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B Cell-Deficient Mice Are Highly Resistant to Leishmania
donovanilinfection, but Develop Neutrophil-Mediated Tissue
Pathology*

Sara C. Smelt? Sara E. J. Cotterell, Christian R. Engwerda, and Paul M. Kayée

Resolution of Leishmaniainfection is T cell-dependent, and B lymphocytes have been considered to play a minimal role in host
defense. In this study, the contribution of B lymphocytes to the response againkeishmania donovaniwas investigated using
genetically modified IgM transmembrane domain @MT) mutant mice, which lack mature B lymphocytes. When compared with
wild-type mice, uMT mice cleared parasites more rapidly from the liver, and infection failed to establish in the spleen. The rapid
clearance of parasites inuMT mice was associated with accelerated and more extensive hepatic granuloma formation compared
with wild-type mice. However, the liver of infected uMT mice also showed signs of destructive pathology, associated with the
presence of increased numbers of neutrophils. The role of neutrophils in controlling parasite growth in the viscera was determined
by depletion with the mAb RB6-8C5. This treatment led to a dramatic enhancement of parasite growth in both the liver and spleen
of uMT and wild-type mice. As assessed by transfer of both normal and chronic-infection serum, Ig protectaMT mice from
destructive hepatic pathology, but minimally alters their resistance compared with wild-type mice. However, adoptive transfer of
CD4* and CD8" T cells into recombinase activating gene 1 (RAG1'™) recipients, suggested that T cell function was not altered
by maturation in a B cell-deficient environment. Taken together, these data suggest an inhibitory role for B lymphocytes in
resistance toL. donovani unrelated to the presence or absence of Ig. However, Ig protectaMT mice from the exaggerated
pathology that occurs during infection. The Journal of Immunology,2000, 164: 3681-3688.

isceral leishmaniasis (VE)results from infection with  late stages of disease. To date, however, there has been no form

the intracellular protozoan parasitesishmania dono- evaluation of the role of B cells in the progression of VL.

vani and Leishmania infantunfchagasi). These species  The role of B cells in leishmaniasis has been addressed in mod-
quickly metastasize to the visceral organs, and establish a systemids of cutaneous leishmaniasis. Continual administration of anti-
infection. In subclinical infection, parasites are contained by thelgM Abs, which causes B cell depletion, enhanced resistance to :
development of a relatively benign, and predominantly mononu-Leishmania tropicaand Leishmania mexicanén BALB/c mice
clear, granulomatous tissue response in the liver. This hepatic ré€7). BALB.xid mice, which lack B-1 B cells and have a marked o
sponse is also seen in most common inbred strains of mice (1-3)eduction in B-2 B cell number, also exhibit enhanced resistance to Q
In contrast, clinical VL is associated with gross splenic and hepatid.eishmania majoinfection (8). More recently, it has been shown
pathology, fever, cachexia, and immunosuppression. Polyclonal Bhat cotransfer of B cells converts T cell-reconstitutednajor-
cell activation and hypergammaglobulinaemia invariably produceresistant, C.B-13cid mice into a susceptible phenotype (9). Sim- >
large amounts of parasite-specific and nonspecific Abs and autdkarly, administration of IL-7, a B cell hematopoietic factor, was c§
antibodies, particularly of the IgM and IgG isotypes (4). We andshown to markedly increase B cell number and exacerbatea- 4
others (5, 6) have shown that during VL in mice, the pathologicaljor infection (10). In contrast to these data, in a study using gene- _8
changes seen in the spleen in many respects closely resemble thaaegeted mice, no evidence was found for a contribution of B lym- 13
seen in clinical VL. In particular, there is significant loss of fol- phocytes to the development of polarized Th responsksriwajor &
licular dendritic cells, and subsequent loss of germinal centers (5)n either genetically resistant or susceptible mice (11).
both features which may contribute to aberrant B cell function in In the present study, B cell-deficient IgM transmembrane do-

main (wMT) mutant mice were used to investigate the role of B

Department of Infectious and Tropical Diseases, London School of Hygiene antlymphocyt,es ,m muriné VL_ caused by |_nfect|on with donovani. .
Tropical Medicine, London United Kingdom Our data indicate that 1) in the genetic absence of B cells, mice
Received for publication July 19, 1999. Accepted for publication January 31, 2000ShOW enhanced resistanceltodonovani, but with associated de-
The costs of publication of this article were defrayed in part by the payment of pages'[rl'l(:tive hepatic pathOIOgy; 2) neUtrOphils play a key role in host
charges. This article must therefore be hereby maedcbrtisemenin accordance  resistance td.. donovaniin both B cell-deficient and wild-type
with 18 U.S.C. Section 1734 solely to indicate this fact. mice; and 3) in B cell-deficient mice, serum transfer protects

 This work was supported by the British Medical Research Council and the- Well against exaggerated pathology without altering the heightened
come Trust. S.C.S. was in receipt of an Medical Research Council Postgraduate Str— . . .
evel of resistance seen in these mice.

dentship. S.E.J.C. is a recipient of a Wellcome Trust Prize Studentship.
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2 Current address: IMM6, Department of Neuropharmacology, The Scripps Research

Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037. Materials and Methods

3 Address correspondence and reprint requests to Dr. P. M. Kaye, Department gAnimals and parasites

Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine,

Keppel Street, London WC1E 7HT, U.K. E-mail address: paul.kaye@Ishtm.ac.uk. FemaleuMT and C57BL/6 mice were used at 6 to 8 wk of age. C57BL/6
4 Abbreviations used in this paper: VL, visceral leishmaniasis; KC, Kupfier cell; (NrampZ (12, 13)) mice were purchased from Bantin & Kingman (Hull,
LDU, Leishman Donovan unitgyMT, IgM transmembrane domain; RAGA™, re- U.K.). C57BL/6 recombinase activating gene 1 (RAGL) mice were
combinase activating gene 1; p.i., postinfection. originally obtained from The Jackson Laboratory (Bar Harbor, ME), and
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4uMT mice (14) were originally obtained from Bantin & Kingman. These A

strains were bred at the London School of Hygiene and Tropical Medicine *
under barrier conditionguMT mice were backcrossed six generations on 12009 %
the C57BL/6 background. The Ethiopian LV9 strainlofdonovaniwas

used in these experiments and was maintained by passage in Syrian ham- 10007 K
sters and purified as described elsewhere (5). Mice were infected i.v. via

the lateral tail vein with 2< 10” amastigotes in 200l of RPMI 1640. The 800 l
course of visceral infection was determined by examining methanol-fixed,
Giemsa-stained imprints of the cut spleen and liver, and quantitating organ
parasite burdens as Leishman-Donovan units (LDU) using the formula:
LDU = [(number of parasites/1000 host nuclef)organ weight in milli-
grams (mg)]. Induction of hepato-splenomegaly was assessed using liver
and spleen indices, calculated using the formula: Organ irddrrgan
weight in mg/total body weight in mgx 100.

600+

Liver LDU

400

200~

0 T 1 T 1 T -l

Adoptive transfer of T cells 0 10 20 30 40 50 60
Days after infection

Mice were killed by cervical dislocation and spleens mechanically dis-

rupted by passing through a nylon sieve. Erythrocytes were lysed by treat- B

ment with Tris-buffered ammonium chloride (0.747% (w/v) )& and

0.017 M Tris, pH 7.5). Cells were then washed with MACS buffer (PBS, 407 _

pH 7.2, with 0.01% (w/v) Nah 1% (w/v) BSA, and 5 mM EDTA), and .

incubated with a mixture of anti-CD4 and anti-CD8 magnetic beadsd (5

each/10 cells; Miltenyi Biotec , Surrey, U.K.) for 15 min at 12°C. After 307

washing and resuspension af t@lls/ml, cells were positively selected on

a MACS column (Miltenyi Biotec). Purity of cells was assessed by FACS

using anti-B220-FITC (clone RA3-6B2; PharMingen, San Diego, CA), anti-

CD4-PE (clone H129.19) and anti-CD8-FITC (clone 53-6.7) (Sigma,

Poole, U.K.). T lymphocyte populations selected for both CD4 and CD8

expression contained1% CD4 and CD8 cells. Unfractionated spleen

cells were also analyzed by flow cytometry, as above. A total &f 10°

or 1 X 10* of the mixed population of CD% and CD8 T cells, derived 0

from either naiveuMT or C57BL/6 mice, were transferred to C57BL/6

RAG1~/~ mice in 200ul RPMI 1640. All mice were infected with.. 0 10 20 30 40 50 60

donovanil day after transfer. Days after infection

FIGURE 1. wuMT mice are resistant th. donovaniinfection. uMT (H)

) ) ) and C57BL/6 (A) mice were infected with 2 10° L. donovaniamasti
Serum was obtained by cardiac puncture from naive C57BL/6 and fromyotes, and parasites loads were determined in the liver (A) and spleen (B)
C57BL/6 mice infected for 56 days with. donovani. Before transfer, gt the times indicated. Data represent mean LBISE (n= 3 mice) and
serum was centrifuged at 10,0009 for 30 min at 4°C in a Beckman are representative of three independent experiments with similar results.

(Fullerton, CA) TL-100 ultracentrifuge. Two hundred microliters of nor- . .. . . - -
mal serum or chronic-infection serum was given i.pufdT mice at 4 h Significance levels comparingMT and C57BL/6 mice are indicated;
p < 0.05;=*, p < 0.005.

and again at 8 days postinfection (p.i.). Serum transfer was delayed untif’
4 h p.i. to allow for clearance of amastigotes from the circulation (15) and
to obviate any immediate opsonic effects of antileishmanial Ab (16).
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Neutrophil depletion activity in 3,3-diaminobenzidine tetrahydrochloride (DAB) developing

Monoclonal rat anti-mouse granulocyte (RB6-8C5; Ref. 17), a generou%s|ubstrate. Sections were counterstained for 1 min with Harris hematoxylin,
gift from Dr. R. Coffman (DNAX, Palo Alto, CA) and Dr. S. Reiner (Uni- ehydrated and mounted in DePeX (BDH, Poole, U.K.).

