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Transforming Growth Factor— in Leishmanial
Infection: A Parasite Escape Mechanism

Manoel Barral-Netto, Aldina Barral, Cari E. Brownell,
Yasir A. W. Skeiky, Larry R. Ellingsworth, Daniel R. Twardzik,
Steven G. Reed*

The course of infection with the protozoan parasite Leishmania is determined in part by
their early replication in macrophages, the exclusive host cells for these organisms.
Although factors contributing to the survival of Leishmania are not well understood, cy-
tokines influence the course of infection. Transforming growth factor-g (TGF-B) is a
multipotential cytokine with diverse effects on cells of the immune system, including
down-regulation of certain macrophage functions. Leishmanial infection induced the pro-
duction of active TGF-8, both in vitro and in vivo. TGF-B was important for determining in
vivo susceptibility to experimental leishmanial infection.

Pharasites of the genus Leishmania are re-
sponsible for millions of infections in hu-
mans, with cutaneous, mucosal, and viscer-
al manifestations. The severity of disease
produced by the diverse species that infect
humans varies widely, ranging from cutane-
ous or mucosal involvement that can be
self-healing to destructive, to visceral infec-
tions that can be mild to fatal. The host or
parasite properties responsible for these
clinical variations are not known. In exper-
imental models, inbred mice display dis-
tinct patterns of susceptibility and resis-
tance to leishmanial infection. For exam-
ple, L. major and L. amagzonensis can cause
self-healing cutaneous infections in
C57BL/6 mice but disseminating, fatal in-
fections in BALB/c mice. Another species,
L. bragiliensis, causes cutaneous and muco-
sal infections in humans but does not cause
disease in mice. Host responses that deter-
mine whether infections will be healing or
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nonhealing are not understood, but selec-
tive patterns of cytokine production have
been associated with murine infections.
Thus, infection with L. major in suscepti-
ble, nonhealing BALB/c mice has a pre-
dominantly helper T cell type 2 (Ty2)
response, with the production of interleu-
kin-4 (IL-4) and IL-10, whereas infection
in resistant C57BL/6 mice results in a pre-
dominantly Tyl-type response, with the
production of interferon-y (IFN-y) and
IL-2 (1-3). IFN-y is the cytokine most
associated with resistance to leishmanial
infection, whereas IL-4 has been linked to a
susceptibility to the disease (I-4).
Transforming growth factor- (TGF-B)
is a 24-kD protein produced by many cells,
including B and T lymphocytes and activat-
ed macrophages (5-7). It is usually secreted
as a latent precursor that requires enzymatic
cleavage of carbohydrate groups or transient
acidification to release the active cytokine.
Among the inhibitory effects of TGF-B on
the immune system are decreases in IL-2
receptor induction (7) and IFN-y-induced
class II expression (8), as well as decreases
in IL-l-induced thymocyte proliferation
(9), B cell differentiation and proliferation
(5), and cytotoxic and lymphokine-activat-
ed killer cell production (10). TGF-B also
blocks IFN-y—induced macrophage activa-
tion, which diminishes their oxidative re-
sponses (11, 12). Treatment of macro-
phages with TGE-B reduces their ability to
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become activated to inhibit the intracellu-
lar replication of the protozoan parasite
Trypanosoma cruzi (13). Because of the
powerful effects of TGF-B on macrophages,
we investigated whether this cytokine was
important in the replication of Leishmania
within these host cells.

. We examined TGF-B production during
leishmanial infection as a potential way to
allow the parasites to survive and proliferate
in macrophages. With the use of a sensitive
bioassay, it was shown that in vitro infec-
tion of normal mouse peritoneal macro-
phages with L. amazonensis (14) led to the
production of biologically active TGF-B 72
hours after infection (Fig. 1). Although
latent TGF-B may be produced by unin-
fected macrophages in culture, the finding of
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Fig. 1. In vitro Leishmania-induced TGF-B pro-
duction. Active TGF-B was produced by murine
macrophages after infection with L. amazonen-
sis (14). Data represent mean + SEM (five mice
per group) of peak response (obtained 72
hours after infection) of three different isolates
of L. amazonensis, compared to uninfected
cells (labeled “None”). The specificity of the
bioassay was confirmed by inhibition with
monoclonal anti-TGF-B.

