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Leprosy and tuberculosis are character-
ized by phases of illness associated with im-
munological nonresponder states (>7). The
pathogenesis of the phenomenon is not clear,
but some have suggested a genetic defect in
antigen presentation linked to major his-
tocompatibility complex (MHC) encoded
DR antigens (** '%). From data obtained by
the immunizing of mice with Mycobacte-
rium leprae by different routes, others (%)
have suggested that the pathogenesis of the
nonresponder state could be related to the
route of infection.

Using cultivable mycobacteria, we have
studied the role of the routes of immuni-
zation on their immunogenicity. Also, in a
separate publication (°) we have shown that
the observed route-related variation in im-
munogenicity is due to variation in the pre-
sentation efliciency of antigen-presenting
cells (APCs) encountering the antigen.

MATERIALS AND METHODS

M. tuberculosis H37Rv (NCTC 7416), M.
kansasii (photochromogen, NCTC 10268),
M. avium (nonchromogen, NCTC 8559),
and M. phlei (rapid grower, NCTC 8151)
were purchased from the National Collec-
tion of Type Cultures, London. M. vaccae
(rapid grower) and M. scrofulaceum (sco-
tochromogen) were kindly supplied by Dr.
J. L. Stanford of Middlesex Hospital, Lon-
don.

The mice used, the preparation of the
sonic extracts, the immunizations, testing
for delayed-type hypersensitivity (DTH),
and the lymphoproliferation test (LT) were
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the same as described in the accompanying
paper ('9).

An IFN assay was carried out on the sera
of mice treated with poly I: poly C by em-
ploying the technique described by Merigan
(®). The results are expressed as Interna-
tional units—IU/ml—employing commer-
cial gamma-IFN (Sigma, -1, 6507) as a stan-
dard.

RESULTS

Immunogenicity of mycobacteria by i.p.
and i.d. routes of immunization. Swiss white
mice were immunized with vaccines of dif-
ferent killed mycobacteria, in doses varying
from 10° to 10° bacilli per mouse, suspend-
ed in 0.5 ml phosphate buffered saline (PBS)
for intraperitoneal (i.p.) immunization and
0.05 ml PBS for intradermal (i.d.) immu-
nization. The DTH response against the
sonicate of the immunizing mycobacterium
was assayed by the mouse foot-pad swelling
technique (Table 1).

Slow-growing mycobacteria, namely, M.
tuberculosis H37Rv, M. avium, M. kansasii,
and M. scrofulaceum, generated a good DTH
response on immunization by both i.p. and
i.d. routes. The minimum immunogenic
dose per mouse was 10¢ bacilli by both
routes. The rapid growers, however, showed
a totally different picture. M. vaccae and M.
phlei failed to generate a DTH response on
i.p. immunization, even at a dose of 10°
bacilli per mouse. On the other hand, both
of these organisms were immunogenic by
the i.d. route, and the minimum immuno-
genic dose again was 10 bacilli per mouse.

The immunogenicity of M. tuberculosis,
M. avium, and M. vaccae by the i.d. and i.p.
routes of immunization was also tested in
the inbred BALB/c mice, and the results
were identical. It was concluded that slow
growers were immunogenic by both i.p. and
i.d. routes; the rapid growers were immu-
nogenic by the i.d. route only.



58,1

Shroff, et al.: Variation in Immunogenicity 45

TABLE 1. DTH responses of mice immunized with mycobacteria.

Immunogen®

Mycobacterial group

b
Route CPE (mm) = S.E.M.

afier 48 hr
M. tuberculosis H3TRv Slow grower i.p. 0.21< £ 0.04
M. avium Slow grower i.p. 0.25¢ = 0.02
M. kansasii Slow grower ip. 0.18< = 0.02
M. scrofulaceum Slow grower 1i.p. 0.22¢ = 0.02
M. vaccae Rapid grower Lp. 0.08 = 0.03
M. phlei Rapid grower i.p. 0.05 = 0.02
M. tuberculosis H3TRv Slow grower i.d. 0.30° = 0.01
M. avium Slow grower id. 0.44c = 0.03
M. vaccae Rapid grower i.d. 0.36c = 0.01
M. phlei Rapid grower i.d. 0.36c = 0.01

» 10® cells/mouse.

® CPE = corrected foot pad enlargement #+ standard error of the mean. One week after immunization, DTH
responses of mice (10 per group) to the sonicates of the respective immunizing mycobacteria were tested by the

mouse foot pad swelling technique.
< Statistically significant, p < 0.01.