versity of Chicago, Chicago, IL), was purified from cell culture supernatantGranuloma counting

by affinity chromatography using a protein G column. RB6-8C5 mAb (0.2

mg) or control rat IgG (Sigma) was administered i.p. at edyof infection Liver sections from infected mice were stained with hematoxylin and eosin
and every third day thereafter. The efficacy of depletion was monitored byand the degree of the granulomatous responses assessed in two ways: 1
flow cytometric analysis of spleen cells. Control naiwdT, C57BL/6, and granuloma density was determined frorl50 fields of view per mouse
BALB/c mice were also treated with RB6-8C5 and observed daily over theliver (X63 magnificationn = 2—-3 mice/group) and 2) the degree of mat-
time course of infections. Neutrophil depletion did not lead to any deteri-uration of granulomas was scored around infected Kupffer cells (KC), as
oration in health status in naive mice. However, we did note a slight re-described elsewhere (18).

duction in the frequency of peripheral (splenic) CDB cells in both naive o .

and infected RB6-8C5-treated mice (data not shown). Statistical analysis

Immunohistology Data were analyzed using either the nonpaired Studetgst, Peasons
linear correlation, on? as appropriate, using the graphics package Fig P

Neutrophils were identified by staining with RB6-8C5 using the Vectastain(Biosoft, Cambridge, U.K.).

Elite immunoperoxidase system (Vector Laboratories, Peterborough,

U.K.). Brie(fjly, Ii\I/ers vgegedcgllected from micedki(lled by czrvicalbdislocg- Results

tion, immediately embedded in OCT compound (Raymond Lamb, London .- . . . .

U.K.), and snap frozen in isopentane/liquid nitrogen. Sectionmi$were B Ce”_ deficient mice are highly resistant to donovani

cut with a cryostat and were fixed for 2 min in acetone, air dried, and storednfection

at —20°C until stained. Frozen sections were fixed for 8 min in acetone an : . T ~
washed for 20 min in PBS (10 mM NaFO,, pH 7.5, and 0.9% (W) ctompansons of the course af donovaniinfection in age- and

saline) immediately before staining. Sections were additionally blockedS€X-MatchedquMT and C57BL/6 mice revealed thatMT mice
with avidin for 15 min, and then with biotin for 15 min followed by 1.5% were highly resistant to infection (Fig. 1). Wild-type C57BL/6
(v/v) rabbit serum diluted in PBS for 30 min. Excess serum was blottedmice displayed organ-specific control lof donovaniinfection, as
from sections that were then incubated with primary Ab, diluted in PBS'previoust reported in BALB/c mice (5, 19). Hence, liver parasite

for 30 min. RB6-8C5 and control rat IgG were used at2gdml. Abs were . .
detected by incubation with biotinylated rabbit-anti-rat IgG (mouse ad-loadS began to resolve 21-28 days after infection, whereas para-

sorbed; 1:100 (v/v) dilution), and this was subsequently detected with aviSites persisted indefinitely in the spleen, albeit at lower levels than
din biotinylated-HRP complexes. Sections were developed for peroxidasin the liver. Not only were peak parasite loads in both organs
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FIGURE 3. Liver necrosis accompaniés donovaniinfection in uMT
mice. Photographs show a representative liver from C57BL/6 (Auafid
FIGURE 2. Hepato-splenomegaly ipMT and C57BL/6 mice infected (B) mice removed at day 14 p.i. with. donovani.Similar overt gross
with L. donovaniHepatomegaly (A) and splenomegaly (B) were calculatedpathology inuMT mice was evident when examined from day 14 to day
as described iMaterials and Methodat the indicated times after infection 21 p.i.

of uMT (M) and C57BL/6 (A) mice. Data represent mean organ inttex

SE (n= 3) and are representative of three independent experiments with

similar results. Significance levels, comparing hepatomegaly or spleno-

megaly at each time point to naive controls, are indicateqy < 0.05;  atday 14 p.i.p < 0.05), this was self-limiting imMT mice, again
s, p < 0.005; %%, p < 0.001. commensurate with the reduction in parasite load in this organ.

uMT mice exhibit enhanced granuloma formation and
maturation in response th. donovaniinfection