Flg. 2. Local production of TGF-8 in the footpads of BALB/c mice after infection with L. amazonensis

increased active TGF-B in these superna-
tants may be relevant for establishing leish-
manial infection. We then examined lesions
that had developed after leishmanial infec-
tion by immunohistochemistry with a mono-
clonal antibody (MADb) specific for TGF-8
(15) (Fig. 2). There was local TGF-B pro-
duction in mouse footpads after leishmanial
infection, but no TGF-B was detected in
uninfected footpads. Thus, increased TGF-8
production was associated with leishmanial
infection both in vitro and in vivo.

To determine whether TGF-B could al-
ter the course of leishmanial infection,
resistant C57BL/6 mice were infected with
L. amazonensis (16) and treated with re-
combinant TGF-B (Fig. 3A). Whereas in
saline-treated mice the infections healed as
expected, TGF-B—treated mice developed
large, nonhealing lesions. Thus, TGF-B
reversed the genetic resistance to leishman-
iasis of C57BL/6 mice. Another parasite, L.
braziliensis, did not produce lesions in
BALB/c mice, which are susceptible to
infection with other species of Leishmania,
but TGF-B treatment allowed the replica-
tion of L. braziliensis and the production of
lesions (Fig. 3B). Whereas lesions from
saline-treated animals had a predominantly
lymphocytic infiltrate (Fig. 4, A and C),
lesions from TGF-B-treated animals had
many heavily vacuolated and parasitized
macrophages among the lymphocytes (Fig.
4, B and D). Thus, local administration of
TGF-B led to the production of acute dis-
ease in two different models of resistance.

To determine whether endogenously

produced TGF-B influenced leishmanial in-
fection in vivo, we treated BALB/c mice
with a neutralizing anti-TGF-B antibody

(MHOM/BR/88/125). Footpads from BALB/c mice were obtained (A) before infection or (B) 24 hours
after infection with L. amazonensis and processed for immunohistochemical localization of TGF-B
(15). Infected footpads show a positive (red) reaction diffusely in the subcutaneous tissue, whereas
no demonstrable reaction is observed in the uninfected footpad. Similarly, no reactivity was
observed in sections from infected footpads reacted with immunoglobulin G1 myeloma protein
instead of 1D11.16 MAb (not shown). Original magnification, x100.
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during the course of infection with L. am-
azonensis. Similarly, control mice were in-
jected with control antibody (Fig. 5A). In
vivo treatment with anti-TGF-B arrested
the development of lesions within 5 weeks
after infection, which was maintained
thereafter. When draining lymph nodes
were examined for cytokine production by
the polymerase chain reaction (PCR), it
was found that control-treated, infected
mice had no detectable IFN-y mRNA but
had increased levels of IL-4 mRNA (Fig.
5B). In contrast, healing, anti-TGF-B-
treated mice had no increase in IL-4
mRNA but had increased IFN-y mRNA.
Thus, endogenous TGF-B production was
directly associated with susceptibility to
leishmanial infection and with the develop-
ment of a nonhealing Ty2 cytokine re-
sponse that was reversed to a healing Ty1
response after anti-TGF-f treatment.

In the present study, the induction of
TGF-B by host macrophages after leish-
manial infection was demonstrated both in
vitro and in vivo. The in vitro—induced
TGF-B was biologically active without fur-
ther modification. In addition, exogenously
administered TGF-B altered the course of
parasite infection: genetically resistant mice
became susceptible to infection after
TGF-B treatment, and avirulent Leishmania
produced disease. The in vivo dependence
of disease on TGF-B was confirmed with
the use of neutralizing MAb, which halted
the progression of disease in genetically
susceptible mice. Inhibition of TGF-B .in
vivo led to a healing T;1 cytokine response
pattern (1, 2). Thus, inducing TGF- pro-
duction may be an important mechanism by
which Leishmania avoid destruction by host
macrophages. No other known cytokine
directly influences leishmanial infection in
vivo to the extent that TGF-B does. For
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Fig. 3. In vivo effect of TGF-B on the course of
cutaneous leishmaniasis. (A) C57BL/6 mice
(five per group) were infected with L. amazon-
ensis (16). Recombinant TGF-B (200 ng per
mouse) was injected subcutaneously 24 hours
and at 6, 7, 8, and 9 weeks after infection (open
circles). Similarly, control animals were injected
with saline (closed circles). (B) BALB/c mice
were infected with L. braziliensis (16), and
recombinant TGF-B was injected into the infec-
tion site at 24 hoursand at 1, 2, 3,5, 12, and 13
weeks after infection (open circles). Saline-
treated controls are shown with closed circles.



