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Tumor necrosis factor (TNF) is critical for the control
of visceral leishmaniasis caused by Leishmania dono-
vani. However, the role of the related cytokine lym-
photoxin (LT) « in this infection is unknown. Here
we report that C57BL/6 mice deficient in TNF
(B6.TNF~’7) or LTa (B6.LTa~’™) have increased sus-
ceptibility to hepatic L. donovani infection. Further-
more, the outcome of infection in bone marrow chi-
meric mice is dependent on donor hematopoietic
cells, indicating that developmental defects in lym-
phoid organs were not responsible for increased sus-
ceptibility to L. donovani. Although both LT« and TNF
regulated the migration of leukocytes into the sinu-
soidal area of the infected liver, their roles were dis-
tinct. LTa was essential for migration of leukocytes
from periportal areas, an event consistent with LTa-
dependent up-regulation of VCAM-1 on liver sinusoid
lining cells, whereas TNF was essential for leukocyte
recruitment to the liver. During visceral leishmania-
sis, both cytokines were produced by radio-resistant
cells and by CD4* T cells. LTa and TNF production by
the former was required for granuloma assembly,
while production of these cytokines by CD4"* T cells
was necessary to control parasite growth. The pro-
duction of inducible nitric oxide synthase was also
found to be deficient in TNF- and LTa-deficient in-
fected mice. These results demonstrate that both LT«
and TNF are required for control of L. donovani infec-
tion in noncompensatory ways. (Am J Pathol 2004,
165:2123-2133)

Tumor necrosis factor (TNF) and lymphotoxin « (LTa) are
structurally related members of the TNF superfamily.’
Along with LT, these cytokines are encoded by closely
linked genes within the major histocompatibility complex
gene region.®® TNF and LT« form soluble homotrimers
that bind both TNFRI (p55) and TNFRII (p75)." TNF has
also been observed as a membrane-bound complex that
is also able to bind both TNF receptors,® while LTa can
also exist as a membrane-bound heterotrimer with LTS
(LTayB,) that is recognized by LTBR, but not TNFRI or
TNFRII.”~'° Recently, soluble LTa was also found to bind
the herpesvirus entry mediator receptor.’’ Studies with
mice deficient in TNF,">'* LTq,'®" LTB,2'®"” TN-
FRI, "8 TNFRII,2° and LTBR>' have identified distinct
functions for TNF and LTa in vivo. TNF plays an important
role in host defense against intracellular patho-
gens'®2'22 and the regulation of inflammatory path-
ways."?3 In addition, membrane-bound TNF supports the
development of lymphoid structures, but plays a limited
role in inflammation.® The LTa,B, complex is critical for
the development of lymph nodes and Peyer’s patches
and for the organization of the white pulp region of the
spleen.?22* Soluble LTa has been shown to participate
in inflammatory responses, including the activation of
macrophages® and endothelial cells.?®?” Also, trans-
genic expression of the LTa gene under the control of the
rat insulin promoter in mice was shown to cause chronic
inflammation at sites of transgene expression.?” Re-
cently, the role of LTe in infectious diseases has started
to be defined. LTa was shown to play an important role in
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resistance to murine Mycobacterium tuberculosis®® and
Toxoplasma gondii®® infections, and was found to be crit-
ical in the development of murine cerebral malaria.®°
However, in murine Trypanosoma brucei infection, control
of parasite growth was improved in the absence of LTa.>’
Visceral leishmaniasis (VL) caused by Leishmania do-
novani is an important human disease.®® Parasites are
found in macrophages in the spleen, liver, and bone
marrow (BM).%33* Despite the spleen and BM becoming
sites of persistent infection, the liver is a site for an acute,
but resolving infection.343¢ Mice infected with L. donovani
that received a neutralizing anti-TNF antibody were un-
able to resolve infection in the liver.®” Similarly, mice
deficient in TNF were unable to control parasite growth,
had impaired hepatic granuloma formation, and ulti-
mately died after 6 weeks of infection.?” However, we
have recently observed that TNF also contributes to the
pathology associated with murine VL.383° In particular,
TNF is involved in the loss of marginal zone macro-
phages®® and stromal cells from the periarteriolar lym-
phoid sheath®® in the spleen after L. donovani infection.
To define the role of LTa in murine VL, and distinguish
this role from that of TNF, we have analyzed the response
to L. donovani infection in LTa- and TNF-deficient mice,
as well as in chimeras generated using LTa™ /" and
TNF~/~ BM cells. Data indicate that TNF and LT« are
both important for host resistance to L. donovani in the
liver in the first 14 days of infection, whereas later in
infection, TNF but not LT« is critical for host survival. LTa
and TNF production by radio-resistant cells was found to
be required for efficient granuloma formation, although
each cytokine appeared to be necessary for different
stages in the recruitment of leukocytes. Furthermore, TNF
and LTa produced by CD4™ T cells had nonredundant
roles in host resistance and ultimately host survival.

