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Abstract. Highly susceptible naive BALB/c mice or mice
that had previously been immunized i.v. with solubilized
homologous antigen (partially resistant) were infected
with Leishmania amazonensis. Histologically, the main
differences between the two groups were lymphocytic
infiltration and macrophage activation. Assays of T-cell
function at 3 and 10 weeks after infection revealed that
purified T-cells did not proliferate following treatment
with leishmania antigen. A mitogenic anti-CD3 mono-
clonal antibody (mAb) failed to activate T-cells after
3 weeks of infection as judged by proliferation and IL-2
secretion assays. After 10 weeks of infection, anti-CD?3
mAb fully activated T-cells to proliferation and IL-2
secretion. On the other hand, T-cells released IL-3 in
response to leishmania antigen, anti-CD3 mAb and anti-
Thyl mAb at 3 and 10 weeks post-infection. Surprising-
ly, a mitogenic anti-Thy 1 mAb (G7) fully activated T-
cells even at 3 weeks of infection as judged by prolifera-
tive and IL-2 secretion assays. No significant differences
were found in the proliferative or interleukin secretory
responses of T-cells from animals that had been infected
in either the presence or the absence of prior immuniza-
tion. Since the Thy1 triggering pathway has different
accessory cell and cytokine requirements than does the
CD3:TCR lymphocyte activation pathway, it is possible
that immunization was more effective in changing the
cellular interactions of the T-lymphocyte than in altering
its intrinsic capabilities.

Leishmaniasis constitutes a serious public health prob-
lem, and the agents available for its treatment (pentava-
lent antimonials or amphotericin) are toxic. This factor
together with the occurrence of an increasing number
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of cases that are resistant to therapy has stimulated the
search for alternative means of treatment such as new
drugs, immunotherapy or immunoprophylaxis. Despite
the evidence of protection against leishmanial infection
afforded by several vaccines as evaluated in experimental
animals (Barral-Netto et al. 1987) and in humans (Mayr-
ink et al. 1985), their operative mechanisms are largely
unknown. Although local reactions are heterogeneous,
some histopathological changes have been correlated
with prognosis in human and experimental leishmania-
sis, with the latter studies comparing susceptible and
resistant mouse strains. Observation of such changes in
vaccination models may increase our comprehension of
protective mechanisms.

In the present study we took advantage of a model
of intravenous immunization with solubilized promasti-
gotes that renders highly susceptible BALB/c mice par-
tially resistant to infection against Leishmania amazonen-
sis (Barral-Netto et al. 1987). We quantitatively enumer-
ated inflammatory cells (at the ultra-structural level) so
as to evaluate the local anti-leishmania reaction in im-
munized and infected mice. The results were compared
with the findings obtained in their highly susceptible
non-immunized counterparts. The relationship of the
parasites to the inflammatory cells and of the cells to
each other were evaluated so as to clarify the mecha-
nisms involved in host protection against leishmania in-
fection. In addition, a comparative analysis of lymphok-
ine secretion by splenic T-cells from the two groups of
animals was performed at two time points at which the
histological features of their leishmanial lesions were
strikingly different.

Materials and methods

Animals

Inbred BALB/c mice were obtained from the CPqGM colony (Sal-
vador, Bahia) and were used after they reached the age of 10—
14 weeks.



Parasites

Leishmania amazonensis (MHOM/Br/76/Josefa) was used both for
infection and for antigen preparation. This strain was classified
according to its zymodeme using isoenzymes, according to its sero-
deme using a panel of monoclonal antibodies (mAbs) and accord-
ing to its schizodeme by kDNA restriction analysis (courtesy of
Drs. G. Grimaldi Jr, and H. Momem, Oswaldo Cruz Foundation,
Rio de Janeiro).