significantly lower inuMT mice, (Fig. 1;p < 0.05 at day 28 for L. donovaninfection causes a structured hepatic tissue response in
liver; p < 0.005 at day 56 for spleen) but the long-term outcomemost mouse strains, in which infiltrating monocytes, lymphocytes, o
of infection was dramatically altered. Hepatic infection in the and neutrophils aggregate around infected KC to form granulomas £
wMT mouse was reduced to below the limits of detection by im- (1, 2). The kinetics of this response in wild-type aaIT mice §
pression smears within 8 wk of infection. Furthermqt®|T mice was very different however, as shown in Fid\.4At day 14 p.i., the w
did not develop persistent infection in the spleen (Fig. 1). Hencelivers of uMT mice contained more than three times the number of
B cell-deficientuMT mice are highly resistant to primary infection granulomas, compared with wild-type micp € 0.001). Further-
with L. donovani. more, unlike in wild-type mice where granulomas persisted
Hepato-splenomegaly is a notable featuré oflonovaniinfec- throughout the period of parasite clearance, the granulomas of
tion. In both C57BL/6 angdtMT mice, hepatomegaly was transient uMT mice were transient and these structures rapidly disappeared
but displayed important differences in kinetics (Fig. 2). In from the tissue as parasites were eliminated.
C57BL/6 mice, hepatomegaly was greatest following peak parasite Maturation of the tissue response was also assessed by enumer-
load (1.91+ 0.25-fold increase compared with naive at day 36 p.i.; ating the degree of inflammation around individual infected KC.
p < 0.001) and at the time when T cell-dependent immune mechAt day 14 p.i., inflammatory foci (immature granulomas) had de-
anisms started to reduce parasite numbers. In contrast, peak hegeloped around-60% of infected KC (Fig. 4B). In contrast, 90%
atomegaly inuMT mice preceded peak parasite burden (1231 of infected KC in uMT mice had elicited a local inflammatory
0.34-fold increase compared with naive at day 14 p.i; 0.002),  response by this time point. Two additional features of the re-
returning to control levels as parasites were cleared from the tissusponse inuMT mice were also evident from this analysis. First,
However, overt liver pathology was also noteduMIT mice atthis ~ uMT mice were found to contain many “empty” granulomas at
time (see Fig. 3 and below). Splenomegaly was a dominant featurday 14 p.i. (excluded from the analysis shown in Fig. 4B). These
of late infection in C57BL/6 mice (10.22= 0.31-fold increase most likely represented granulomas in which parasites had already
compared with naive at day 56 pf;< 0.0001; Fig. 2), reflecting been eliminated, and were only rarely observed in C57BL/6 mice
the lack of clearance of parasites from this organ. In contrast, alat this time. Second, although parasites within some granulomas
thoughuMT mice demonstrated more rapid onset of splenomegalywere being cleared by day 14 p.i., few granulomas had reached a
(6.61+ 1.52-fold vs a 1.7 0.23-fold increase in C57BL/6 mice mature stage of development (defined by an organized cuffing of
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KC G MG FIGURE 5. Continued active inflammation in the granulomas of 2
. . uMT mice. Granulomas from day 14 p.i. C57BL/6)(And uMT (B) <
Histological response . . . . . .
mice were stained using immunoperoxidase (brown) with the neutro-

FIGURE 4. Enhanced granuloma development followihgdonovani phil-specific mAb RB6-8C5. Sections were counterstained using hema- =
infection inuMT mice. A, Granuloma density in the liver giMT (M) and toxylin. Magnification, X40.
C57BL/6 (A) mice was determined at the times indicated by examination

of hematoxylin-stained cryosections. Data represent mean number of gran-

ulomas perx63 field = SE (n= 3 mice) an are representative of three

independent experiments with similar results. Significance levels compar- A ized ti . t ob dinth lélen of
ing uMT and C57BL/6 mice are indicated; p < 0.005;=*x*, p < 0.001. n organized tssue response IS not observed in the Spieen o

B, The frequency of KC showing either no sign of local inflammation donovani-infected mice (5, 6). Therefore, we assessed the levels ofg
(KC), inflammation without organization (immature granuloma; IG), or neutroph!ls in _th's organ by. flow cytometry. In C57BL/6 mice,
being the focus of a mature granuloma (MG) were scored in cryosectiongeutrophils (mid-level FSC/high SSC, F7/4nd RB6-8C5) rep-
of day 14 infected livers of C57BL/@ () and uMT (Z) mice. Data were  resented<5% of the total spleen cell population at day 14 p.i. In
obtained by examining-150 KC per section (= 3 mice) and are repre- infecteduMT mice, neutrophils were clearly abundant and repre-
sentative of two independent experiments. The difference in distribution okented 30% of the total population (data not shown). Rapid parasite
tissue responses between strains was significagt ayialysisp < 0.001.  clearance inuMT mice is therefore characterized by the presence &
of elevated neutrophil numbers in both organs, and in the liver &
these neutrophils also appeared to be associated with areas of tisw
infiltrating cells). Hence, in the absence of B cells, there aresue destruction.

marked changes in the intensity and kinetics of the hepatic gran- ) ] ) )
ulomatous response ta donovani. Neutrophil depletion leads to enhanced parasite growth in B

cell deficient and wild-type mice

Aq /610 jounwiwi |
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Increased presence of neutrophils in the liver and spleen of

) e ) . i The increased presence of neutrophils in the liver granulomas of
uMT mice following infection with.. donovani

wMT mice and their presence near regions of hepatic necrosis
Between day 14 and day 21 p.i., the liversudT mice exhibited  suggested that these cells may contribute both to the pathological
signs of gross destructive pathology (Fig. 3). They were pale inevel of inflammation, as well as the accelerated clearance of par-
color, suggesting occlusion of blood vessels, and large areas @fsites observed ipMT mice. To address these questiopdT
necrosis were frequent in hematoxylin and eosin-stained sectiorsnd C57BL/6 mice were treated with the neutrophil-depleting
(data not shown). Neutrophils, stained with mAb RB6-8C5, weremAb RB6-8C5 (21, 22). Neutrophil depletion over the first 2 wk of
commonly associated with these areas of tissue damage, suggestfection had a surprising and dramatic effect on parasite devel-
ing the latter was the result of an excessive inflammatory responsepment in both strains of mice (Table I). Parasite burden was in-
In contrast, liver necrosis was not observed in infected C57BL/6creased 6-fold in the spleen and liver of C57BL/6 mice, resulting
mice at any time p.i. Although mononuclear cells were still abun-in parasite burdens in the latter organ that are not approached even
dantin the granulomas @MT mice, neutrophils were also readily at the peak of disease progression in untreated mice (see Fig. 1).
detected, suggesting the presence of continued active inflammatidRB6-8C5 treatment also increased parasite loadgNtT mice,
within these granulomas (Fig. 5). In contrast, neutrophils werealthough to a greater relative extent than seen in C57BL/6 mice.
scarce in the granulomas of C57BL/6 mice infected Witldono- ~ This may reflect a more critical role for neutrophilsMT mice

