberculosis,
Al. nonchromogenicum, and Al. vaccae by
suspending 1-2 x 10' AFB per ml of 0.05%
Tween-saline (ca. 50 pg dry weight) as de-
scribed previously ( 25). The presence of re-
sidual human tissue antigens in the M. lop-
rae preparations resulted in some skin

reactivity to human skin extracts injected
into appropriate control animals. However,
the human skin antigen responses were small
enough to be disregarded in animals im-
munized with the Triton X-100 treated
preparations (E. P. Elliston, personal com-
munication).

Cytoplasmic protein antigens (CPA) were
prepared by sonic disruption of approxi-
mately 1 mg dry weight of whole cells at
0°C over a 30-min period in 30-sec bursts
( 2 ). The residual whole cells were spun down
at 15,000 x g for 10 min and the super-
natant fluid subjected to ultracentrilugation
at 100,000 x g for 90 min.  The protein con-
tent of the supernatant fluid was standard-
ized to 100 pg of protein per ml ( 25 ).

Cell wall protein antigen (CWA) consist-
ed of the outer membrane proteins prepared
from Al. leprac by Dr. T. M. Buchanan,
Seattle, Washington, U.S.A., using the
method described by Caldwell, et al. ( 2 ). The
CWA was standardized at a concentration
of 100 pg of protein per ml of diluent.

Skin test antigens were injected intrader-
mally into freshly shaven flank or belly skin
in a volume of 0.1 ml of saline. Normal and
saline controls were always included in each
test. The injection sites were examined at 3
hr and 24 hr for erythema and induration
and at 48 hr and 72 hr for induration (mea-
sured as increases in skin-fold thickness us-
ing Schnelltiister dial gauge calipers'). Whole
cell antigen (WCA) test sites were also ex-
amined for erythema and induration at
weekly intervals for up to six weeks. Central
necrosis, especially in animals which had
received two doses of immunogen, was not-
ed in the Al. /eprae-sensitized animals tested
with 10 pg of lepromin. Increases of ten or
more Schnelltlister units (> 1.0 mm) in skin-
fold thickness (after subtraction of control
values) were significant at the 1 % level for
five replicate determinations per time point.

Statistical analysis. Differences between
mean swelling reactions were evaluated by
means of the Student t test ( 26 ).

RESULTS
Skin reactivity following injection with

heat-killed mycrobacteria. Guinea pigs were
immunized with 10 9 heat-killed Al. leprae,
M. tuberculosis, M. nonchromogenicum, or
Al. vaccae and skin tested with 10 pg of the
homologous CPA or WCA 30 days later.
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Flo. 1. Increases in skin-fold thickness in strain 2 guinea pigs immunized with heat-killed .11yeobacterim
((True, M. tuberculosis H371(v, uotichromogenicum #1481, or IL vaccae #1526 30 days prior to skin testing
with 10 pg of the homologous CPA (—•—) or WCA (—■—) in 0.1 ml of diluent. The vertical lines represent
±SEM for four determinations. Control guinea pigs received saline only in place of the mycobacterial vaccine.
Control CPA and WCA values, as shown in the uppermost panel, represent the A/. Ieprae values which are
generally larger than the values for the other three test antigens although still below the limit of significance (p
0.01) represented by the broken horizontal line.

The resulting skin swelling responses are
shown in Figure 1. In every case, the 3 hr
swelling responses to the CPA were sub-
stantially lower than those observed at 24
hr, quickly falling to nonsignificant levels
by 48 hr. None of the unvaccinated controls
developed significant responses to either the
CPA or the WCA preparations (Fig. 1).