Materials and Methods

Mice and Parasites

C57BL/6 mice were purchased from Tuck and Co. (Es-
sex, UK) and were housed under conventional condi-
tions. Mice deficient in TNF (B6.TNF /") and LTa /™
(LTa/7)"®40 were obtained from Bantin & Kingman (Hull,
UK). B6.CD45.1 mice were obtained from Charles River
(IFFA Credo, Saint Germain Sur L'Arbresle, France).
B6.RAG-1"/" mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME). All mouse strains were bred at
the London School of Hygiene and Tropical Medicine
under barrier conditions. Mice used in all experiments
were sex-matched and used at 6 weeks of age. Chimeric
mice were prepared by irradiating animals twice (48
hours apart) with 5.5 Gy and then engrafting with 107
fresh BM cells intravenously via the lateral tail vein within
2 hours of the second radiation exposure. Mice were
maintained on antibiotics for 4 weeks after engraftment
and infected with parasites 8 weeks after receiving BM. L.
donovani (LV9) was maintained by passage in Syrian
hamsters and amastigotes were isolated from infected
spleens, as previously described.®* Mice were infected

at 6 weeks of age by injecting 2 X 107 amastigotes
intravenously via the lateral tail vein. Mice were killed at
times indicated in the text by cervical dislocation and
bled by severing the aorta. Livers and spleens were
removed and parasite burden was determined from Gi-
emsa-stained impression smears.*! Parasite burden was
expressed in Leishman-Donovan units, in which Leish-
man-Donovan unit is the number of amastigotes per 1000
host nuclei, multiplied by the organ weight.3*

Histological Response to Hepatic Infection

Liver sections from infected mice were stained with he-
matoxylin and eosin and the granulomatous response
was assessed in two ways. First, granuloma density was
determined from 25 fields of view per mouse liver (X40
magnification; n = 3 mice/group) and second, the matu-
ration of granulomas was scored around infected Kupffer
cells, as described elsewhere.*?

Fluorescence-Activated Cell Sorting (FACS)
Analysis

Hepatic mononuclear cells were isolated by passing liv-
ers through a 200-um sieve and washing twice with phos-
phate-buffered saline supplemented with 2% (v/v) fetal
calf serum (wash buffer). The cell pellet was resus-
pended in 33% (v/v) Percoll and centrifuged at 693 X g
for 12 minutes at room temperature. Supernatant contain-
ing hepatocytes was removed and the leukocyte pellet
was washed once in wash buffer, depleted of red blood
cells using Red Cell Lysis Buffer (Sigma, Poole, UK),
according to the manufacturer’s instructions, underlayed
with fetal calf serum, and centrifuged at 443 X g for 5
minutes. Cell pellets were washed once more with wash
buffer and cells counted. Cells were labeled with anti-
body and analyzed by FACS as previously described.*?
Antibodies used for FACS included rat anti-mouse CR3
(5C86), rat anti-mouse GR-1 (RB6 8C5), and PECy5-con-
jugated anti-mouse CD4 and CD8 (BioLegend, CA). Non-
conjugated rat antibodies were detected with Alexa 488-
conjugated goat anti-rat IgG (Molecular Probes, Eugene,
OR).

Immunohistochemistry

Antibodies used for histology included rat anti-mouse
ICAM-1 (KAT-1), rat anti-mouse VCAM-1 (M/K-2) (both
from Serotec, Kidlington, UK), and rabbit anti-mouse in-
ducible nitric oxide synthase (NOS-2) (Calbiochem, La
Jolla, CA). ICAM-1 and VCAM-1 staining was conducted
on 6-um acetone-fixed liver sections, and primary anti-
bodies were detected with appropriate secondary detec-
tion reagents according to the manufacturer’s instruc-
tions (Vector Laboratories, Peterborough, UK), and as
previously described.®* NOS-2 staining was performed
on 6-um paraformaldehyde-fixed liver sections, and the
primary antibody detected with an alkaline phosphatase-
conjugated goat anti-rabbit antibody (Jackson Laborato-



ries, West Grove, PA). Alkaline phosphatase was visual-
ized using appropriate detection reagents according to
the manufacturer’s instructions (Vector Laboratories).
Sections were dehydrated and mounted before micro-
scopic examination. In some cases, sections were coun-
terstained with hematoxylin (Sigma) before dehydration
and mounting.

Reconstitution of B6.RAG-1""~ Mice with
CD4* T Cells

Spleens were passed through a 20-pum sieve and red
blood cells were lysed in Gey’s solution (130 mmol/L
NH,CI, 5 mmol/L KCI, 8.4 mmol/L Na,HPO,, 180 wmol/L
KH,PO,, 5.6 mmol/L p-glucose, 0.001% (w/v) phenol red,
1 mmol/L MgCl,6H,0, 280 umol/L MgSO,.7H,0O, 1.5
mmol/L CaCl,, 13 mmol/L NaHCQO,) for 8 minutes at room
temperature and washed twice in RPMI 1640. Splenic
mononuclear cells were then enriched over Histopaque
1083 (1700 rpm, 15 minutes, room temperature; Sigma),
washed, and resuspended in complete culture media.
CD4™ T cells were positively selected from naive spleno-
cyte preparations using magnetic-activated cell sorting
according to protocols recommended by the manufac-
turers of the metallo-conjugated anti-CD4 antibodies, and
positive selection columns (Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells isolated by this procedure
were greater than 98% pure, as assessed by FACS.
B6.RAG-1"/~ mice were reconstituted with 1 X 10° CD4*
T cells in 200 wl of RPMI 1640 via the lateral tail vein 24
hours before infection with 2 x 107 L. donovani amasti-
gotes. The efficiency of reconstitution was assessed by
FACS at the termination of experiments (day 14 after
infection) with quantum red-conjugated anti-CD4
(H129.19) monoclonal antibody (Sigma).