vani (Fig. 5 and Refs. 2 and 20). or their greater relative abundance.
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Table I. Effect of neutrophil depletion on parasite burdendMT and 1400
C57BL/6 mice p < 0.0001
1200
Day 14 Parasite Load i—
(mean LDU= SEMY
1000
Group Spleen Liver
joul
C57BL/6 + 1gG 6=+3 815+ 78 | 800
C57BL/6 + RB6 36+ 10* 4960+ 839* o —ns
uMT + 1gG 1+1 621+ 27 £ 600 pe0.02 —E
uMT + RB6 11+ 4* 4408+ 772* -
2Mice (n = 4) were injected with control IgG or RB6-8C5 as described/ia 400
terials and Methodsand parasites were determined in impression smears 14 days
after infection with 2x 107 amastigotes. Data represent parasites load, calculated as
LDU, for one of two experiments which yielded similar results. 200
*, p < 0.01 vs. control Ig.
0 T ? f ¢
To determine whether the influence of neutrophils on the course \\‘f $ é? 5
of L. donovaniinfection was limited to mice on the C57 back- N ¥ f N
ground, we also performed depletion studies in BALB/c mice, in cl? A $
which the immune response to donovanihas been most exten- N 3

sively characterized. BALB/c mice injected with mAb RB6-8C5,
exhibited a dramatic increase in day 14 parasite load in both th
splegn (9= _ZVS 149 4 in control ang treated mice, reSpeCtlvely) normal C57BL/6 miceuMT mice, or uMT mice receiving either normal

and in the liver (1191+ 126 vs 3644~ 558). Hence, neutrophils (NMS) or chronic-infection serum (IMS). Data were analyzed by students

appear tQ play a critical role in th.e early control lof donoyani t test (n= 5 mice/group), and significance levels are shown on the figure.
infection in mice. Furthermore, this neutrophil response is exag-

gerated in the absence of B cells, and may contribute to gross
destructive pathology.

EIGURE 6. Serum transfer has minimal effect on anti-leishmanial ac-
fivity in uMT mice. Parasite burden was determined at day 16 p.i. in

of uMT compared with wild-type mice. We therefore sought other
Serum transfer abrogates gross pathology, but minimally affectsexplanations for the heightened resistanc@®fT mice toL. do-
the resistance ofiMT mice toL. donovaniinfection novani. As lack of B cells has been reported to have effects on the
g.mction of T cells in other systems, we wished to determine

Other researchers (23, 24) have previously implicated serum | - . . . . .
and/or immune complexes in the regulation of anti-inflammatoryWhether T cells inuMT mice and C57BL/6 mice difiered in their

cytokine responses. Therefore, we evaluated whether the lack &bility. to protect agzlalinsL. donovaniinfection. Previous studies
serum Ig, a consequence of the B cell deficiencyMT mice, had have illustrated the importance of both CD4nd CD8" T cells

any immunoregulatory consequences in our infection model. for immunity toL. donovaniin the liver (3). Hence, we copurified

To address this questiopMT mice were infected with.. do- both populatigns directly by MA_CS using a combination of a_nti-
novaniand at 4 h p.i. (a time wher95% of parasites were cleared CD4 and anti-CD8 mAbs. Purified T cells from C57BL/6 mice

from the circulation (15)); we then adoptively transferred aoef ~ Were 74% cb4 anod 280/;1 CDg, v:)/herea;s those isolated from
serum derived from naive C57BL/6 mice or mice infected for 56 “MT mice were 76% CD4 and 23% CD8. These mixed pop

days withL. donovani. Serum transfer was repeated at day 8 p_-.ylations of T cells (16 or 10P) were adoptively transferred to

and mice were sacrificed at day 16 p.i. The results of this exper—> ¢ BL/6 background RAGT™ mice 1 day before infection with
iment were both striking and unexpected. Transfer of either normat- donova_nl.(?n_ day 28 p.i., mice were sacrificed and each mouse
or chronic-infection serum had minimal effect on the resistance O]analyzed individually for pe_:lrasne_‘ load and the degree of CD4
LMT mice to infection withL. donovani(Fig. 6). Furthermore, and CD8" T cell reconstitution (Fig. Y The data clearly demon-
immunohistological analysis using RB6-8C5 demonstrated that th&trate that control of. donovaniin this transfer model was cor-
levels of active inflammation (i.e., neutrophil infiltration) within related with CD4 (p <,O'002 andp < 0.05 for uMT a”f’

the granulomas of control and serum-treatddT mice was sim-  Co/BL/6 donors, respectively) rather than CDB cell number in
ilar (data not shown). However, serum transfer almost totally in_recons_tl_tuted mice. More importantly, there was no difference in
hibited the gross destructive pathology observed in the livers th_e ability of CD4" or C_D8+ T cells_from C57BL/6 anduMT