Injection of 10 pg of the corresponding
WCA's into the immunized animals result-
ed in an early Fernandez-type response
(peaking at 24-48 hr) for both the Al. frprac
and M. tuberculosis preparations. The Al.
vacate and Al. nonehroinownicion WCA
skin responses were barely significant at that
time (Fig. 1). The 24-48 hr swelling re-
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FR,. 2. Increases in skin-fold thickness in the four groups of guinea pigs following boosting with 500 pg of
the homologous organism 30 days prior to skin testing with the corresponding WCA preparations. (See Figure
I legend for further details.) Control WCA values were similar to those shown in Figure I.

sponses declined to near zero levels by day
7, followed by a second, Mitsuda-type re-
sponse which peaked around day 21 of the
test period. Both the M. vaccae and M. non-
chromogenicum sensitized guinea pigs
showed lower, although still significant.
Mitsuda-type responses when tested with
their homologous WCA preparations (Fig.
I).

Effect of antigenic boosting on skin reac-
tivity. The four groups of immunized pigs
were restimulated with an identical dose of
mycobacteria given some three months af-
ter their primary sensitization. A substan-
tial local inflammatory reaction developed
at the secondary .11. Aiwa(' and M. tuber-
culosis injection sites in the neck region.
eventually resulting in some local scarring

extending to as much as 2 cm in diameter
for the M. hprae preparation. The local re-
sponse at the M. nonchromogenicum and
.11. raccae depot sites was relatively much
smaller, resulting in little or no localized
necrosis or scarring.

One month after receiving the second dose
of antigen. the four groups of immunized
guinea pigs (and an age-matched group of
controls) were skin tested with the homol-
ogous CPA and WCA preparations. The 3
hr and 24 hr skin responses to the CPA
preparations were not greatly increased by
the booster injections and are not shown in
Figure 2. There was a marked increase in
Fernandez reactivity with all four WCA
preparations. The later, Mitsuda-type re-
sponsiveness also increased substantially in
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the M. /emu(' and H37Rv-boosted animals
but not in the M. nonchromogenicum or M.
vaccae groups (Figs. 1 and 2).

A remote positivity response ( 14 ) was ob-
served at the M. leprae depot site in the neck
at about the time when peak Mitsuda skin
reactivity developed at the flank lepromin
injection site. No analogous responses oc-
curred at the antigen deposition sites for the
other three groups of immunized animals
when they were skin tested with the appro-
priate WCA preparations.

Crossreactivity to the WCA preparations
in the sensitized guinea pigs. Guinea pigs
sensitized six months earlier with the my-
cobacterial suspensions were retested for
skin reactivity and the resulting swelling
process is recorded in Figure 3. Substantial
Fernandez (day 2) cross-responsiveness oc-
curred in all four groups to the M. leprac
and the Al. tuberculosis WCA preparations.
However, the Al. vaccae and .1/. nonchro-
mogenicum WCA Fernandez responses were
relatively weak in both the M. leprae and
1-137Rv sensitized animals. Lepromin and
H37Rv WCAs were somewhat less reactive
in the Al. nonchromogenicum- and Al. vac-
cae-immunized animals than the corre-
sponding TMC #I48 I and TMC #1526
WCA reactions. The late Mitsuda-type skin
reactions developed at three weeks to the
four WCA preparations indicated that the
specific responses were substantially strong-
er than the heterologous ones. This suggests
that there may be less antigenic overlap be-
tween Al. leprae and either M. vacate or Al.
nonchromogenicum (at least in terms of their
in tiro hypersensitivity responsiveness) than
had been implied earlier by the in vitro lym-
phoproliferative studies ( 2 ').