Real-Time Reverse Transcriptase-Polymerase
Chain Reaction

RNA was isolated from liver tissue using Tri Reagent
(Sigma), and an RNAeasy mini kit with on-column DNase
digestion (Qiagen, Valencia, CA), according to the man-
ufacturers’ instructions. RNA was reverse-transcribed
into cDNA as described previously.>® The number of
NOS-2, LTa, TNF, and HPRT (housekeeping gene) cDNA
molecules in each sample was calculated by real-time
reverse transcriptase-polymerase chain reaction using
TagMan probes in an Assay-on-Demand Gene Expres-
sion kit (Applied Biosystems, Foster City, CA) and a
Corbett Research RG-3000 Rotor Gene, according to the
manufacturers instructions. Standard curves were con-
structed with known amounts of NOS-2, LT«, TNF, and
HPRT cDNA, and the number of cytokine molecules per
1000 HPRT molecules in each sample was calculated.

Statistics

The statistical significance of differences between differ-
ent groups was tested using the unpaired Student’s t-test
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with SigmaPlot software (SPSS Inc., Richmond, CA), ex-
cept when the distribution of hepatic histological re-
sponses were compared using x° analysis with Microsoft
Excel software (Microsoft Corp., Seattle, WA). All data are
presented as the mean values = standard errors unless
otherwise stated.

Results

Different Roles for LTa and TNF during Hepatic
L. donovani Infection

To distinguish the roles of LTa and TNF in the liver during
VL, we infected mice deficient in these cytokines
(B6.LTa/~ and BB.TNF~/~, respectively) with L. dono-
vani and followed the course of infection throughout 56
days. In C57BL/6 mice, hepatic parasite burden peaked
between days 14 to 28 after infection before resolving
(Figure 1A). The liver parasite burdens in both LTa- and
TNF-deficient mice were significantly increased early in
infection (day 14 after infection), suggesting a critical role
for both these cytokines in early control of L. donovani
growth in the liver. However, after day 14 of infection,
distinct patterns of parasite growth emerged in LTa- and
TNF-deficient mice. B6.LTa /™ mice were able to control
infection, whereas parasite growth continued in the livers
of B6.TNF™/~ mice, and these animals died between
days 42 to 56 after infection, as previously reported.?’
Whether the TNF-deficient mice died because of pro-
gressive infection because of the absence of anti-leish-
manial mechanisms or an uncontrolled hyperinflamma-
tory reaction, as suggested by others,®" is unknown.

Tissue Structure Defects Associated with TNF-
and LTo-Deficient Mice Do Not Account for Their
Different Responses to L. donovani Infection

One possible explanation for the different responses of
TNF- and LTa-deficient mice to L. donovani infection is
that the aberrant lymphoid organogenesis associated
with deficiency of these cytokines might impede the gen-
eration of effective immunity.®®° To address this, we
generated BM chimeric mice by irradiating congenic
B6.CD45.1 mice and engrafting them with BM from
C57BL/6 mice or mice lacking TNF or LT« (all express the
CD45.2 allele). After engraftment, chimeric mice con-
tained fewer than 2% CD45.1-positive leukocytes in the
spleen and peripheral blood (data not shown). In addi-
tion, marginal zone macrophages and distinct B- and
T-cell regions were present in the spleen of all chimeric
animals (data not shown). The chimeric mice responded
to hepatic L. donovani infection in accordance with their
source of BM (Figure 1B). Both B6.TNF~/~—B6.CD45.1
and B6.LTa/~—B6.CD45.1 mice had higher initial he-
patic parasite burdens compared to B6—B6.CD45.1 chi-
meras, and whereas B6.L.Ta /- —B6.CD45.1 mice even-
tually controlled infection, all B6.TNF~/~—B6.CD45.1
mice died between days 42 to 56 after infection. These
results indicate that tissue structure defects and lym-
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Figure 1. TNF and LTa are required for early control of L. donovani growth
in the liver. A: The course of L. donovani infection in the liver of C57BL/6
(filled circle), B6.TNF~/~ (open circle), and B6.LTa ™/~ (inverted filled
triangle) mice. B6.TNF™/~ mice died between days 42 to 56 after infection.
Data represent the mean £ SE of Leishman-Donovan unit values in the liver
from four mice per group at each time point. Parasite burdens in B6.TNF~/~
and B6.LTa /" mice were significantly greater than in C57BL/6 mice at day
14 after infection (¥, P < 0.001). At day 28 after infection, B6. TNF ™/~ mice
had statistically greater parasite loads than C57BL/6 mice (12 = 4 mice per
group; #, P < 0.001). B: B6.CD45.1 mice engrafted with BM from C57BL/6
(filled circle), B6.TNF~/~ (open circle), and B6.LTa /~ (inverted filled
triangle) mice. Mice engrafted with BM from B6.TNF~/~ mice died between
days 42 to 56 after infection. Parasite burdens in B6.TNF~/~—B6.CD45.1 and
B6.LTa /~—B6.CD45.1 mice were significantly —greater than in
B6—B6.CD45.1 mice at days 14 and 28 after infection (72 = 3 mice per group
at each time point; *, < 0.001). These data are from one of four (A) and two
(B) experiments conducted in the same way with similar results.