MT mice. Whereas 5/5 contraiMT mice showed clear outward MICe 10 transfer protection to RAGL™ mice. Hence, the devel
signs of liver necrosis (as illustrated in FigB)3 this was seen in 0Pmentof T cells in a B cell-deficient environment does not result
only 1/5uMT mice receiving normal mouse serum and in 0/5 mice N @Y guantitative .gltera.tlons in their ability to transfer protection
receiving chronic-infection serum. All other serum recipients hagagainstL. donovaniinfection.

livers with normal gross appearance. Hematoxylin and eosin stain-_. .

ing of tissue section also revealed few or no signs of necrosis irp'SCUS‘S'Orl

serum recipients (data not shown). Hence, serum transfer distinfhe data presented in this study demonstrate that B cell-deficient
guishes the mechanisms involved in the development of tissugMT mice are highly resistant th. donovaniinfection. This is
damage and enhanced host resistangeNIT mice. associated with a granulomatous response with evidence of con-
tinued active inflammation. Depletion of neutrophils demonstrated
an essential role for this cell population in the host responde to
donovani, both inuMT mice and, surprisingly, in wild-type
Although serum reconstitution protectsMT mice from tissue  C57BL/6 and BALB/c mice. In contrast to wild-type miceMT
damage, it had minimal effect on the enhanced levels of resistanamice also exhibited gross hepatic destruction, a process that could
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T cells fromuMT and C57BL/6 mice have equivalent anti-
leishmanial activity
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trates that immunological effector mechanisms are able to achieve

n
U T

T T 1 T
0 5 10 15 20 25 30 35
CD4" T cells (%)

7500 effective control of parasites in this organ, and that these are un-

covered in the absence of B cells.

6000 E Neutrophil depletion led to dramatic increases in parasite
= growth compared with that seen in untreated controls, in both
] 4500 E A uMT and also in C57BL/6 and BALB/c mice. Although the rel-

g ative increase in parasite burden was slightly great@NIT mice
= 3000 compared with wild-type mice, this did not appear to fully reflect
the observed differences in the numbers of neutrophils within the

1500 o If granulomas of these mice. A possible explanation for this discrep-

AAT AA ancy is that parasite density in the infected organ becomes a lim-
] i 1

iting factor. This contention is supported by the observation that in
mice with very low levels of infection (liver LDU< 100), the
effect of neutrophil depletion is significantly more markequd T
mice than in C57BL/6 mice (S. C. Smelt, unpublished observa-

7500 tions). Nevertheless, these data clearly indicate that in normal
mice, as well as in B cell-deficient mice, neutrophils play a vital,
6000 AEI A but hitherto unrecognized role in the control bf donovani
2 infection.
= 4500 H A The direct demonstration of a role for neutrophils in the control 9
S A of L. donovaniinfection was unexpected, particularly in wild-type §
~ 3000 C57BL/6 and BALB/c mice. A small number of neutrophils canbe o
detected early after infection infiltrating the liver parenchyma and %
15007 O i Uo subsequently within the granuloma (Fig. 5 and Refs. 2 and 19); =
AMA (| nevertheless, the granuloma is usually predominantly mononuclearg
0(') 5 10 15 20 in composition. Clearly, even the limited numbers of neutrophils =

seen in the tissue are able to make a substantial contribution to host§
resistance. A balanced neutrophil response may, at the expense o
FIGURE 7. T cells fromuMT and C57BL/6 mice are equally efiicient  ayimal anti-leishmanial activity, represent a mechanism for pro- %
?rt)tr;aniﬂf_e}rg?éfig?gfﬁit&??;ﬁ?xgrg?{irz:gf;?i ;[)(l:?e/gi's’ier:\ilceed tecting against excess pathology. In this regard, we have recently=:

K shown that anti-CTLA-4 treatment of mice also enhances granu-

1 day before infection with.. donovani. Control RAG1'~ mice received ; . d . | H like the si
no cells (*). At day 28 p.i., parasite load was determined from impressiodoma ormation and parasite clearance. However, unlike the situ-

smears and the frequency of CDand CD8' T cells in the spleen deter ~ ation seen inuMT mice, the response of anti-CTLA-4-treated
mined by flow cytometry. Data represent hepatic parasite load (LDU) formice remains predominantly mononuclear and progresses rapidlyQ
individual mice, plotted against either CD4A) or CD8" (B) T cell fre- to full maturation (18). Furthermore, the enhanced clearance of @
quency. A significant correlation was observed for CDeells derived  parasites induced by anti-CTLA-4 does not result in any overt liver Q
from eitheruMT (r = —0.86,p < 0.002) or C57BL/6 (r= —0.84,p < destruction. Comparison of these two experimental manipulations &

CD8" T cells (%)