Persistence of skin reactivity in the anti-
gen-boosted guinea pigs. Guinea pigs sen-
sitized with two doses of heat-killed Al. lep-
rae were still strongly skin reactive to
lepromin some 12 months later (Fig. 4). In
particular, the Fernandez reactivity level was
quite high. The corresponding Mitsuda skin
reactivity seen at 12 months was not in-
creased substantially by the booster injec-
tion, but the peak in the late swelling re-
action occurred between 14-21 days
compared to 21-28 days in the earlier skin
tests (Figs. 2 and 4). The tuberculin-type
skin responses seen 24 hr after the injection
of 10 pg of the cell wall antigen supplied by
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FIG. 3. Crossreactions seen in sensitized or control
guinea pigs skin tested with 10 pg of lepromin (1),
M. tuberculosis H37Rv WCA (E), Al. vocal(' WCA
( ■ )) or M. nonchronzogenicum WCA ( ). Increases of

10 Schnelltiister units or more were significant (p
0.01).

Dr. Buchanan were barely significant at any
time during this study (Fig. 4). The corre-
sponding Fernandez reactions for the other
three groups of boosted animals were sub-
stantially lower than the Al. leprae response
both at six and 12 months (Fig. 5). How-
ever, the response by the four groups of an-
imals to the corresponding CPA prepara-
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Fio. 4. Skin-fold thickness increases to 10 pg lep-
romin in guinea pigs sensitized with two doses of heat-
killed .1/. /eprac and skin tested at 12 months. Skin
reactions to 10 pg of IL frprae-CPA and a cell-wall
protein antigen CAVA (Buchanan) were also deter-
mined. The dotted line represents the limit of signifi-
cance for the skin swelling response (p < 0.01).

tions were barely significant at any time
during the study, and only the Al. leprae
data arc shown in the present paper as being
typical of the skin swelling responses in all
four groups of sensitized animals (Fig. 5).

DISCUSSION
Although it has been widely recognized

for many years that heat-killed suspensions
of the appropriate mycobacteria can sensi-
tize guinea pigs to tuberculin and to lepro-
min (22 23 ), it is only relatively recently that
such preparations have also been shown to
induce a protective immunity against the
specific parasite ( 17 - "). The present study
examines the nature of the skin responsive-
ness which develops when heavy saline sus-
pensions of mycobacteria are injected into
normal guina pigs by the subcutaneous route.
The persistence of these responses, both in
terms of the Fernandez (24-48 hr) and the
late Mitsuda (21-28 day) type responses
(''• correlated with the inherent immu-
nogenicity of the sensitizing organism al-
though an early development of skin reac-
tivity occurred whether the animals were

Fi6. 5. Persistence of Fernandez-type skin hyper-
sensitivity responses seen in guinea pigs sensitized and
boosted with 500 pg heat-killed ,1/. leprae (0)„11.
tuberculosis 1-137R v (■), .11. nonchroniogenictun #1481
(A) or Al. vacate #1526 (x) and skin tested with 10 pg
of the homologous WCA preparation. The level of hy-
persensitivity to M. leprae CPA is represented by the
broken line (0). The dotted line represents the limit of
significance (p < 0.01).

sensitized with the highly virulent Al. tu-
berculosis or the avirulent A/. t'accae and
.1/. non•hromogenicum (Fig. 5). It should
be noted, however, that the Al. leprae re-
sponse was always quantitatively superior
to that observed for the other three test or-
ganisms, presumably because of its greater
adjuvantive and/or immunogenic proper-
ties. A4. leprae contains a mycosidc A gly-
colipid envelope (') which may be respon-
sible for the enhanced immunogenicity
shown by the leprosy bacilli in this test sys-
tem, since this unique glycolipid cannot be
found on the cell surfaces of most of the
other mycobacteria (Y).