phoid tissue deficiencies associated with TNF- and LTa-
deficient mice do not explain the different responses of
these animals to L. donovani infection. Furthermore, these
data indicate that TNF and LT« production by hemato-
poietic cells is a critical determinant of disease outcome.
We next studied TNF- and LTa-dependent events in the
liver in the first 14 days of L. donovani infection.

Liver Granuloma Formation Is Delayed in TNF-
and LTa-Deficient Mice during L. donovani
Infection

The formation of granulomas around infected Kupffer
cells in the liver is a key event in the control of hepatic L.

donovani,*® and TNF was previously shown to play a role
in the efficient development of granulomas during VL.?’
To investigate whether LTa is also involved in granuloma
formation, we next evaluated granuloma formation in L.
donovani-infected C57BL/6, B6.TNF~/~, and B6.LTa '~
mice. As previously reported,?! the development of he-
patic granulomas was delayed in TNF-deficient mice with
a lower frequency of mature granulomas observed at day
14 after infection (Table 1). Similarly, the development of
hepatic granulomas was also delayed in LTa-deficient
mice at day 14 after infection (Table 1). A striking feature
of the livers of the L. donovani-infected B6.LTa™/~ mice
was the periportal accumulation of leukocytes, suggest-
ing the recruitment of cells to the liver, but a failure to
migrate deeper into the sinusoidal area (Figure 2). In
B6.TNF~/~ mice, there was little periportal accumulation
of leukocytes and given the impaired granuloma devel-
opment in these mice (Table 1), this suggests that leuko-
cytes fail to be recruited into the periportal regions of the
liver in the absence of TNF. FACS analysis of hepatic
leukocytes at day 14 after infection showed that the total
number of cells in the liver did not differ significantly
between infected C57BL/6 and B6.LTa '~ mice (4.6 X
107+ 1.1 X 107 versus 6.4 X 10"+ 2.0 X 107, respec-
tively), but was lower in TNF-deficient mice at the same
time (3.2 X 107+ 0.8 X 107). Furthermore, the percent-
age of complement receptor 3 (CR3)-positive cells (re-
cruited monocytes, macrophages, and neutrophils), GR-
1-positive cells (recruited neutrophils), CD4™ and CD8™
T cells did not change between the different mouse
strains studied (20.3 = 2.9, 25.0 = 0.7, 34.3 = 1.5 and
16.0 = 1.4, respectively). In addition, tissue staining re-
vealed that all of the above cell populations accumulated
in the periportal regions of LTa-deficient mice, indicating
no selective accumulation of specific cell types in these
mice after L. donovani infection (data not shown). A pre-
vious study on L. donovani infection in TNF-deficient mice
reported a complete absence of hepatic inflammatory
responses at day 14 after infection,®’ whereas our stud-
ies indicate some cellular recruitment may occur at this
time (Table 1). The different results may reflect the mixed
C57BL/6 X 129/Sv background used in previous stud-
ies?" and the C57BL/6 background of mice used in this
study. In contrast to some reports,'® 154 periportal infiltra-
tion was not observed in age-matched naive B6.LTa /™
mice in this study (Figure 2). The reason for this difference
may result from the use of significantly older mice in the
above studies (older than 3 months), whereas naive mice
used in the present studies were 6 to 8 weeks of age. These
data indicate that both TNF and LTe are required for effi-
cient granuloma formation in the liver during L. donovani
infection, but that each cytokine is involved in different
stages of cellular activation and recruitment.

