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Mice sensitized with Schistosoma mansoni eggs and

IL-12 develop liver granulomas, on subsequent infec-

tion, which are smaller and less fibrotic than those in

nonsensitized mice. The protective response is ac-

companied by a shift in the type-2 cytokine profile to

one dominated by type-1 cytokines. The deviated re-

sponse is associated with marked increases in induc-

ible nitric oxide synthase (NOS-2) activity. Here, we

demonstrate, by using NOS-2-deficient mice, that the

anti-inflammatory and anti-fibrotic effects of the

type-1 response are completely NOS-2-dependent.

Strikingly, despite developing a polarized type-1 cy-

tokine response that was similar in magnitude, the

egg/IL-12-sensitized NOS-deficient mice developed

granulomas 8 times larger than WT mice did. There

was also no decrease in hepatic fibrosis in the sensi-

tized mutant animals. Interferon-g-deficient mice

failed to exhibit the exacerbated inflammatory re-

sponse, despite displaying a marked deficiency in

nitric oxide production. However, immune deviation

was unsuccessful in the latter animals, which sug-

gested that the increase in inflammation in NOS-defi-

cient mice resulted from a polarized but nitric oxide-

deficient type-1 response. These results reveal a

beneficial role for NOS-2 in the regulation of inflam-

mation and suggest that the ultimate success of Th2-

to-Th1 immune deviation strategies will rely on the

efficient activation of NOS-2 expression in downstream

effector cells. (Am J Pathol 2000, 157:945–955)

Chronic inflammation mediated by Th2-type cytokines

can lead to morbidity and mortality in allergy/asthma,1

systemic autoimmune disease,2 and helminthic infec-

tion.3 Therefore, major research goals in recent years

have been to understand the immunological mechanisms

controlling Th2 response development and to design

effective immunotherapies to treat or prevent such reac-

tions. A commonly used model to explore Th2-dependent

immunopathology is the murine model of schistosomia-

sis. Disease following Schistosoma mansoni infection de-

velops primarily as a consequence of chronic granulo-

matous inflammation in the liver. Eggs laid by adult

parasites are trapped in the liver, a process that leads to

marked inflammation, tissue eosinophilia, collagen dep-

osition, and, ultimately, extensive hepatic fibrosis. The

cytokine cascade induced by schistosome eggs is char-

acterized by increased production of several type-2-as-

sociated cytokines including interleukin (IL)-4, IL-5, IL-10,

and IL-13. Cytokine depletion and knockout experiments

have been especially useful for dissecting the specific

contributions of type-2 cytokines to the pathogenesis of

schistosomiasis.3–5 We have shown that granulomatous

inflammation and hepatic fibrosis is markedly reduced in

infected mice when the type-2 cytokine pattern is con-

verted to a more dominant type-1 response.6,7 This effect

was achieved by sensitizing mice to egg antigens in the

presence of IL-12, a potent Th1-inducing adjuvant.

The Th2-to-Th1 deviated immune response in egg/IL-

12-sensitized and infected mice is characterized by a

marked increase in interferon (IFN)-g, IL-12, and tumor

necrosis factor (TNF)-a mRNA expression in the granu-

lomatous livers. Cytokine ablation experiments demon-

strated that all three type-1-associated cytokines were

required for the maintenance of the Th1 response and,

most importantly, for the reduction in granuloma size and

hepatic fibrosis.8 Recent studies suggest that inducible

nitric oxide synthase (NOS-2) may be an important reg-

ulator of IL-12-induced responses.9 Up-regulation of

NOS-2 by IL-12 can induce immune suppression and

reduce the efficacy of IL-12.10 NOS-2 can also suppress

Th1 cell development, perhaps through its potent anti-

proliferative effect on T cells.11 Thus, iNO is not only a

potent cytotoxic and antimicrobial agent,12 but also ex-

hibits significant immunoregulatory activity.

Because IL-12 promotes the differentiation of Th1

cells, and IFN-g and TNF-a up-regulate NOS-2 expres-

sion,13 we hypothesized that production of iNO is up-
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regulated in egg/IL-12-sensitized mice and that this may

limit the Th2-suppressing activity of IL-12 and, conse-

quently, its anti-pathology effect in schistosomiasis.