Antigen preparation

The antigen was prepared as described elsewhere (Barral-Netto
et al. 1987). In brief, stationary-phase promastigotes were obtained
in liver-infusion tryptose medium supplemented with 10% fetal
bovine serum. After three washes in phosphate-buffered saline sup-
plemented with 2% glucose, parasites were suspended in “lysing
buffer” [50 mm TRIS (pH 7.7), 0.12N NaCl, 0.5% NP-40, 0.25%
sodium deoxycholate, 5 TIU aprotinin/ml, 5 mM ethylenediamine-
tetraacetic acid (EDTA)]. After extensive dialysis, the material was
adjusted to 2.5 x 10® parasite equivalents per milliliter (PEq/mJ).

Immunization and infection

At weekly intervals, mice were given i.v. injections of solubilized
antigen at 5x 107 PEq/mouse per dose (non-immunized mice re-
ceived equal volumes of saline). At 1 week after the last immuniza-
tion dose, mice were challenged s.c. in the right hind foot-pad
with 5 x 10° viable stationary-phase promastigotes.

Growth of primary lesions

Foot-pad thickness was measured periodically with dial-gauge mi-
crometer calipers (C. Starret, Athol, Mass.). Differences between
the infected and the contra-lateral foot-pad were expressed as the
lesion size in millimiters.

Pathological examination

At various intervals after infection (6 h, n=>5 for each group; 12 h,
n=135;24h and 1 week, n=4; 2 weeks, n=75; 4, 7, 10 and 13 weeks,
n=2), small fragments from the lesion were immediately fixed in
2% glutaraldehyde in 0.1 M cacodylate buffer, washed in the same
buffer, dehydrated in graded ethanol and embedded-in Epon 812.
The blocks were cut on a Reichert-Jung Ultracut E microtome.
Multiple sections stained with 1% uranyl acetate and lead citrate
were examined with a Zeiss EM-109 electron microscope operating
at 50 kV. Foot-pads were also fixed in Bouin’s fluid, decalcified
in EDTA and embedded in paraffin for hematoxylin and eosin
staining.

Quantitative analysis of inflammatory cells

A total of 100 or 200 inflammatory cells were counted in ultra-thin
sections from each animal. Cell types and their relationship to
the parasites were recorded. The area(s) in which the cells were
counted was representative of the histological picture for each ani-
mal as indicated by examination of the semi-thin sections.

Ultra-structural criteria of macrophage activation

Indicators of macrophage activation included the presence of mi-
crovilli and pinocytic vacuoles, enhanced phagocytosis, cytoplas-
mic expansion associated with an increase in the numbers of organ-
elles, a decrease in chromatin content, the presence of evident nu-
cleoli, an increase in the numbers and/or size of lysosomes, and
the occurrence of membrane interdigitation (Papadimitriou and
Spector 1971; Black and Epstein 1974; Adams 1976; Crawford
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and Hardwicke 1978; Turk et al. 1978; Van der Rhee et al. 1979;
Adams and Hamilton 1984).

Assays for T-cell proliferation and lymphokine production

Groups of five mice that had been infected in the presence or
absence of prior immunization were killed after either 3 or 10 weeks
of infection, and the spleens were removed and pooled. Nylon-wool
non-adherent cells (NWNACSs) were obtained as previously de-
scribed (Julius et al. 1973). NWNACs were further depleted of ac-
cessory cells by incubation (50 x 10%/ml) with anti-Ta¢ mAb M5/114
(1/100 ascites) and rabbit complement (10% v/v) followed by a
second cycle of indirect cytotoxicity using mouse anti-rat Ig mAb
MAR 18.5 and complement. The resulting viable cell suspension
was used as a source of responding T-cells. Accessory cells (ACs)
were normal BALB/c splenocytes, which were depleted of T-cells
by treatment with anti-Thy 1 mAb (G7 or 2A3 mAb; 20 pg/ml)
plus complement and then irradiated (3000 rad).