Spectrum of DTH crossreactivity. Swiss
white mice were immunized with killed M.
tuberculosis H37Rv (i.p. route) and M. vac-
cae (i.d. route) as before, and the DTH re-
sponses to the sonicates of several myco-
bacteria were tested (Table 2). In each
mouse, one foot pad received the sonicate
of the immunizing mycobacterium and the
other foot pad received the sonicate of the
mycobacterium for the testing of crossreac-
tivity. Crossreactivity was observed at all
immunogenic doses, and a similar cross-
reactivity spectrum was observed with other
slow and rapid growers used as immuno-
gens.

TABLE 2.
bacterial suspensions.

Effect of IFN inducer and indomethacin.
Swiss white mice were treated with an in-
travenous (i.v.) injection of 100 ug of poly
I:poly C (an IFN inducer) 3 hr before re-
ceiving an i.p. immunization of 10% M. vac-
cae. One week later the DTH response to
its sonicate was tested. A separate batch of
10 mice, similarly treated with poly I : poly
C, were bled 3 hr after treatment, and the
serum IFN levels were assayed. The dose
and time schedules for the poly I:poly C
and indomethacin treatment were decided
as per published reports (*'!'). The mice
showed a mean IFN level of 906 + 371 1U/
ml. It was observed that poly I: poly

DTH crossreactivity following immunization with different doses of myco-

. Dose/ i CPE (mm) + S.EM.?

Immunogen (route) et Test sonicate after 48 hr

M. tuberculosis H37Rv (i.p.) 10¢ M. tuberculosis H37Rv 0.28° + 0.01
M. avium 0.19* £ 0.01

M. vaccae 0.11°* + 0.01

M. tuberculosis H37Rv (i.p.) 108 M. tuberculosis H37Rv 0.34* + 0.01
M. vaccae 0.08* = 0.01

M. phlei 0.10° = 0.01

M. avium 0.24* = 0.01

Salmonella enteritidis 0.03 +=0.02

M. vaccae (1.d.) 108 M. vaccae 0.28* = 0.01
M. phlei 0.25* = 0.01

M. tuberculosis H37Rv 0.19* + 0.01

M. avium 0.23* = 0.01

» See footnote® for Table 1.
b Statistically significant, p < 0.01.
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TaABLE 3. Effect of poly I:poly C and indomethacin pretreatment on intraperitoneal

immunization with M. vaccae.

CPE (mm) = S.EM.*

Pretreatment Dose/mouse Test sonicate after 48 hr
None 10% M. vaccae 0.02 = 0.01
Poly I : poly C* 10? M. vaccae 0.02 = 0.01
Poly I: poly C 10% M. vaccae 0.18 + 0.01
Poly I: poly C 10% M. phlei 0.17 £ 0.01
Poly I: poly C 10% M. tuberculosis H3TRv 0.01 = 0.01
Indomethacin® 10% M. vaccae 0.18 = 0.02
Poly 1: poly C* — M. vaccae 0.05 = 0.01
Indomethacin — M. vaccae 0.02 = 0.01

» See footnote® for Table 1.

® Swiss white mice (10 per group) were given intravenously 100 ug of poly 1:poly C 3 hr prior to i.p.
immunization with the indicated dose of M. vaccae and the DTH responses to different mycobacterial sonicates

were tested 1 week later.

< Swiss white mice (10 per group) were given 6 i.p. injections of 50 ug indomethacin at 12 hr intervals. Twelve
hours after the last dose they were immunized by the i.p. route with the indicated dose of M. vaccae and the

DTH responses were tested 1 week later.

C-treated mice mounted a definite DTH re-
sponse after i.p. immunization with M. vac-
cae;, whereas the nontreated mice did not
(Table 3).

The effect of indomethacin, a prostaglan-
din inhibitor, on i.p. immunization with M.
vaccae was also investigated. Swiss white
mice were given six i.p. injections of in-
domethacin (50 ug/mouse) at 12-hr inter-
vals. Twelve hours after the last dose, they
were immunized with 10% M. vaccae by the
i.p. route and their DTH responses were
tested. The indomethacin-treated mice
showed a DTH response; the nontreated
mice did not. The effects of the poly I : poly
C and indomethacin treatments on i.p. im-
munization with the other rapid growers
were also tested and found to be identical.