Moreover, given its suspected role in disease progres-

sion in schistosomiasis,14,15 NOS-2 might also exhibit

tissue-damaging activity in egg/IL-12 sensitized mice,

which could also limit the efficacy of this anti-pathology

vaccine. Therefore, an improved anti-pathology effect

might be expected in the absence of NOS-2, since the

antiproliferative effects of iNO on Th1 cells would be

eliminated, as well as its potentially tissue destructive and

pro-inflammatory activities. To test this hypothesis, we

sensitized WT and NOS-2-deficient mice with schisto-

some eggs and IL-12 and subsequently infected the

animals with S. mansoni cercariae. The effects on liver

pathology, antigen-specific proliferation of lymphocytes,

and cytokine production were examined in detail.

These experiments demonstrated that relatively normal

type-1 and type-2 polarization occurred in the absence of

NOS-2 in egg/IL-12 sensitized and unsensitized animals,

respectively. This was confirmed both in vitro, in lympho-

cyte cultures re-stimulated with parasite antigen, and in

vivo within the granulomatous tissues. Surprisingly, how-

ever, despite developing the predicted Th cell cytokine

response, the egg/IL-12-sensitized NOS-2-deficient mice

not only failed to down-regulate egg-induced inflamma-

tion and fibrosis, but displayed a marked exacerbation in

the response. These data demonstrate that although nor-

mal or possibly improved Th2-to-Th1 immune deviation

occurred in the egg/IL-12-sensitized NOS-2-deficient

mice, the downstream anti-inflammatory and antifibrotic

effects of the egg-specific type-1 response were com-

pletely eliminated in the absence of iNO.

Materials and Methods

Mice, Parasites, and Antigen Preparations

Female 42-day-old C57BL/6, C57BL/6Ai-[KO] NOS-2,

and C57BL/6Ai-[KO] IFN-g mice were obtained from Tac-

onic Farms (Germantown, MD). All mice were housed

under specific-pathogen-free conditions in a National In-

stitutes of Health animal facility approved by the Ameri-

can Association for the Accreditation of Laboratory Ani-

mal Care. Cercariae of a Puerto Rican strain of S. mansoni

(Biomedical Research Institute, Rockville, MD) were ob-

tained from infected Biomphalaria glabrata snails (Bio-

medical Research Institute). Soluble egg antigen (SEA)

and soluble worm antigen preparations (SWAP) were

from homogenized S. mansoni eggs and adult parasites

as previously described.7

Immunizations and Infections

S. mansoni eggs were extracted from the livers of infected

mice (Biomedical Research Institute) and enriched for

mature eggs. Infection and sensitization of mice with

eggs and rIL-12 has been previously described.7 Briefly,

groups of 10 NOS-2-deficient, IFN-g-deficient and wild-

type (WT) controls were injected i.p. with 5000 eggs on

three occasions separated by 2-week intervals. Animals

were also injected i.p. with rIL-12 (0.25 mg/dose) on 5

consecutive days beginning on the day of each immuni-

zation. Naı̈ve mice and egg/IL-12 presensitized mice

were infected 2 to 4 weeks after the last IL-12 injection by

percutaneous exposure of tail skin for 40 minutes in water

containing 25 cercariae. All mice were sacrificed 8 weeks

after infection. At the time of sacrifice, liver tissue was

taken for histology and RNA extraction. The draining

lymph nodes and spleens were used to prepare cell

suspensions for in vitro culture. We noted no mortalities in

any group up to the point of sacrifice.

Histopathology and Fibrosis Measurement

Approximately half of the liver was removed and fixed in

Bouin-Hollande solution. Histological sections were pro-

cessed and stained with Giemsa (Histo-Path of America,

Clinton, MD). The diameter and cell composition of gran-

ulomas (30/mouse) surrounding single eggs were mea-

sured by using an ocular micrometer, and the volume of

each granuloma was calculated assuming a spherical

shape. Only granulomas around eggs containing a ma-

ture miracidium were measured. Egg viability was as-

sessed microscopically in the same liver sections. The

collagen content of the liver samples, determined as

hydroxyproline, was analyzed as described previously.3

Additionally, collagen deposition in tissue sections was

evaluated after staining with picrosirius red (Histo-Path of

America). Serum alanine aminotransferase/aspartate

aminotransferase levels were also monitored at the time

of sacrifice, and although levels of both enzymes in-

creased after infection, there was no difference detected

between the WT egg/IL-12-sensitized or infected control

mice (data not shown).