Granuloma formation was also examined in BM chimeric
mice at day 14 after infection. Compared to the deficiency
of granuloma maturation observed in B6.TNF~/~ and
B6.LTa~/~ mice, granuloma maturation was restored in
B6.TNF /~—B6.CD45.1 and B6.LTa ' —B6.CD45.1
mice, although not to the full extent of that seen in
B6—B6.CD45.1 mice (Table 1). These data indicate that
radio-resistant cells are an important source of both TNF
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Table 1. Liver Granuloma Formation in L. donovani-Infected Mice at Day 14 after Infection*

Percent infected foci showing the indicated cellular response’

B6 B6.TNFa /- B6.LTa '~
Tissue response C57BL/6 B6.TNFa '~ B6.LTa '~ —B6.CD45.1 —B6.CD45.1 —B6.CD45.1
KC 19.7 + 2.0 41+ 2.0 22.2 + 0.4* 247 + 2.1 259+ 35 19.9 + 1.78
G 57 +1.5 59 + 1.8 74.4+0.9 375+509 474+18 61.8 = 1.4
MG 22 + 3.0 02+0.2 3.4+04 35.6 = 3.1 267+ 18 18.3 + 3.0
SG 11+04 0 0 22 =10 0 0
Total no. infected 233+ 5.3 360 *+ 6.47 345 + 11.67 182 + 3.2 240 + 18,5 232 + 124/

foci per 25 fields

*Granuloma counts performed on liver cryosections stained with hamster anti-L. donovani (LV9) Ab, then counterstained with hemotoxylin.

TKC, infected KC with no surrounding leukocytes; IG, infected KC surrounded by some leukocytes, but not completely; MG, infected KC completely
surrounded by leukocyte mantle; SG, sterile (empty) granuloma.

#$The distribution of tissue responses is significantly different (P < 0.001) than that observed in L. donovani-infected C57BL/6* and B6 —
B6.CD45.15 mice.

MThe nhjmber of infected foci is significantly different (P < 0.0017 and P < 0.05/) than that observed in L. donovani-infected C57BL/67 and B6 —
B6.CD45.1" mice.

and LTe in the liver during L. donovani infection, but that TNF lated on the sinusoids of C57BL/6 and B6.TNF~/~ mice
and LTa derived from BM-derived hematopoietic cells are (Figure 3, D and E). In contrast, VCAM-1 expression in the
required for optimal granuloma formation. livers of L. donovani-infected B6.LTa™/~ mice was only ob-

served in areas of periportal leukocyte accumulation (Figure
L . , 3F). Expression of VCAM-1 was also studied in chimeric
VCAM-1 Expression in the Liver During L. mice. Strikingly, B6.LTa '~ —B6.CD45.1 mice up-regulated
donovani Infection Requires LT« VCAM-1 in liver sinusoids to the same extent as
B6—B6.CD45.1 and B6.TNF/~—B6.CD45.1 mice (Figure
3; G to I). Together, these data indicate that LT«, but not
TNF, is required for optimal up-regulation of VCAM-1 during
L. donovani infection and that LT« from radio-resistant cells
regulates this process.

Both ICAM-1 and VCAM-1 play roles in the migration of
leukocytes.*>4¢ Therefore, we next analyzed the expression
of these adhesion molecules in liver sections taken from L.
donovani-infected C57BL/6, B6.TNF™/~, and B6.LTa™/~
mice at day 14 after infection. No difference in ICAM-1
expression was found in the different mouse strains studied
(data not shown). In contrast, VCAM-1 expression was LTa Produced by CD4™" T Cells Is Critical for

o

; ; —/— —/— . . .
found to differ in C57BL/6, B6.TNF™™, and B6.LTa" Early Hepatic Control of L. donovani Infection
mice. Minimal VCAM-1 expression was observed in naive

mice, regardless of strain (Figure 3; A to C). However, at The increased parasite burden in B6.TNF~/~—B6.CD45.1
day 14 after infection, VCAM-1 expression was up-regu- and B6.LTa/~—B6.CD45.1 chimeric mice (Figure 1B) in-

Figure 2. Hepatic granuloma assembly is inhibited in L. donovani-infected mice deficient in TNF and LTa. A—C: H&E-stained tissue sections from naive C57BL/6
(A), B6.TNF~/~ (B), and B6.LTa™’~ (C) mice, and corresponding sections taken at day 14 after infection (D—F). Mature and immature granulomas can be seen
in infected C57BL/6 (D) mice (arrows), whereas minimal granuloma development can be seen in B6.TNF (E) mice and massive leukocyte accumulation can be
observed in the perivascular regions in B6.LTa™’~ (F) mice (arrow). Original magnifications, X400.
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Figure 3. VCAM-1 expression on hepatic sinusoids is regulated by LT during L. donovani infection. The expression of VCAM-1 (brown) was analyzed in naive
C57BL/6 (A), B6.TNF /= (B), and B6.LTa /™ (C) mice, and corresponding sections taken at day 14 after infection (D-F), as well as B6.CD45.1 mice engrafted
with BM from C57BL/6 (G), B6.TNF~/~ (H), and B6.LTa~/~ (I) mice at the same time point. Note the absence of VCAM-1 expression in all naive tissue samples
(A—C) and L. donovani-infected B6.LTa~/~ (F) mice. Original magnifications, X400 (hematoxylin counterstained).