10" jounLuL

0.005) donors, whereas no significant correlations were seen for" CD8 of the host response to. donovanisupports the notion that suc- S
cells of either strain. cessful elimination of pathogens and the containment of pathology >
requires an appropriately balanced cellular response. Q

Recent data suggest at least one mechanism by which neutro-f)

be inhibited by serum transfer. However, transfer of serum mini-phils may contribute to the control &f donovaniinfection. Stud- o
mally affected resistance ta donovani, allowing us to dissociate ies with gene targeted gp9pliox '~) and NOS2’~ mice, have §
w

tissue destructive processes from antimicrobial effector function irdemonstrated that while late stages of disease resolution are con-
wMT mice. trolled exclusively by reactive nitrogen intermediates (RNI), reac-
The rapid curing response pMT mice following L. donovani  tive oxygen intermediates (ROI) play an important role in the early
infection is striking in a number of respects. First, the rapid clear-regulation of parasite multiplication and mononuclear cell recruit-
ance of parasites in the liver oMT mice extends both the rate of ment (20). Although these ROI have been assumed to derive from
cure and the degree of pathology beyond those previously defineshonocytes or macrophages, our data would suggest that neutro-
using MHC congenic mice on the C57 background (25). This isphils may make an important, if not exclusive, contribution to ROI
associated with a rapid granulomatous response, whose cellularoduction. The production of ROI by neutrophils is regulated by
composition is neutrophil-rich relative to wild-type mice. This sug- TNF-«, and we have already shown that TNFproducing cells
gests the continuation of a process of active inflammation in thesare recruited into the liver within 3 days of infection with do-
granulomas, though this does not culminate in necrosis at thesgovani(19). In contrast, infected KC fail to make TNfat this
sites. These granulomas effectively eliminate parasites, but withowarly stage, and have also been shown to be relatively poor pro-
the maturation associated with parasite clearance in wild-typelucers of ROI (26). Thus, depletion of neutrophils may limit this
mice. Indeed, unlike the response in C57BL/6 mice and otheearly effector response and promote early parasite multiplication in
strains (this manuscript and Refs. 2 and 12), the granulomas iKC. However, the increase in parasite loads we have observed in
wMT mice are transient, their numbers declining rapidly after par-neutrophil-depleted mice are significantly greater than that seen in
asite clearance. SecondMT mice are able to effectively control phox /'~ mice, suggesting other roles for neutrophils in the early
parasites within the spleen, and fail to develop long-lasting splenoresponse. These may include direct parasite killing or the liberation
megaly and persistent parasite load characteristic of wild-typef cytokines which directly or indirectly amplify the host response.
C57BL/6 mice and BALB/c mice (this manuscript and Ref. 5). The Neutrophils are capable of producing a number of cytokines, in-
lack of persistence of parasites in the spleequbfT mice illus- cluding TNF«, IL-1« L-18, macrophage-inflammatory protein-2,
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transforming growth factofl, macrophage-inflammatory pro- wuMT mice (39), as was the case in a murine model for allergic
tein-lo, IL-10, and IL-12. (27-30). Many of these cytokines/che- asthma (40). In contrast, there have been numerous examples
mokines have already been shown to play important roles. in where the development of T cell responses following infection is
donovaniinfection (1, 19, 31-33). Further work involving neutro- modulated by the absence of B cellsMT mice are defective in
phil depletion in cytokine gene targeted mice will be required toswitching from a Thl to a Th2 response followiRlasmodium
clarify this issue. Unfortunately, effective neutrophil elimination chabaudi chabaudinfection (41). Similarly, after infection with
for greater than 14 days was not possible, due to increasingly rapi@hlamydia, uMT mice fail to mount a significant delayed-type
replenishment of the neutrophil pool (S. C. Smelt, unpublishechypersensitivity response and have higher mortality rates than their
observations), and thus it remains to be determined whether in theild-type counterparts (42). FurthermogeMT mice demonstrate
absence of neutrophils, mice retain the capacity to eventually resolvenore rapid graft rejection (43), enhanced primary LCMV-specific
their infections. The latter might be predicted by a switch to a depenCTL responses at high viral loads (38), and a higher death rate
dency on macrophage-derived RNI within the granulomas (20). among activated CD8 cells and LCMV-specific CD8 CTL
Although there have been a number of immunological aberramemory cells after virus infection (44). In our hands, T cells de-
tions reported inuMT mice, to our knowledge this is the first rived from either strain have equal protective efficacy on a cell per
report of an exaggeration in neutrophil function. IL-10 has beencell basis when transferred into RAGT mice. These data cen
reported as a major regulator of neutrophil function, and B cellsfirm that T cells originating from an environment with or without
have been reported to produce IL-10 in a number of infectiousB cells can be primed in the absence of B cells and can develop the
disease settings (34-36). We have detected IL-10 mRNA in Bmmune phenotype required for efficient clearancé&.adonovani.
cells isolated from infected C57BL/6 and BALB/c mice (S. C. These data do not argue for or against a subsequent role of B cells
Smelt, C. R. Engwerda, and P. M. Kaye, unpublished data), but am Ag presentation or cytokine regulation of T cell immunity. In
this occurs relatively late in infection, we believe it unlikely that B addition, the striking rapidity with which hepatic granulomas are
cell-derived IL-10 contributes to the negative regulation of neu-lost from the tissue after parasite clearance may suggest a role for
trophil function early in infection. Attempts to revert the pheno- B cells in T cell persistence within granulomas. Studies are in
type of uMT mice by the adoptive transfer of B cells from progress to address these important issues.
C57BL/6 mice have been inconclusive, as like others (Ref. 37; D. In summary, this study demonstrates thdT mice are highly
van Essen and D. Gray, unpublished observations), we have onhgsistant toL. donovaniinfection, but suffer from excessive de-
been able to achieve reconstitution levels<df0%. At this level,  structive pathology. These two features of infectionuMT mice
we have not observed any significant differences in parasite burean be dissociated by the transfer of serum Ab, which limits pa-
dens or pathology between unreconstituted and B cell-reconstihology without compromising host resistance. Furthermore, we
tuted uMT mice (data not shown). have shown that neutrophils are an essential component of hos
In contrast to our inability to modulate the responseuddT resistance in wild-type mice, and that their role is exaggerated in
mice by B cell transfer, transfer of either normal or chronic-infec- the absence of B cells. These data suggest a hitherto unrecognizeds
tion serum has a profound but highly selective effect in these micenegative association between B cells and neutrophils in the host =
Serum transfer has minimal or no effect on parasite logdNtr response to infection.
mice indicating that the enhanced resistancelsfT mice is in-
dependent of the presence or absence of either normal or parasite
specific Ig. HoweverpuMT mice reconstituted with either normal cknowledgments
or chronic-infection serum showed no signs of hepatic destructionwe thank Drs. S. Reiner and R. Coffman for the RB6-8C5 hybridoma and
These data suggest that the presence of Igs, and possibly immuiieacy Holmes for assistance in preparing the manuscript.
complexes (38) result in protection from tissue destructive pro-
cesses. These data also highlight that the mechanisms controllirlgeferences
destructive pathology are independent of those which regulate the
heightened resistance @MT mice to L. donovaniinfection. Ig 1. Cotterell, S. E., C. R. Engwerda, and P. M. Kaye. 1938shmania donovani
has also been shown to be required for the down-modulation of the gjiﬁ?@nam;:ﬁfgj 1 ;eT”'égﬂ?g:;gfgénfhnﬁgnorgﬁ [esponses, hich Jre subse:
schistosome egg granuloma, and in this model too, there is a dis2. mcElrrath, M. J., H. W. Murray, and Z. A. Cohn. 1988. The dynamics of gran-
sociation between the impact on pathology and host resistance uloma formation in experimental visceral leishmaniaisExp. Med. 167:1927.
(23). However, whereas in schistosomiasis pathology remains fo S5, J: .2, 0c6 &, b, &, L bodron, s 1 W Mugey, 1990
cal around deposited eggs, such an association between the site of munol. 140:3971.
tissue destruction and the presence of the triggering stimulus is lesg. Galvao-Castro, B., J. A. Sa Ferreira, K. F. Marzochi, M. C. Marzochi,
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easy to confirm in the case bf donovaniinfection Importantly S. G. Coutinho, and P. H. Lambert. 1984. Polyclonal B cell activation, circulating
. . . . ’ ! immune complexes and autoimmunity in human American visceral leishmania-
L. donovaniinfection of uMT mice now provides an additional sis. Clin. Exp. Immunol. 56:58.
tool for future studies into the mechanisms which control these two5. Smelt, S. C., C. R. Engwerda, M. McCrossen, and P. M. Kaye. 1997. Destruction
distinct host processes of follicular dendritic cells during chronic visceral leishmaniasls.Immunol.
. . . 158:3813.