Lymphocyte Culture and Cytokine Detection

Spleen and mesenteric lymph nodes were removed

aseptically and single cell suspensions were prepared.

Cells were plated in 24-well tissue culture plates at a final

concentration of 4 3 106 cells/ml (spleen) or 3 3 106

cells/ml (lymph nodes) in RPMI 1640 supplemented with

10% fetal calf serum, 2 mmol/L glutamine, 1 mmol/L

sodium pyruvate, 50 mmol/L 2-mercaptoethanol antibiot-

ic-antimycotic solution (all Life Technologies, Gaithers-

burg, MD). Cultures were incubated at 37°C in a humid-

ified atmosphere of 5% CO2. Cells were stimulated with

SEA (20 mg/ml), SWAP (50 mg/ml), Concanavalin A

(1 mg/ml), or medium alone. Supernatant fluids were har-

vested at 72 hours and assayed for cytokine production.

IFN-g and IL-5 were measured by two-site enzyme-linked

immunosorbent assay (ELISA) as previously described.7

IL-4 (Genzyme Diagnostics, Cambridge, MA) and IL-13

(R & D Systems, Minneapolis, MN) were detected by

two-site ELISA according to the manufacturer protocol.

Cytokine levels were calculated with standard curves

constructed using recombinant murine cytokines.
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T Cell Proliferation

Spleen cells were cultured in 96-well microtiter plates at a

concentration of 5 3 105 cells per well. Cells were stim-

ulated in vitro with SEA (20 mg/ml), SWAP (50 mg/ml),

Concanavalin A (1 mg/ml), or medium alone. After 48

hours cells were pulsed with 37 kBq (Methyl-3H) thymi-

dine (ICN, Costa Mesa, CA) and harvested after an ad-

ditional 24 hours of incubation to determine incorporated

(3H) thymidine. Incorporated radioactivity was measured

on a b-counter (1450 MicroBeta-TriLux, EG&G Wallac,

Gaithersburg, MD).

Nitrite Analysis

The concentration of nitrite in supernatants of spleen cells

stimulated in vitro as described above was determined

spectrophotometrically by using the Griess reagent. Su-

pernatants were collected after 72 hour, mixed 1/1 with

Griess reagent, and absorbance measured at 543 nm

using a SpectraMax 190 (Molecular Devices, Sunnyvale,

CA). The nitrite concentration was determined using so-

dium nitrite as standard.

Reverse Transcriptase-Polymerase Chain

Reaction (PCR) Detection of mRNAs

Relative quantities of mRNA for IFN-g, IL-5, IL-13, hypo-

xanthine-phosphoribosyltransferase (HPRT), and NOS-2,

expressed in inflammatory tissue, were determined by

RT-PCR as previously described.16 The sequence of

primers and probes has been published previously.16,17

The amplified DNA was analyzed by electrophoresis,

Southern blotting, and hybridization with non-radioactive

cytokine specific probes. The chemiluminescent signals

were quantified using a ScanJet IIP (Hewlett-Packard,

Palo Alto, CA). The amount of PCR product was deter-

mined by comparing the ratio of cytokine-specific signal

density to that of HPRT-specific signal density for individ-

ual samples. Arbitrary densitometric units for individual

samples were subsequently multiplied by a factor of 100

and compared with those for control mice (uninfected

mice tissue).

Immunohistochemistry

Liver samples were quick frozen in O.C.T. compound

(Miles Inc., Elkhart, IN) and stored at 275°C. Sequentially

cut cryostat tissue sections (8 mm) were fixed with ace-

tone and stored at 275°C. For CD11b staining, slides

were rehydrated in wash solution (100 mmol/L Tris/HCl,

pH 7.6, 0.15 mol/L NaCl, 0.05% Tween 20) for 10 minutes

at room termperature. Protein block was added (10

mmol/L Tris/HCl pH 7.6, 0.15 mol/L NaCl, 3% Rad Free,

Schleicher & Schuell) and incubated for 30 minutes at

room temperature. Slides were washed 33 and incu-

bated for 30 minutes with 10 mg/ml anti-CD11b-FITC Ab

(Caltag, Burlingame, CA) at room temperature. Slides

were washed 33 and mounted with Vectashield me-

dium (Vector Laboratories, Burlingame, CA). Negative

controls included matched isotype Ab (Pharmingen,

San Diego, CA).