dicated that hematopoietic cells were a critical source of
TNF and LT« for control of hepatic L. donovani infection.
CD4™* T cells are significant sources of TNF and LTe,*” and
are critical for early control of L. donovani infection in the
liver.®53¢ Therefore, we next tested if CD4* T cells were an
important source of TNF and LT« during the first 14 days of
VL by adoptive transfer into B6.RAG-1"/~ mice.*® As pre-
viously reported,*® parasite growth in the liver of B6.RAG-
17/~ mice is rapid and significantly greater than in L. dono-
vani-infected C57BL/6 mice (Figure 4). The transfer of CD4*
T cells from C57BL/6 mice into B6.RAG-1"/~ mice before L.
donovani infection significantly lowered parasite burden
(Figure 4). However, B6.RAG-1"/~ mice that received
CD4™" T cells from B6.LTa '~ or B6.TNF '~ mice showed
no control of parasite growth (Figure 4). Thus, TNF and LT«
produced by CD4™" T cells are both critical for early control
of hepatic L. donovani infection, and neither cytokine
appears able to compensate for the absence of the
other.

LTa Produced by CD4™ T Cells Is Not Required
for Hepatic Granuloma Formation during L.
donovani Infection

Given the requirement of LT« for efficient granuloma
formation during L. donovani infection (Figure 2, Table 1),
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Figure 4.CD4" T cells require TNF and LTa expression to control L.
donovani growth in the liver. B6.RAG-1"/" mice were reconstituted with
CD4" T cells (hatched bars) from C57BL/6, B6.TNF~/~ and B6.LTa '~
mice, as indicated. Data represent the mean * SE of Leishman-Donovan unit
values in the liver from three mice per group at day 14 after infection. Parasite
burdens in donor mice and nonreconstituted B6.RAG-1"/" mice (open
bars) in the same experiment are also shown. Statistically differences of P <
0.05 (asterisk), relative to parasite burdens in C57BL/6 mice are indicated.
These data are from one of two experiments conducted in the same way with
similar results.
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Figure 5. Production of TNF and LTa by CD4™" T cells is not required for granuloma development after L. donovani infection. H&E-stained liver sections from
B6.RAG-1""" mice (A), and B6.RAG-1""" mice reconstituted with CD4* T cells from C57BL/6 (B), B6. TNF~/~ (C), and B6.LTa~/~ (D) mice taken at day 14 after
infection. Note the advanced granuloma development (both numbers and state of maturation) in reconstituted B6.RAG-1~"" mice, regardless of the source of
CD4™ T cells (arrows), and the total absence of granulomas in nonreconstituted B6.RAG-1""" mice. Original magnifications, X400.

and the key role of CD4* T cell-derived LTa for early
control of hepatic parasite growth (Figure 4), we next
investigated the role of LTa produced by CD4™ T cells in
granuloma formation during the first 14 days of L. dono-
vani infection using the adoptive transfer model de-
scribed above. As previously reported,*® the transfer of
CD4™" T cells from C57BL/6 mice into B6.RAG-1"/~ mice
before L. donovani infection significantly increased the
rate of granuloma formation (Figure 5, Table 2). A similar
increase in granuloma formation was also observed in
B6.RAG-1"/ mice that received CD4" T cells from

B6.TNF '~ or B6.LTa /" mice, despite relatively high
parasite burdens (Figure 5, Table 2). These data indicate
that granuloma formation can occur without control of
parasite growth in the liver during VL. In addition, these
results show that TNF and LTa produced by CD4™" T cells
either have minimal roles in hepatic granuloma formation
in mice infected with L. donovani or that both cytokines
produced by these cells have redundant roles in this
process. In contrast, both TNF and LTa produced by
CD4™ T cells are critical for the control of parasite growth
in the liver.

Table 2. Liver Granuloma Formation in L. donovani-Infected Mice at Day 14 after Infection*

Percent infected foci showing the indicated cellular response’

B6.RAG-17/~ reconstituted with CD4™ T cells from

B6.TNFa ™/

Tissue response B6.RAG-17/~ C57BL/6 - B6.LTa /*
KC 100 + 0.0* 42+16 3.1+x10 20+08"
IG 0 158 1.0 18.8 = 3.0 8914
MG 0 59.3 40 584+ 34 63.4 16
SG 0 20.6 = 4.4 19.7 1.0 258 = 1.1
Total no. infected 72 + 128 141 =121 129 = 20.1 105 = 4.37

foci per 25 fields

*Granuloma counts performed as described in Table 1.
TGranuloma scores as described in Table 1.

#The distribution of tissue responses is significantly different (P < 0.05) than that observed in L. donovani-infected B6.RAG-17/~ reconstituted with

CD4* T cells from C57BL/6 mice.