In vitro lymphoproliferation test (LT) on
spleen cells. Mice were immunized with
108 M. tuberculosis H37Rv or M. vaccae by
the i.p. and i.d. routes. Their spleen cells
were harvested and a LT was performed
with 10 ug of the sonicate of the respective
organism. As can be seen in The Figure, the
spleen cells of those mice primed with M.
tuberculosis H37Rv (by either the i.p. or i.d.
route) gave a good in vitro proliferative re-
sponse, not only to the sonicate of the im-
munizing organism but also to the sonicate
of M. vaccae, which was shown earlier to
crossreact in a DTH response. As expected,
the proliferative response to the crossreact-
ing M. vaccae sonicate was nowhere com-

parable to the proliferative response to the
sonicate of the immunizing organism.

The proliferative responses of the spleen
cells of mice primed with M. vaccae (by the
1.p. and i.d. routes) showed distinct differ-
ences. The spleen cells of i.d.-primed mice
showed a good proliferative response to M.
vaccae and the crossreacting M. tuberculosis
sonicate. In contrast, the proliferative re-
sponses of the i.p.-primed spleen cells against
both the immunizing M. vaccae and the
crossreacting M. tuberculosis sonicates was
very poor.

Thus, the lymphoproliferative responses
of the i.p.- and i.d.-primed spleen cells
showed close agreement with the in vivo
DTH responses of the mice to the two im-
munogens given by the two routes.

DISCUSSION

This investigation was undertaken to
evaluate the role of the route of immuni-
zation in mycobacterial infections. The
ability of different killed mycobacterial vac-
cines to generate T-cell responses on im-
munization by the i.p. and i.d. routes was
investigated in both outbred Swiss white and
inbred BALB/c mice. For the study of in
vitro antigen-specific lymphoproliferation,
it was essential to pool the cells of several
mice, which could only be undertaken in
the inbred strains. Hence, both inbred and
outbred mouse strains were employed.
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Employing the in vivo DTH response and
the in vitro lymphoproliferative response, it
was shown that M. tuberculosis H37Rv and
the other slow growers were immunogenic
by bothi.p.and i.d. routes of immunization.
In contrast, M. vaccae and the other rapid
growers were found to be immunogenic by
the i.d. route only. Further, the nonrespond-
er state of mice to the i.p. immunization
with M. vaccae could be corrected by treat-
ment of the mice with poly I: poly C, and
IFN inducer (?), or indomethacin, a pros-
taglandin inhibitor, given before immuni-
zation.

One of the major factors influencing the
outcome of immunization is the antigen-
presenting cell (APC). Theoretically, the ob-
served differences in the immunogenicity of
M. tuberculosis H37Rv and M. vaccae when
given by the i.p. route and the differences
in the immunogenicity of M. vaccae when
given by the i.p. and i.d. routes could be
entirely accounted for by the differences in
the efficiency of presentation of the two an-
tigens by the APCs encountering the anti-
gens, namely, Langerhans’ cells and peri-
toneal macrophages (M¢) (**). Distinct
differences in the density of major histo-
compatibility complex (MHC) class II or Ia
glycoproteins that are so important in an-
tigen presentation have been reported in
these two types of APCs, being especially
low in the latter (!-3-4). Langerhans’ cells,
being rich in Ia antigens, are generally ex-
pected to present antigens efficiently. On the
other hand, with APCs poor in Ia density,
such as the peritoneal M¢, only those an-
tigens that interact effectively with Ia gly-
coproteins would be expected to be pre-
sented with requisite efficiency for the
generation of a T-cell response. Hence, the
observed difference in the immunogenicity
of M. tuberculosis and M. vaccae, when giv-
en by the i.p. route, could be an expression
of poor presentation of M. vaccae antigen
by the peritoneal cells. This is further sup-
ported by the fact that the nonresponder
state to 1.p. immunization by M. vaccae
could be corrected by prior treatment with
the prostaglandin inhibitor indomethacin
and the IFN inducer poly I: poly C. Both
of these agents are known to enhance la
expression (' '3). Thus, the data indirectly
assign an important role to antigen presen-
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THE FIGURE. Lymphoproliferative responses of
spleen cells of BALB/c mice primed: A = i.p. with M.
tuberculosis H37Rv; B = id. with M. ruberculosis
H37Rv; C = i.p. with M. vaccae, D = i.d. with M.
vaccae;, E = i.p. with M. vaccae after 2 doses of poly
I:poly C 24 hr apart; F = normal nonimmune BALB/
¢ mice. CPM = mean count per min of 5 culture wells
+ standard error of the mean (as bars). ll = no antigen;
0O = M. tuberculosis H37Rv sonicate; [ = M. vaccae
sonicate (10 ug/culture).

tation, the APCs, and their Ia composition
in the pathogenesis of nonresponder states
in mycobacterial infections. It may be ar-
gued that the in vivo effect of poly I: poly C
and indomethacin could be quite complex
and not restricted to peritoneal M¢ alone.
In a separate publication (°), we present con-
clusive evidence to show that peritoneal
M¢ are poor in presentation of M. vaccae
antigen, which can be improved by treat-
ment with poly I:poly C.