Statistics

Hepatic fibrosis (adjusted for egg number) decreases

with increasing intensity of infection (worm pairs) in the

infection experiments. These variables were, therefore,

compared by analysis of covariance, using the log of total

liver eggs as the covariate and the log of hydroxyproline

per egg. All other variables were compared by Student’s

t-test. In all cases, results were considered significant for

P , 0.05.

Results

NOS-2 Expression Is Increased in Antigen/IL-

12-Sensitized and Challenged Mice

Splenocytes from unsensitized and egg/IL-12-sensitized

and infected mice were stimulated in vitro with mitogen

and culture supernatants were assayed for levels of ni-

trite, as a marker of NOS-2 activity. Sensitizing animals in

the presence of IL-12 increased the accumulation of Con

A-induced nitrite after challenge (Figure 1A). Inflamma-

tory tissues were also isolated and analyzed by semi-

quantitative RT-PCR for expression of NOS-2 mRNA. The

results clearly demonstrate significantly increased levels

of NOS-2 mRNA in the livers of the infected egg/IL-12-

treated mice (Figure 1B). NOS-2 mRNA was undetect-

able in the uninfected controls and only a very low level

was detected in the infected non-IL-12-treated group.

Egg/IL-12-Sensitized NOS-2-Deficient Mice Fail

to Control Egg-Induced Inflammation

Although iNO is an important by-product of type-1 re-

sponses, it has also been shown to antagonize their

development, which may result from its potent anti-pro-

liferative effect on T cells.11 We hypothesized that the

anti-pathology effects of IL-12 might be improved in the

absence of NOS-2, since the Th1-dampening effects of

iNO would be eliminated as well as its suspected down-

stream pro-inflammatory activity.11,14,15,18 To test this hy-

pothesis, we sensitized WT and NOS-2-deficient mice

with schistosome eggs and IL-12 and subsequently in-

fected the animals with S. mansoni cercariae. To deter-

mine whether NOS-2 was affecting granuloma formation,

the livers of egg-sensitized and infected mice were ex-

amined histologically. Tissue sections were Giemsa-

stained and the size of granulomas assessed micro-
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scopically. Unexpectedly, the control nonsensitized

NOS-2-deficient mice showed a small but nevertheless-

significant increase in granuloma size when compared

with the control WT group (Figure 2A). This suggested

that the small amount of iNO detected in infected WT

control mice (Figure 1B) was sufficient to mediate a par-

tial anti-inflammatory effect. The anti-inflammatory effect

was even more obvious in the egg/IL-12-sensitized WT

group, in which NOS-2 levels increased (Figure 1B) and

granuloma size decreased (Figure 2A). Much more strik-

ing, however, was the more than eightfold difference in

granuloma volume observed between the egg/IL-12-sen-

sitized WT and NOS-2-deficient mice. Indeed, the mutant

animals showed a marked exacerbation of egg-induced

inflammation when sensitized with eggs and IL-12.

In the Absence of NOS-2, Hepatic Fibrosis Is

Increased and Completely Unaffected by

Egg/IL-12 Presensitization

Because the egg/IL-12-sensitized NOS-2-deficient mice

were unable to down-regulate the egg-induced inflam-

matory response (Figure 2A), we examined whether there

was a similar affect on fibrosis in these animals. Fibrosis

was quantified in the granulomatous livers by analysis of

Figure 1. Production of iNO and expression of NOS-2 mRNA is increased in mice sensitized with schistosome eggs and IL-12. C57BL/6 mice were sensitized with
schistosome eggs and IL-12, infected with S. mansoni, and sacrificed 8 weeks later. Spleen cells were pooled and restimulated in vitro with Concanavalin A
(1 mg/ml) or left unstimulated. Supernatants were collected after 72h and analyzed for nitrite content (A). Liver tissues (B) were taken from all mice including
naı̈ve controls and total RNA was isolated. RNA was analyzed for NOS-2 mRNA expression by semiquantitative PCR. Nitrite accumulation is shown as the average
concentration (in mmol/L) 6 SD values per group (A). NOS-2 mRNA levels are expressed as arbitrary O. D. units, and each dot represents the result for a single
mouse (B). The bar shows the group medians.