$9The number of infected foci is significantly different (P < 0.001% and P < 0.057) than that observed in L. donovani-infected B6.RAG-1~/~

reconstituted with CD4™ T cells from C57BL/6 mice.
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Figure 6. Inducible nitric oxide synthase (NOS-2) generation is inhibited in Z. donovani-infected mice deficient in TNF and LTa. A—=C: NOS-2-stained liver sections
from C57BL/6 (A), B6.TNF ™/~ (B), and B6.LTa /™ (C) mice taken at day 14 after infection. Arrows in insets indicate NOS-2-positive staining. Note the strong
staining in granulomas found in C57BL/6 mice. D: The number of NOS-2 mRNA molecules per 1000 HPRT molecules found in the livers of C57BL/6, B6.TNF /",
and B6.LTa™’~ mice, as indicated. #, Indicates where the data for naive mice is shown (all levels were below 2 NOS-2 mRNA per 1000 HPRT mRNA molecules).
Statistically differences of < 0.05 (asterisk), relative to NOS-2 mRNA levels in C57BL/6 mice are indicated. Original magnifications: X100; X400 insets (A~C).

Inducible Nitric Oxide Synthase Production Is
Reduced in TNF- and LTa-Deficient Mice after
L. donovani Infection

NOS-2 generates reactive nitrogen intermediates that are
leishmanicidal.*® To determine whether reactive nitrogen
intermediate generation was altered in the liver of TNF-
and LTa-deficient mice after L. donovani infection, he-
patic NOS-2 protein expression was analyzed by immu-
nohistochemistry and NOS-2 mRNA levels were mea-
sured by real-time reverse transcription polymerase
chain reaction (Figure 6). NOS-2 was detected in the
granulomas of C57BL/6 mice at day 14 after infection
(Figure 6A), but rarely observed in B6.TNF '~ mice at the
same time point (Figure 6B), and only occasionally seen
in the periportal regions of B6.LTa™/~ mice (Figure 6C).
NOS-2 mRNA levels correlated with protein expression
patterns with highest levels detected in C57BL/6 mice
and lowest levels in TNF-deficient mice (Figure 6D). We
also observed a similar pattern of TNF mRNA expression
with 242 + 77 and 78 = 21 TNF mRNA molecules per 1000

HPRT mRNA molecules detected in the livers of L. donovani-
infected C57BL/6 and B6.LTa '~ mice at day 14 after in-
fection, respectively. No TNF mRNA was detected in
B6.TNF/~ mice, as expected. We were only unable to
detect LTa mRNA in the liver by real-time reverse tran-
scriptase-polymerase chain reaction in infected C57BL/6
mice, although we have previously shown that TNF-defi-
cient mice can make this cytokine in the brain during murine
cerebral malaria.®® These data show that the major leish-
manicidal mechanism of reactive nitrogen intermediate pro-
duction is deficient in mice lacking TNF or LTa early in
infection. However, whether this deficiency arises from the
inefficient recruitment of leukocytes into the liver, the need
for TNF and LTa for the production of NOS-2, or possibly
both, is unknown.

Discussion

TNF and LT« are potent cytokines with multiple func-
tions.” Only recently have efforts been made to distin-
guish between the roles of these molecules during infec-



tious diseases. Here we show that TNF and LT« are both
required for control of hepatic L. donovani infection in the
first 14 days of infection, whereas only TNF is critical for
the ultimate survival of infected mice. Studies were fo-
cused on defining responses in the early stage (first 14
days) of L. donovani infection in the liver. At least two
important sources of TNF and LT« early in L. donovani
infection were identified. Radio-resistant cells play a key
role in granuloma assembly, as revealed by studies in
chimeric mice. In contrast, adoptive transfer experiments
indicated that CD4 ™" T cells expressing both TNF and LT«
are needed for efficient killing of parasites within assem-
bled granulomas.

The roles of TNF and LT« early in L. donovani infection
can be distinguished in at least two ways. First, LT« is
critical for efficient migration of leukocytes from perivas-
cular areas of the liver to infected Kupffer cells. In TNF-
deficient mice, periportal accumulation of leukocytes was
minimal, associated with reduced granuloma formation.
This indicated that in the absence of TNF, leukocytes do
not enter the periportal areas as they migrate through the
liver, unlike leukocytes in the absence of LTa, suggesting
that TNF-dependent mechanisms of leukocyte recruit-
ment in the liver during VL are different from those involv-
ing LTa. Whether these TNF-dependent events occur
during T cell activation or regulate the expression of
hepatic homing receptors remains to be determined. As
reported previously for TNF-deficient mice,?' granuloma
assembly did improve in both B6.TNF~/~ and B6.LTa ™/~
mice after day 14 after infection, although never to the
same extent as in C57BL/6 mice (data not shown). A
second distinction between the roles of TNF and LT«
early in L. donovani infection was that LTa was required
for expression of VCAM-1 on sinusoidal endothelium,
whereas TNF was not. A central role for both TNF and LT«
in up-regulating expression of VCAM-1 on various cell
populations is well documented.?%49:5° However, our re-
sults show that during L. donovani infection, VCAM-1 up-
regulation on hepatic sinusoids can occur in the absence
of TNF, but not LTa. Furthermore, the LTa required for
up-regulation of VCAM-1 expression derived from a ra-
dio-resistant cells, as indicated by an intact response in
L. donovani-infected B6.LTa/~—B6.CD45.1 chimeric
mice. Whether the failure of leukocytes to migrate from
the periportal area was caused by lack of VCAM-1 ex-
pression in B6.LTa '~ mice infected with L. donovani is
unknown at present. However, previous studies have
shown that IL-12-induced recruitment of hepatic NK and
T cells was blocked by treatment with an anti-VCAM-1 an-
tibody,*® suggesting that at least these two cell populations
require VCAM-1 expression on hepatic endothelium for re-
cruitment. Interestingly, in M. tuberculosis infection of LTa-
deficient mice, leukocytes were recruited to the lungs, but
also failed to migrate from perivascular and peribronchial
regions to form pulmonary granulomas,®® suggesting simi-
lar LTa-dependent cellular recruitment pathways in pulmo-
nary M. tuberculosis and hepatic L. donovani infection. No-
tably, however, in B6.LTa/~—B6.RAG-1~/~ chimeric mice
infected with M. tuberculosis, the cellular response was
similar to that seen in B6.LTa™/~ mice,?® indicating that
depending on the infection studied, radio-resistant cells
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may (L. donovani) or may not (M. tuberculosis) play a
significant role in aiding leukocyte recruitment. However,
one difference in the above studies was the use of
B6.CD45.1 mice as recipients of BM grafts in our studies
and the use of B6.RAG-17/~ mice as recipients in studies
on M. tuberculosis. Whether this accounts for the different
results is unknown.