The level of Fernandez responsiveness
seen in the AL /eprae-immunized animals
was substantially higher throughout the
study period than that achieved with the
other three mycobacteria. This level of Fer-
nandez responsiveness was significantly in-
creased by all four booster injections (Fig.
5), whereas the Mitsuda-type skin respon-
siveness was only enhanced substantially by
the Al. leprae and .11. tuberculosis booster
injections (Figs. 1 and 2). The latter finding
may have only limited immunological sig-
nificance, however, since the Mitsuda re-
sponse merely indicates that the host
defenses are able to respond to the
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mycobacterial antigens introduced into the
skin test depot site, but this response may
not be relevant as an index of the level of
cell-mediated immunity generated by this
organism within the immunized host ( 13 ).
On the other hand, the size and persistence
of the Fernandez skin reaction bears a much
greater potential significance with respect to
the protective qualities of the immunogen,
since Shepard. et al. ( 7 ) have shown that a
close agreement exists between the size of
the 48 hr foot pad response seen in appro-
priately vaccinated mice and the level of
immunity expressed against a subsequent
lbot pad challenge with live Al. /eprae. Such
a correlation appears to be consistent with
reports that the cellular response associated
with the Fernandez skin reaction is predom-
inantly mononuclear in nature ( 2.1 ), thus re-
sembling the cellular hypersensitivity re-
actions seen in Listeria and Al. tuberculosis-
immunized animals ('"). Both the Al. raccae
and Al. nonchromogenicum suspensions in-
duced a specific Fernandez reactivity in ap-
propriately sensitized guinea pigs, but there
was only limited crossreactivity seen in these
animals skin tested with the heterologous
WCA preparations (Fig. 3).

The elevated Fernandez-type skin reac-
tivity observed in the M. /eprae-sensitized
guinea pigs coincided with a remote posi-
tivity response ( 14) at the original site of im-
plantation of the M. leffae suspension, even
when such skin tests were carried out nearly
12 months later. No remote positivity re-
sponses occurred in the other three test
groups of animals, and this appeared to cor-
relate with the stronger Fernandez re-
sponses induced by the Al. /viva(' vaccine.
Maintenance of this high level of Fernandez
reactivity could only be achieved at the cost
of a severe local inflammatory response at
the site of the Al. leprae deposition and this,
in turn, resulted in persistent swelling with
substantial scarring. The severity of this lo-
calized tissue response to the killed Al. lep-
rae suspension could well limit the size of
the immunizing inoculum to be used in hu-
man vaccination trials ('). Smaller doses of
heat-killed Al. leprae may he effective with-
out inducing such a severe localized tissue
response if they are first mixed with live
BCG vaccine, as suggested recently by the
studies of Convit, et al. ('). Comparative
studies of various vaccinating regimens of

this type would seem to be well worthwhile
before widespread vaccination trials using
armadillo-grown Al. leprae suspensions are
attempted in human populations.

SUMMARY

Guinea pigs were sensitized with 500 pg
dry weight of heat-killed Mycobacterium
leprae, M. tuberculosis H37Rv, M. raccae,
or Al. nonchromogenicum suspended in sa-
line. Significant Fernandez (peak swelling at
48 hr) and Mitsuda (peaking at 21 days)
reactions were observed when all four groups
of animals were skin tested with 10 pg of
the homologous whole-cell antigen (WCA)
preparations one month after sensitization.
Some of the guinea pigs were given a booster
injection of the homologous suspension
three months later and were then retested
with the four WCA preparations. The Fer-
nandez (rather than the Mitsuda) reactivity
was enhanced by the second immunization
and was still substantial when tested eight
months after boosting. The Mitsuda-type
responses observed 12 months after the pri-
mary sensitization peaked earlier than in the
first- and four-month tests, regardless oldie
vaccinating organism. The M. leprac-sen-
sitized guinea pigs produced larger Fernan-
dez skin reactions than those seen in the
other three groups of sensitized animals, but
there was substantial crossreactivity be-
tween M. /eprae and M. tuberculosis anti-
gens, as well as somewhat lesser respon-
siveness in the M. raccae- or Al.
nonchromogenicum-sensitized animals skin
tested with lepromin. The present study in-
dicates that saline suspensions of heat-killed
Al. leprae induced a highly persistent state
of lepromin hypersensitivity which was
quantitatively superior to that observed in
animals sensitized with the three other my-
cobacteria.