Figure 2. Sensitizing mice with eggs/IL-12 fails to control egg-induced granuloma formation and hepatic fibrosis in infected NOS-2-KO mice. Granuloma size was
measured in liver tissue as described in Material and Methods. Data in A represent measurements from individual mice and the bar denotes the group median
(n 5 7–10). Statistical significance is indicated in the figures. Fibrosis was quantified in granulomatous liver tissue by analysis of hydroxyproline content, expressed
as mmol/L hydroxyproline per 10,000 eggs, calculated after subtracting the mean hydroxyproline content of uninfected livers (B). Data points represent the mean
of duplicate measurements and the bar indicates the group median (n 5 7–10). Statistical significance between experimental groups was determined by analysis
of covariance (P , 0.05). Similar results were obtained in a second experiment.
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hydroxyproline.3 As expected, fibrosis was significantly

increased in the livers of infected WT mice and reduced

by prior egg/IL-12-sensitization (Figure 2B). In agreement

with their increased inflammatory response, hepatic hy-

droxyproline levels were significantly increased in NOS-

2-deficient mice when compared with the WT non-IL-12-

treated control group. Interestingly, unlike the WT

animals, there was no reduction in fibrosis in the livers of

the egg/IL-12-sensitized mutant mice. These observa-

tions were confirmed in tissue sections stained with the

collagen specific stain, picrosirius red. Here, the contrast

between egg/IL-12-sensitized WT (Figure 3B) and NOS-

2-deficient mice (Figure 3D) is immediately obvious. A

large rim of collagen surrounds the lesion in the mutant

mouse, but is markedly reduced in the small granulomas

formed in the infected WT animals.

WT and NOS-2-Deficient Mice Develop a

Similar Cytokine Expression Profile in Vitro and

in Vivo

Surprisingly, the in vitro proliferative response of spleno-

cytes to parasite antigens was mostly unaffected by the

Figure 3. Collagen staining in granulomatous liver tissues shows large areas of collagen deposition in egg/IL-12 sensitized NOS-2-KO mice, but not in WT controls.
Liver sections were stained with the collagen-specific stain picrosirius red. Hepatic granuloma from an infected WT (A), egg/IL-12 sensitized and infected WT (B),
infected NOS-2-KO (C), and egg/IL-12 sensitized and infected NOS-2-KO mouse (D) are shown. Representative granulomas were photographed at a magnification
of 3200.

Figure 4. The proliferative response of splenocytes to parasite antigens is
unaffected by the absence of NOS-2. Splenocytes from infected egg/IL-12-
sensitized and nonsensitized NOS-2-KO and WT mice were pooled, plated in
96 well plates at 5 3 105 cells/well, and restimulated with medium alone,
soluble egg antigen (SEA, 20 mg/ml) or soluble worm antigen (SWAP, 50
mg/ml). After 48 hours, cells were pulsed with 37 kBq (Methyl-3H) thymi-
dine, harvested after an additional 24 hours and counted. Bars represent the
mean 6 SD of three individual wells. Similar results were obtained in several
repeat experiments.
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absence of NOS-2. Both WT and NOS-2-deficient mice

displayed a similar response to SEA or SWAP stimulation

(Figure 4). There was a trend toward increased prolifer-

ative responses in the non-IL-12-treated NOS-2-deficient

cultures, although this was not significant in all experi-

ments. However, there was a consistent reduction in

proliferation observed in the IL-12-treated groups and

this was of similar magnitude in both WT and NOS-2-

deficient cultures. These results suggested that factors

other than iNO were likely responsible for the decreased

proliferative responses observed in IL-12-treated mice.

Related studies have suggested that IFN-g19 and/or IL-

1020 could be involved.