Fig. 4. Effect of TGF-B on the histological pic-
ture of Leishmania-infected mice. (A) Lesions
of saline-treated C57BL/6 mice infected with L.
amazonensis were discrete, with a predomi-
nant lymphocytic pattern of few macrophages.
(C) Lesions of BALB/c animals infected with L.
braziliensis were even smaller and were com-
posed almost exclusively of lymphocytes. (B
and D) Treatment of infected animals with
TGF-B led to lesions exhibiting a large number
of vacuolated and parasitized macrophages
intermingled with lymphocytic infiltrate [(B), L.
amazonensis, and (D), L. braziliensis]. Original
magnification, x100. Inserts in (B) and (D) are
the corresponding sections at original magnifi-
cations of x400. Arrows indicate leishmanial
amastigotes. i

example, anti-IL-4 treatment increased re-
sistance to L. major in mice, but recombi-
nant IL-4 did not alter infection (17).
Similarly, anti-IFN-y treatment increased
susceptibility in mice, but IFN-y alone was
unable to cure infection. Thus, TGF-8 may
act to induce exacerbating or macrophage-
inactivating cytokines such as IL-4 or IL-
10; alternatively, production of these cyto-
kines may result from increased intracellu-
lar infection, promoted by TGF-B.

These findings suggest that TGF-B may
be involved in early control (or lack there-
of) of infection with an obligate intracel-
lular parasite. In related studies, undefined
components from sandfly saliva have also
been reported to promote infection by L.
major and L. braziliensis (18). Such prod-
ucts may have an action similar to that of
TGF-B or may act by inducing TGF-g
production. Early events may be crucial
for determining which response pattern—
Tyl or Ty2—will develop and the ulti-

Fig. 5. Protective effect of MAb to TGF-8 on the course of 45
cutaneous leishmaniasis. (A) BALB/c mice (five per group) A
were infected with L. amazonensis BA-125. During the first 3
weeks after infection mice were treated three times a week
with anti-TGF-B MAb (80 ng per dose; open circles) or
control antibody (closed circles). Both antibodies were inject-
ed subcutaneously at the infection site in a volume of 30 pl.
(B) Cytokine mRNA production in draining popliteal lymph
nodes of infected mice (I) treated with control (lane 1) or
anti-TGF-B (lane 2) MAb. Mice were infected and treated as
in (A), and lymph nodes were removed 7 weeks after 0.0
infection. Messenger RNA was isolated from lymph node

mate outcome of infection. IFN-y, associ-
ated with Ty1, has been considered to be
the cytokine most important in control of
leishmanial infection (4). It has been used

3.0

Lesion size (mm)

cells pooled from three mice per group (107 cells per mouse)

as described (23). Complementary DNA was synthesized B it sibvicil M
from 1 pg of total RNA using poly(dT) (Pharmacia) and AMV 1 2
reverse transcriptase (Bethesda Research Laboratories) in a o .
reaction volume of 20 pl. Complementary DNA samples were 4

brought to 200 pl with water. Five microliters of diluted cDNA L4 [ -

were amplified by PCR with Tag polymerase (Perkin-Elmer

Cetus), with the use of 0.2 uM of the respective 5’ and 3’
external primers (22) in a reaction volume of 50 ul. Samples

-l

abc abc

were amplified for 25 cycles by denaturation at 96°C for 1

min, annealing was at 55°C for 30 s, and extension was at 72°C for 1 min. Semi-quantitative PCR was
illustrated with the use of serial dilutions of the cDNA: 1:10 (lanes a), 1:50 (lanes b), and 1:500
(lanes c). Lane N, normal mouse lymph node cDNA (1:10 dilution). PCR products were analyzed by
electrophoresis on 1.5% agarose gels, transferred to a nylon membrane, and probed with

32P-jabeled internal oligonucleotides (22).
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clinically, in conjunction with chemo-
therapy, to treat both visceral (19) and
cutaneous (20) leishmaniases. However,
studies with both experimental T. cruz
and leishmanial infections indicate that
TGF-B may block the inhibitory effects of
IFN-vy (13, 21). The appearance of IFN-y
mRNA in the draining lymph node of
anti-TGF-B-treated mice suggests that
the healing response could be due to a
combination of TGF-B inhibition and in-
creased IFN-y production. The present
study raises the possibility that, in addi-
tion to designing therapeutic strategies
aimed at macrophage activation, comple-
mentary approaches directed toward neu-
tralization of “inactivating” cytokines may
be useful in and applicable to a variety of
infectious diseases.
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An Eosinophil-Dependent Mechanism for the
Antitumor Effect of Interleukin-4