RESUMEN

Se sensibiliiaron cobayos con 500 pg (peso seco)
Mycobacterium leprae, M. tuberculosis H37Rv, Al.
l'accae, o .11. friwichromosgenicirm muertos por calor y
suspendidos en salina. Cuando los animales se pro-
baron en Ia piel con 10 pg del antigeno homOlogo com-

pleto, un mes despues de Ia sensibilizaciOn, se obser-
varon Canto reacciones tipo Fernandez (pico

induraciOn a las 48 hs) como reacciones tipo Mitsuda

(pico a los 21 dial). Algunos cobayos recibieron una
inyecciOn adicional dela suspensiOn homOloga tres
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mescs mas larch: y entonces se volvieron a probar con
las cuatro preparaciones antigenicas. La reactividad
tipo Fernandez (mas que la tipo Nlitsuda) resulti) in-
crementada por la segunda in mumiaciOn V fue todavia
evidente 8 theses despues de la reestimulaciOn. Las
respuestas tipo Nlitsuda observadas 12 theses despues
de la sensibilizaciOn primaria alcanzaron su pico antes
que las respuestas inducidas despues del pru ner y del
cuarto [us, independientemente del organism() utili-
zado en la vicunaciOn. Los cobayos sensibilizados con
.1/. leprae produjeron reacciones dermicas tipo Fer-
nandez mas grandes que las observadfis en los otros 3
grupos de animates sensibi izados. Huhu. sin embargo,
una reactividad cruzada substancial entre .1/. /cynic y
.1/. n(bercu/ovis. asi comp una respuesta hgeramente
reducida en los ani males sensibilizados con .1/. vaccae
o con .1/. notichromogeuicum cuando se probaron in-
tradermicamente con lepromina.

RESUME
Des cobayes ont etc sensihilies par 500 ttg (Valour

en poids sec) de .1/ycobacterium /eprae. de .11. niber-
cfe/osis H37Rv, de M. vacate, ou de .11. none/inn/Jo-
givuezem. en suspension saline. 1 owes ces mycobac-
tenes avaient etc races par la chaleur. Lorsqlle les quatre
groupes (rammaux ont etc soumis a une epreuve cuta-
nee par 10 pg d'antigene homologue prepare a partir
de cellules entieres (WCA), un mois apres la sensi-
hilisation. on a observe de reaction signilicatives de
Fernandez, avec un engorgement maximum apres 48
heures, et de Mitsuda. dont to maximum se situait au
21eme jour. Quelques-uns de ces animaux ont recu
une injection de rappel de la suspension homologue
trois mois plus card: its ont alors fete soumis a nouveau

une epreuve avec les quatre preparations de WCA.
Plus que la reaction de Nlitsuda, c'cst Ia reactivite du
type Fernandez qui a etc rentOrcee par la seconde im-
munisation: cette reactivite etait encore notable Iorsque
les animaux ont etc testes huit mois apres Icur rappel.
Les reponses du type NIitsuda, observees dome mois
apres Ia premiere sensibilisation, survenaient plus tot
qu'elles n'avaient etc observees apres les epreuves pra-
tiquces apres un et quatre mois, et ceci quel que soit
I'organismc utilise pour la vaccination. Les cobayes
sensibilises a .1/. /eprae ont montre des reactions cuta-
nees de Fernandez plus etendues que cellos notees dans
les trois autres groupes d'animaux sensibilises. On a
cependant releve une reactivite croisee tres nette entre
les antigenes de .1/. leprac et ceux de .11. itthemdesis,
de memo qu'une reponsc quelque peu moindre chez
les animaux sensibilises par ,1/. vacate et par .11. non-
chromogenicum. lorsqu'ilsetaient soumis a une epreuve
a Ia lepromine. Cette etude indiquc que des suspensions
salines de M. hprac tue par Ia chaleur induisent un
etat tres persistant d'hypersensibilite 0 la lepromine,
qui est quantitativement superieure a cello qui est ob-
serve chez des animaux sensibilises par les trois autres
mycobacteries.
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