To determine whether NOS-2 activation was affecting

the cytokine-producing profile of egg/IL-12-sensitized

mice, spleen cells were isolated and analyzed by ELISA

(Figure 5A) and ELISPOT assay (data not shown) for

antigen specific cytokine responses. Granulomatous liver

Figure 5. NOS-2-deficiency does not significantly affect the establishment of a type-1 dominant response in egg/IL-12-sensitized mice. Single cell suspensions of
splenocytes, pooled from groups of egg/IL-12-sensitized or nonsensitized infected NOS-2-KO or WT mice were plated in 24-well plates (4 3 106 cells/well) and
restimulated with medium alone, SEA (20 mg/ml) or SWAP (50 mg/ml). Supernatants were collected after 72 hours and production of IFN-g, IL-4, IL-5, and IL-13
were measured by ELISA. Each bar in A represents the results obtained with pooled cells from 7 to 10 mice (similar results were obtained in a second assay). In
addition, liver biopsies were taken from all mice at the time of sacrifice. Total RNA was isolated and examined for IL-5, IL-13, and IFN-g mRNA by semiquantitative
RT-PCR. Each data point represents the result for an individual mouse and the bar indicates the group median. B shows the results of two separate experiments
with 5 mice randomly chosen for analysis from each study.

950 Hesse et al
AJP September 2000, Vol. 157, No. 3



tissues were also analyzed by quantitative RT-PCR for

IL-13, IFN-g and IL-5 mRNA (Figure 5B).

In vitro restimulated lymphocytes (data not shown) and

splenocytes from egg/IL-12-sensitized NOS-2-deficient

mice displayed an overall pattern that was similar to WT

mice. Infected WT controls displayed high levels of IL-4,

IL-5, and IL-13, and virtually no IFN-g, whereas egg/IL-12

sensitized mice developed a dominant IFN-g response

(Figure 5A). Interestingly, the NOS-2-deficient control

group displayed reduced levels of IL-4 and IL-5 when

compared with WT mice. There was also a detectable

IFN-g response in these mice, suggesting that the non-

IL-12-treated NOS-2-deficient animals were developing a

less polarized Th2 response than their WT counterparts.

The egg/IL-12-sensitized NOS-2-deficient mice also dis-

played a more marked IFN-g response compared to WT

animals, although this was only a modest increase in

most experiments. Both groups of infected WT and NOS-

2-deficient mice displayed marked reductions in IL-4,

IL-5, and IL-13 when sensitized with eggs and IL-12, and

there was no evidence for a more complete ablation in

the NOS-2-deficient mice. The data suggest that NOS-2

deficiency does not dramatically affect schistosome egg-

induced Th2 or Th1-type cytokine polarization. In fact, the

data indicate that a slightly improved Th1-polarized re-

sponse is achieved in the egg/IL-12-sensitized NOS-2-

deficient mice. There was also no change in the frequen-

cies of type-1 or type-2 cytokine producing cells as

determined by ELISPOT analysis (data not shown).

Finally, lung and liver tissues were assayed by semi-

quantitative RT-PCR for IL-5, IL-13, and IFN-g mRNA.

High levels of IL-5 and IL-13 and low levels of IFN-g

mRNA in the tissues of the WT and NOS-2-deficient con-

trol groups confirmed that a dominant type-2 response

was established in these mice (Figure 5B). IL-5 and IL-13

levels decreased and IFN-g mRNA increased to the same

extent in both groups of egg/IL-12-sensitized mice, fur-

ther demonstrating that NOS-2 plays little or no regulatory

role in the development of these responses.

The Cellular Composition of Egg-Induced

Granulomas Is Not Affected by NOS-2

Deficiency, Though the Total Number of

Macrophages Increases Dramatically in the

Egg/IL-12-Sensitized Mutant Mice

A detailed analysis of the cellular composition of hepatic

granulomas revealed no major differences between the

NOS-2-deficient and WT control groups (Figure 6). There

were however, marked changes resulting from egg/IL-12

sensitization, although these changes were similar in

both WT and NOS-2-deficient mice. The lesions in both

control groups were composed of between 40 to 75%

eosinophils and moderate numbers of macrophages and

lymphocytes. Polymorphonuclear (PMN) cells were ab-

sent. In contrast, granulomas in egg/IL-12-sensitized

mice were composed of a larger population of macro-

phages (50–60%) and far fewer eosinophils (approxi-

mately 10%). There was also a slight increase in the

lymphocyte population and foci of PMNs were visible in

the lesions of the egg/IL-12-treated mice. These findings

demonstrate that tissue eosinophilia, an important marker

of Th2-mediated inflammation, was regulated normally in

the livers of IL-12-treated WT and NOS-2-deficient mice.