Although dysregu_latlon of_ the_ neutrOIOhl_I response Is _the MOSt g, saha, B., H. Nanda-Roy, A. Pakrashi, R. N. Chakrabarti, and S. Roy. 1991.
evident phenotype imMT mice infected withL. donovani, our Immunobiological studies on experimental visceral leishmaniasis. I. Changes in
data do not formally rule out other more subtle influences on ef- lymphoid organs and their possible role in pathogendsis. J. Immunol.21:

577.

fector function. Indeed, the maintenance of a hlghlly resistant phe-; sacks, 0. L., P. A. Scott, R. Asofsky, and F. A. Sher. 1984. Cutaneous leish-
notype even after serum transfer and the elimination of pathology maniasis in anti-lgM-treated mice: enhanced resistance due to functional deple-

suggests this is the case. The impact of B cells on the development tion of a B cell-dependent T cell involved in the suppressor pathddymunol.
132:2072.

and functl_on_of T cells has been (_axtgnswe_ly analyZEd’ thoth Oﬂen& Hoerauf, A., W. Solbach, M. Lohoff, and M. Rollinghoff. 1994. The Xid defect
with conflicting results. InL. major infections, the presence or determines an improved clinical course of murine leishmaniasis in susceptible
absence of B cells fails to influence the commitment to Th 1 or Th _ Mice.Int. Immunol. 6:1117.

.. . . . . . 9. Hoerauf, A., M. Rollinghoff, and W. Solbach. 1996. Co-transfer of B cells con-
2 development (11). Similarly, immunization with acetylcholine
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