Responding NWNACs (2 x 10%/ml) and ACs (1 x 10%/ml) were
mixed and cultured in complete culture medium (CM) supple-
mented with 10% fetal calf serum (FCS) in either 96-well microtiter
plates (T-cell proliferation assay) or 24-well culture vessels (lym-
phokine assays; Limbro, Handen, Conn.) for 2-4 days at 37° C
in a humidified atmosphere containing 7% CO,. Several stimulat-
ing agents were added to the cultures. After 2 days, supernatants
were removed and stored frozen until use. After 3 days, microtiter
wells were pulsed with 1 pCi tritiated thymidine ([*H]-TdR, sp.
act., 6.7 Ci/mmol; New England Nuclear, Boston, Mass.), and cul-
tures were terminated 18 h later by collection through a semiauto-
matic harvesting device (Mini-Mash, L.A. Bioproducts, Walkers-
ville, Md.). The amount of [*H]-TdR incorporated into cellular
DNA was measured by liquid scintillation spectroscopy. The re-
sults represented the difference between the mean value for tripli-
cate experimental cultures as expressed in counts per minute and
that obtained medium-treated for control cultures. The standard
error of the mean never exceeded 10% of the mean value and
was omitted for purposes of simplicity.

Supernatants were tested for interleukin-2 (IL-2) activity by
their addition (50% v/v) to 10* CTLL-2 cells in flat-bottomed
96-well microtiter plates in CM-10% FCS. Cultures were harvested
after 42h and received a [*H]-TdR pulse during the last 24 h.
In an assay for IL-3 activity, supernatants (50% v/v) were added
to 2x10* DA-1 cells, and [*H]-TdR incorporation was evaluated
as described above. Positive controls included human recombinant
IL-2 for CTLL-2 cells and WEHI-3B supernatants for DA-1 cells.

The stimuli used included L. amazonensis antigen prepared as
described above at a concentration of 20 ug/ml protein, phorbol
ester (10 ng/ml, Sigma Chemical Co., St. Louis, Mo.), a mitogenic
anti-mouse CD3 e-chain mAb (mAb 145-2C11, used at 1 pg/ml;
Leo etal. 1987), and a mitogenic rat anti-Thy 1 mAb (mAb G7,
20 pg/ml; Gunter et al. 1984). These mAbs were kindly donated
by Dr. E. Shevach (National Institutes of Health, Bethesda, Md.).

Statistical analysis

For statistical analysis, the samples were grouped according to
the histological picture into periods corresponding to early (6 and
12 h), intermediate (24 h and 1, 2 and 4 weeks), and late infection
(7, 10 and 13 weeks). Groups were compared using the Mann-
Whitney test for two independent samples, whereby the significance
limit was P <0.05.

Results
Cellular composition of the infiltrate

The first two observations made at 6 and 12 h after
parasite injection revealed similar local reactions in the
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Fig. 1. a Development of foot-pad lesions in BALB/c mice that
had been infected with 5 x 10® promastigotes of Leishmania ama-
zonensis in the presence (solid line) or absence (dotted line) of pre-
vious immunization (3 i.v. doses of 2 x 107 solubilized L. amazonen-
sis promastigotes). Points represent mean values for determinations
in 10 mice + SEM. b Incidence of lymphocytes (triangles) and acti-
vated macrophages (circles) in the inflammatory infiltrate of the
lesion at 7 time points after the infection of mice in the absence
(dotted lines) or presence (solid lines) of prior immunization as
described above

two groups of animals. Both were characterized by an
intense granulocytic infiltration with neutrophils repre-
senting 87% of the inflammatory cells. Macrophages nu-
merically represented the second group of cells, and 62%
of them displayed signs of activation, exhibiting an in-
crease in the number of phagocytic vacuoles.

The granulocytic infiltration was rapidly replaced by
a predominantly macrophagic infiltrate. Observations
made as early as at 24 h post-infection demonstrated
the predominance of macrophages among inflammatory
cells in the lesions (Fig 1). No significant difference was
found in the incidence of cells in the infiltrate between
immunized and naive mice at 24 h to 4 weeks after infec-
tion. This phase was characterized by moderate leuko-
cyte exudation associated with a mixed inflammatory

infiltrate along with the predominance of macrophages
and moderate parasitism; lymphocytes comprised ap-
proximately 7.5% of the inflammatory cells at 4 weeks
post-infection. At the same point, the incidence of acti-
vated macrophages amounted to 52.5% of all macro-
phages in immunized animals vs 17.1% in non-immu-
nized controls. In both groups, eosinophils near to or
in contact with parasitized macrophages were observed.