In addition to radio-resistant cells, CD4" T cells are a
critical source of LTa during L. donovani infection. CD4*
T cells produce significant amounts of LTa.*” Interest-
ingly, the LTa produced by CD4™ T cells was not re-
quired for granuloma assembly during L. donovani infec-
tion, but instead, played a key role in the generation of
leishmanicidal mechanisms in and around infected foci.
Although these data point to the cellular source of LTa as
being of importance, it is difficult to formally rule out that
different thresholds of LT« signaling govern up-regulation
of VCAM-1 and the induction of leishmanicidal activity,
with the low levels of LTa produced by endothelial cells
possibly being sufficient for the former response but not
the latter.

Importantly, CD4™ T cells producing both TNF and LT«
are critical for killing parasites, with these cytokines act-
ing in @ noncompensatory manner in our adoptive trans-
fer model. The nonredundant roles of TNF and LT« during
murine L. donovani infection suggest that these mole-
cules may function through different receptors after in-
fection. Although both cytokines can signal via TNFRI
and TNFRII,"®' LT« is also able to form a membrane-
bound LTa, B, heterotrimer that binds LTBR”'° and can
also bind the herpesvirus entry mediator receptor.’ The
roles of LTa4B,, LTBR, and herpesvirus entry mediator
receptor in VL are currently unknown. An alternate pos-
sibility is that TNF and LTa may signal via the same
receptors but the timing and anatomical location of sig-
naling events may differ, resulting in different biological
outcomes.

The importance of LTa in the control of many infectious
diseases is becoming clear. However, the role that LT«
plays in the immune response appears to depend on the
pathogen studied. As discussed above, leukocyte re-
cruitment to the lungs during M. tuberculosis infection is
affected in a similar way to cellular recruitment in the liver
during L. donovani infection. However, in the latter model,
aradio-resistant cell is the critical source of LTa, whereas
in the M. tuberculosis model hematopoietic cells are the
important source of this cytokine.?® In other models, such
as murine T. gondii infections, LTa appears to play a
limited role in cellular recruitment to the brain, but is
critical for control of infection in this tissue and host
survival.?® However, in murine cerebral malaria caused
by Plasmodium berghei ANKA, LTa is a key mediator of
pathology leading to the death of infected mice.3° In this
infection, recruitment of leukocytes to the brain is limited
in LTa-deficient mice and cerebral malaria is prevented.
Interestingly, a radio-resistant cell population in the brain
is a critical source of LTa for induction of pathology.°
Therefore, the tissue microenvironment where LT« is pro-
duced appears to be critical for many of the outcomes of
infectious diseases.
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The data described in this study add to the growing
body of work showing the importance of LT« in infectious
diseases, and may enable strategies to be devised to
either stimulate the production of this cytokine in appro-
priate tissue microenvironments to control infections or
prevent its production in circumstances in which it medi-
ates pathology. Significantly, recent genetic studies sug-
gest that single nucleotide polymorphisms found in the
human LTa gene can have profound effects on the tran-
scription of this gene,®#°2 and the function of transcribed
product.®? In addition, susceptibility to diseases as di-
verse as myocardial infarction,®2 cerebral infarction,®*
asthma,®® type | diabetes mellitus,®® multiple sclerosis,®”
rheumatoid arthritis,®® celiac disease,*® schizophrenia,®°
and hepatitis C®' can all be related to polymorphisms
associated with the LTa gene in humans. The influence of
LTa single nucleotide polymorphisms on infectious dis-
eases such as VL, tuberculosis, toxoplasmosis, and ma-
laria remains unknown. However, knowledge gained from
infectious disease models such as murine VL will enable
rational predictions to be made about the functional con-
sequences of such polymorphisms, and to provide a
basis to devise strategies to counter any adverse effects
associated with them.
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