The data pertaining to the immunogenic-
ity of M. vaccae are of particular significance
because of the reported antigenic similarity
of the organism to M. leprae (** '°). It may
be noted that the immunogenicity of M. lep-
rae to mice is very similar, i.e., it is im-
munogenic by the i.d. route only (8).
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SUMMARY

The route of immunization was observed
to play a significant role in deciding the T-cell
response to immunization with killed my-
cobacterial vaccines. Slow-growing myco-
bacteria were found to be immunogenic by
both the intraperitoneal (i.p.) and intra-
dermal (i.d.) routes; rapid-growing myco-
bacteria were immunogenic by the i.d. route
only.

The nonresponder state following i.p. im-
munization with Mycobacterium vaccae
could be corrected by treatment of the mice
with poly I: poly C or indomethacin prior
to immunization. Both poly I:poly C, an
interferon inducer, and indomethacin, a
prostaglandin inhibitor, are known to en-
hance the expression of major histocom-
patibility complex glycoproteins. Since they
are so important in antigen preparation, it
was concluded that the inability of mice to
respond to M. vaccae by the i.p. route is
likely due to defective presentation of the
bacterial antigens by the antigen-presenting
cells at the site, namely, the peritoneal mac-
rophages. These findings are significant be-
cause M. leprae has been reported to be an-
tigenically similar to M. vaccae, and the
response of mice to i.p. immunization with
both of these mycobacteria is very similar.

RESUMEN

Se observé que la ruta de inmunizacion juega un
papel importante en el resultado de la inmunizacién
con vacunas micobacterianas muertas. Ya antes re-
portamos que las micobacterias de crecimiento lento
fueron inmunogénicas tanto por la via intraperitoneal
(i.p.) como por la via intradérmica (i.d.). En contraste,
las micobacterias de crecimiento rapido solo fueron
inmunogenicas por la via intradérmica. Ambos tipos
de micobacterias generaron la clasica supresion me-
diada por células T Lyt-2 positivas después de la in-
munizacion i.p. pero no después de la inmunizacion
i.d. En el caso de micobacterias de crecimiento lento,
la supresion mediada por LcT fue solo un componente
de la respuesta generada después de la inmunizacién
i.p. En contraste, en el caso de Mycobacterium vaccae
y las otras de crecimiento rapido, la supresion mediada
por células T fue la respuesta predominante a la in-
munizacion i.p. La supresiéon mediada por células T
generada por inmunizacion i.p. exhibio rectivicad cru-
zada, el espectro de la cual fue dependiente de la dosis
de inmunizacion.

RESUME

On a observé que la voie choisie pour I'immunisa-
tion joue un réle important pour décider de la réponse

1990

des cellules-T a cette immunisation par des vaccins
bactériens tués. Les mycobactéries a croissance lente
sont immunogénes tant par la voic intrapéritéonéale
(i.p.) que par la voie intradermique (i.d.). Les myco-
bactéries a croissance rapide ne sont immunogénes que
par la voie i.d.

L'état de non réponse constaté a la suite de I'im-
munisation i.p. par Mycobacterium vaccae peut étre
corrigé par le traitement avant immunisation des souris
par le poly I:poly C ou par I'indomédacine. On sait
que le poly I:poly C, qui est un inducteur de I'inter-
feron, de méme que I'indomethacine, qui est un in-
hibiteur des prostaglandines, amplifient I'expression des
glycoprotéines du complexe majeur d’histocompati-
bilité. Vu que les cellules qui présentent 'antigéne, a
savoir les macrophages péritéonéaux, jouent un role
tellement important pour la présentation de I’antigéne,
on en a conclu que 'incapacité des souris a répondre
a M. vaccae lors d’'une immunisation par voie i.p., est
vraisemblablement due 4 une présentation défective
des antigénes bactériens par les macrophages. Ces ob-
servations sont importantes, car on a signalé que M.
leprae était antigéniquement similaire & M. vaccae, et
par ailleurs la réponse des souris & I'immunisation i.p.
par I'un et 'autre de ces types de mycobactéries est trés
semblable.
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