During the later stages of infection, there were
marked differences in the incidence of cells in the inflam-
matory infiltrate between the two groups of animals.
The hallmarks of immunized and infected animals were
increased numbers of lymphocytes and of activated mac-
rophages. At 7 and 13 weeks post-infection, non-immu-
nized animals exhibited a pattern characterized almost
exclusively by vacuolated and densely parasitized macro-
phages.

In contrast, immunized animals displayed a much
more florid histopathological picture. The number of
parasitized macrophages decreased to undetectable lev-
els as determined by ultra-structural microscopy, signs
of macrophage activation were found in the majority
of these cells (91.5%), and these aspects were more pro-
nounced than those observed during the intermediate
phase. These cells exhibited characteristics of intense ac-
tivity such as the presence of evident nucleoli, decreases
in the heterochromatin ring, increases in the cytoplasmic
volume associated with a large number of lysosomes,
and numerous microvilli that sometimes exhibited inter-
digitating aspects. Cells displaying secretory aspects such
as expanded rough endoplasmic reticulum and interdigi-
tations, which resembled epitheloid cells as well as giant
cells, were also observed. The increase in the incidence
of activated macrophages correlated with the time of
decrease in lesion size observed in previously immunized
animals (Fig. 2). Between the intermediate and the late
phases of infection, we observed an increase in plasma
cells and neutrophils in immunized animals. In contrast,
the incidence of these cell types decreased in the non-
immunized group.

Lymphokine production in the course
of leishmania infection

Lymphokine secretion by splenic T-cells is shown in
Fig. 3. After 3 weeks of infection, both T-cell prolifera-
tive responses and IL-2 secretion were virtually absent
in T-cells that had been stimulated by either leishmania
antigen or a mitogenic anti-CD3 mAb (hamster anti-
mouse CD3 e-chain mAb 145-2C11) in both groups of
animals. Surprisingly, we found that this markedly unre-
sponsive state of T-cells could be reversed by triggering
with a mitogenic anti-Thy 1 mAb (rat anti-mouse Thy 1
mAb G7), which induces both IL-2 secretion and T-cell
proliferation in responding cells. mAb G7 alone had no
distinct effect on the test-indicator cell lines (not shown).
On the other hand, in the presence of exogenously added
phorbol ester, anti-CD3 did induce proliferation in T-
cells from mice bearing 3-week-old infections (51543 +
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Fig. 2. Splenic T-cell proliferation of BALB/c mice that had been
infected with Leishmania amazonensis in the presence (gray bars)
or absence (black bars) of previous immunization {as described
in Fig. 1) and subjected to different stimuli as determined at two
intervals post-infection. Group means are shown, and standard
errors were < 10% of the mean values

Anti—Thy 1

4503 cpm.), similar to the levels obtained with normal
cells (54226 + 3988 cpm) (Fig. 2).

Although IL-2 secretion in these supernatants re-
mained undetectable (data not shown), this may have
been due to consumption by proliferating cells. As
shown in Fig. 3, after 10 weeks of infection, there was
a dramatic recovery of the ability of T-cells to respond
to anti-CD3 mAb as judged by both T-cell proliferation
and IL-2 secretion. However, no antigen-specific T-cell
response directed toward leishmania antigen could be
detected after 10 weeks by measuring T-cell growth or
IL-2 secretion. Although the addition of exogenous re-
combinant [L-2 leads to direct T-cell proliferation, this
treatment failed to reveal any T-cell response specific
for leishmania antigen (data not shown).