Robert I. Tepper,* Robert L. Coffman, Philip Leder

Murine interleukin-4 (IL-4) exhibits potent antitumor activity when present at the site of
tumor cell challenge. Associated with tumor cell death is the appearance of an inflammatory
infiltrate comprised predominantly of eosinophils and macrophages, but with few lympho-
cytes. Antibodies that specifically block the accumulation of granulocytes at the site of
inflammation were injected in vivo to define the cell type responsible for the antitumor action
of IL-4. These studies implicate eosinophils in IL-4-mediated tumor cytotoxicity. The
lymphoid-independent nature of IL-4 action is supported by the analysis of mutant mouse
strains with defined lymphocyte immunodeficiencies. The observed regression of estab-
lished tumor masses by localized IL-4 action provides a rationale for exploring IL-4—
mediated tumor killing as a potential therapy for human malignant disorders.

Ina previous report (1), tumor cells engi-
neered to produce IL-4 by transfection had
reduced or absent tumorigenicity when re-
introduced into animals. The antitumor
activity of IL-4 was also observed on un-
transfected tumor cells when they were
mixed with IL-4—producing cells before
host inoculation. Using these transplanta-
tion assays, we showed that the antitumor
activity of IL-4 acted in a dose-dependent
manner on a wide variety of tumor cell
types in vivo but not in vitro. Histologic
analyses of five distinct tumor types inhib-
ited by IL-4 (plasmacytomas, melanomas, B
cell lymphomas, mammary adenocarcino-
mas, and glioblastomas) have revealed a
characteristic host inflammatory reaction as-
sociated with tumor cell killing, which con-
sists of the early influx (within 18 hours of
tumor cell inoculation) of large numbers of
eosinophils, and then macrophage infiltra-
tion and, subsequently, fibroblastic scarring.

Given the invariant histologic finding of
eosinophil infiltration associated with tu-
mor cell death, we sought to investigate
whether IL-4 antitumor activity required
the action of eosinophils. To accomplish
this, we depleted animals of mature granu-
locytes. (neutrophils and eosinophils) with
the monoclonal antibody (MAb) RB6-
8C5, which binds to a surface antigen
present on mature murine granulocytes.
This MADb is specifically cytotoxic for gran-
ulocytes and does not bind cells of the
monocyte-macrophage or lymphocyte lin-
eages (2). Eosinophil depletion with RB6-
8C5 was first demonstrated by measurng
blood eosinophil concentrations from mice
parasitized with the helminth Nippostrongy-
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lus brasiliensis in the presence or absence of
antibody (Table 1). The marked eosino-
philia associated with this infection could
be reversed within 48 hours by the admin-
istration of a single intraperitoneal dose
(0.25 mg or more) of the MAb. Antibody
treatment also depleted neutrophils and
could be demonstrated by the reduction of
blood neutrophils after administering com-
parable doses of RB6-8C5 to normal mice
(>95% reduction within 48 hours).

To study the effect of host granulocyte
depletion on the antitumor activity of IL-4,
we studied two distinct tumor types, the
murine BALB/c-derived plasmacytoma
J558L and the murine melanoma B16, a
spontaneously arising tumor from a
C57BL/6 mouse. Both of these cell lines
reproducibly form subcutaneous tumors in
syngeneic and immunodeficient hosts (1).
The localized expression of IL-4 at the site
of tumor cell transplantation, either by
direct tumor cell transfection with an acti-
vated IL-4 gene (3) or by mixing tumor
cells with IL-4-producing cells, eradicates

Table 1. Effect of RB6-8C5 antibody adminis-
tration on eosinophilia in Nippostronglyus (Nb)—
infected BALB/c mice. A single intraperitoneal
dosage of the antibody was administered on
day 0, 12 days after the subcutaneous injection
of 750 third-stage Nb larvae. Blood was ob-
tained by tail bleeds on the days indicated and
eosinophils were counted in Discombe’s fluid
with a hemacytomer (72). Data represent the
mean eosinophil counts per milliliter in groups
of five mice.

Blood eosinophils

Dosage per milliliter (x 10~%)
(mg)
Day 0 Day 2 Day 4

2 440 92 1
1 548 26 0
0.5 383 13 1
0.25 27 4 3
0 440 249 123