As shown in the lower panel of Fig 4, the secretion
of IL.-3 activity by T cells from infected animals demon-
strated a distinct pattern. First, significant antigen-spe-
cific IL 3-secretory responses to leishmania antigen were
noted in all experimental groups, although they were
more pronounced in T-cells taken from immunized mice
at 3 weeks after infection (non-stimulated DA-1 cells ex-
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Fig. 3. Production of IL-2 by splenic T-cells from BALB/c mice
that had been infected with Leishmania amazonensis in the presence
(gray bars) or absence (black bars) of previous immunization (as
described in Fig. 1) and subjected to different stimuli as determined
at two intervals post-infection. Group means are shown, and stan-
dard errors were <10% of the mean values

Anti—Thy 1

hibited 6978 cpm, whereas IL-3 induced 64713 cpm).
Second, even after 3 weeks of infection, T-cells released
IL-3 in reponse to stimulation by anti-CD3, leishmania
antigen, or anti-Thy 1 mAb, although anti-CD3-induced
responses showed further increases at 10 weeks of infec-
tion. Cells from normal BALB/c mice that had been
stimulated by anti-CD3 exhibited proliferative (512204
4352 cpm) and secretory (IL-2, 23446+ 2133 cpm; 11.-3,
29745+ 2389 cpm) activities. Anti-Thy 1 was also stimu-
latory to normal cells (proliferation, 29789 +2543 cpm;
IL-2, 1774641522 cpm; 11L.-3, 35982 42986 cpm).

Discussion

The most striking difference between the group of naive
infected animals and those infected after immunization
was a greater influx of lymphocytes into and signs of
macrophage activation in the lesions of the latter ani-
mals. The deficiency of T-cell influx into lesions of highly
susceptible BALB/c mice as compared with resistant
C57BL/6 mice has previously been reported (McElrath
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Fig. 4. 1L-3 production by splenic T-cells of BALB/c mice that
had been infected with Leishmania amazonensis in the presence
(gray bars) or absence (black bars) of previous immunization (as
described in Fig. 1) and subjected to different stimuli as determined
at two intervals post-infection. Group means are shown, and stan-
dard errors were <10% of the mean values

et al. 1987); our findings show that this feature is also
observed in mice of the same genetic background.

Regarding the production of IL-2 and 1L-3 lymphok-
ine activity T-cells from both groups of infected animals
showed comparable responses. Since these results in-
volved equal numbers of splenic T-cells, it is possible
that the observed differences in lymphocyte flux were
caused either by a quanlitative defect in a non-T-cell
type or by quantitative differences in T-cell subsets in
the present study. It is also possible that some additional
defect in the production of a cytokine that was not evalu-
ated in the present study (such as tumor necrosis factor
alpha or CSF) could have existed between control and
immunized animals.

Another possibility that should be considered is the
preferential location of antigen (Ag)-specific cells in the
fesion, a phenomenon that may be influenced by vascu-
lar molecules such as ELAM-1 (Picker et al. 1991). An
evaluation of cells at the lesion using the approach im-
plemented in the present study is not feasible, and even
the use of lymph node cells may not reflect the status
of cells at the lesion site (Hamann and Thiele 1989).

In this regard, the use of splenic cells may be more infor-
mative than that of lymph node cells, since more lym-
phocytes home to the spleen than to all lymph nodes
and the mechanism involved in spleen localization is not
Ag-dependent (Pabst and Binns 1989). Moreover, the
lack of response to anti-CD3 mAb points to a more
general, not merely Ag-specific defect, and non-Ag-spe-
cific cells are not expected to concentrate in the lesion.

Some reports have indicated that differential stimula-
tion of Th1 or Th2 helper T-cell subsets occurs in experi-
mental murine leishmaniasis (Scott et al. 1988 ; Heinzel
et al. 1989). When non-isolated spleen cell populations
or CD4" splenic T-cells are stimulated, the resultant
cytokine profile does not match the Th1 or Th2 pattern
(Mossmann and Coffman 1989). In the present studies,
splenic T-cells from immunized vs non-immunized
BALB/c mice were evaluated; thus, direct comparisons
of our findings with these results are not possible. The
present study enabled the following conclusions to be
drawn regarding immunosuppression in experimental le-
ishmaniasis.

Polyclonal unresponsiveness in the early stage of infection
subsequently progresses to Ag-specific unresponsiveness

At 3 weeks post-infection, splenic T-cells from both
groups of animals failed to release IL-2 in response to
either leishmania Ag or anti-CD3 mAb, indicating a po-
lyclonally unresponsive state of the T-cells. Such unre-
sponsiveness occurred despite the presence of CD3 in
the cells as evidenced by their proliferation in response
to anti-CD3 mAb and phorbol ester. Strikingly, how-
ever, after 10 weeks of infection, T-cells regained their
normal responsiveness to anti-CD3 mAb. A proper sti-
mulatory capacity of the antigen preparation was evi-
denced by its ability to induce IL-3 production at both
3 and 10 weeks after infection. The failure of T-cells
to produce IL-2 in response to leishmania antigen to-
gether with their normal responsiveness to anti-CD3
mAb indicates an Ag-specific unresponsive state in the
presence of normal functioning by the remainder of the
T-cell system. Long-term Ag-specific unresponsiveness
to leishmania antigens has previously been observed in
other systems (Behin et al. 1979; Howard et al. 1980).

Production of IL-2 and that of IL-3 are under different
control

We found that at 3 weeks of infection, IL-3 secretory
responses were observed in T-cells that did not secrete
IL-2 in response to leishmania antigen or anti-CD3
mAb. Differential IL-3 secretion in the absence of IL-2
production has been reported elsewhere (Jenkins et al.
1987; Quill and Schwartz 1987). The production of IL-3
induced by anti-CD3 mAb argues against the possibility
that the unresponsive T-cells do not express surface
CD3:TCR complexes. Since IL-3 production could be
triggered by Ag or anti-CD3 mADb, it seems that IL-3
secretion by T cells is under much less stringent control



than is IL-2 secretion. These results also indicate that
Leishmania amazonensis-specific T-cells have indeed oc-
curred in the infected animal by 3 weeks of infection.

The present study showed that leishmania-stimulated
splenic T-lymphocytes from BALB/c mice that were suc-
cessfully immunized and protected against L. amazonen-
sis produced IL 3 activity similar to that exhibited by
those from non-immunized control animals. A previous
study has related IL-3 production to the susceptibility
of mice to L. major (Lelchuk et al. 1988). However, the
effect of IL-3 has not been established, since the adminis-
tration of exogenous IL-3 enhanced disease progression
in susceptible animals but not in resistant CBA mice
(Feng et al. 1988). This suggests that either the influence
of other cells/factors on the IL-3-stimulated cells or the
stimulated cells themselves differ in the two systems, and
the effects may be more dependent on these aspects than
on the production of 11.-3 itself.

General unresponsiveness can be bypassed by triggering
T-cells through the alternative Thy 1 activation pathway

Such activation induces IL-2 production even in T-cells
from mice bearing 3-week-old infections, which are unre-
sponsive to Ag and to the polyclonal anti-CD3 stimulus.
Triggering of murine T-cells with Thy 1 molecules has
previously been demonstrated (Kroczek etal. 1986;
Gunter et al. 1987). It is possible that human T-cell acti-
vation through the alternative CD2 pathway involves
different accessory cells or interleukin requirements than
does triggering via the CD3:TcR pathway (Alcover
et al. 1987). This suggests that accessory cell and cytok-
ine requirements for triggering are distinct in the case
of Thy 1-mediated T-cell activation, providing condi-
tions under which T-cell activation can occur in spite
of a diffuse state of unresponsiveness to leishmania Ags
or others. An exploration of the in vivo role of the mito-
genic anti-Thy 1 mAb in the course of L. amazonensis
infection clearly warrants consideration.

The present results show that despite their leishmania
Ag-specific unresponsiveness, T-cells from Ieishmania-
infected animals can be activated through Thy 1 stimula-
tion. Surprisingly, splenic T-cells from both immunized
and naive infected mice exhibit a similar capacity for
IL-2 and IL-3 secretion. Lymphocytes from the two
groups of animals display profoundly dissimilar cell in-
teractions in the lesion site as determined by ultra-struc-
tural analysis. It is possible that under the influence of
different accessory cells or matrix components, T-lym-
phocytes exhibiting similar capabilities express diverse
behavior, indicating the importance of the study of the
environmental biology of lymphocytes in leishmaniasis.
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