The general architecture of the granulomas in the

NOS-2 control and egg/IL-12-sensitized mice was also

quite different, as seen in Figure 3, C and D, and Figure

7, A and B. Most obvious was the increase in macro-

phages, which appeared to be more centrally localized in

the egg/IL-12-sensitized group (Figure 7B). Macro-

phages were identified by immunohistochemistry using

CD11b (Mac-1) as a marker. As shown in Figure 7, a

population of CD11b1 cells was predominantly at the

periphery of granulomas in the control (Th2 dominant

lesion) NOS-2-deficient mice (Figure 7A), which was sim-

ilar to findings in infected WT controls (data not shown).

In contrast, the Th1-dominant lesions observed in the

egg/IL-12-sensitized NOS-2 mice exhibited a large pop-

ulation of CD11b1 cells, which extended to the deposited

eggs. As demonstrated in Figure 3B, egg/IL-12-sensiti-

zation reduced granuloma size dramatically in WT mice

and therefore, the number of detectable CD11b1 cells

was small and their location in the granulomas was more

variable (data not shown). Together, these observations

suggest that the dramatic increase in granuloma size in

the egg/IL-12-treated NOS-2-deficient mice (Figure 2A) is

mostly attributable to a marked expansion in the number

of tissue macrophages.

IL-12-Treated IFN-g-Deficient Mice Fail to

Develop an Exacerbated Inflammatory

Response, Despite Exhibiting a Marked NOS-2

Deficiency

The previous findings suggested that iNO functions as a

potent anti-inflammatory mediator in the granulomatous

livers of infected egg/IL-12-sensitized mice (Figure 2A).

Both ELISA and RT-PCR results confirmed that a type-1

response was established in the IL-12-treated NOS-2-

deficient animals (Figure 5). This suggested that type-1

Figure 6. Analysis of the cellular composition of hepatic granulomas re-
vealed no major differences between NOS-2-deficient and WT control mice.
The cellular composition of hepatic granulomas was evaluated by micro-
scopic analysis of Giemsa-stained liver sections (10 granulomas/liver sec-
tion). The bars represent the mean cell number 6 SD per granuloma in each
group (n 5 7–10 mice).
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rather than type-2 cytokines were likely responsible for

the exacerbated inflammatory response observed in

these animals. To determine whether this was indeed a

type-1-driven effect, the granulomatous response of in-

fected egg/IL-12-sensitized IFN-g-deficient mice was

also evaluated. These mice, unlike infected WT controls,

failed to up-regulate NOS-2 expression significantly after

egg/IL-12 sensitization (Figure 8A). Nevertheless, de-

spite exhibiting a marked deficiency in NOS-2, they did

not develop the exacerbated inflammatory response ob-

served in the IL-12-treated NOS-2-deficient animals (Fig-

ure 8B). These mice, however, were incapable of under-

going successful immune deviation (Figures 8C and 8D),

which suggests that a polarized but nitric-oxide-deficient

type-1 response is required to generate the exacerbated

granulomatous response. As expected, fibrosis was

tightly regulated by the relative dominance of type-2 ver-

sus type-1 cytokine expression (Figure 8E).

Discussion

Severe disease caused by schistosomiasis results from

the chronic granulomatous response induced by eggs

trapped in the liver. The chronic inflammation and result-

ant fibrosis ultimately lead to the development of portal-

systemic shunts, bleeding, and death in some individu-

als. The magnitude of the egg-induced inflammatory

response, as well as the mechanism leading to severe

hepatic fibrosis, appears to be regulated by the relative

dominance of type-1 versus type-2 cytokines.4,5,21 In this

disease, type-2 cytokines exhibit significant pro-inflam-

matory and pro-fibrotic activity, and type-1 cytokines in-

duce the opposite effect.7,21,22 The results from the cur-

rent study, however, demonstrate that NOS-2 is an

equally important regulatory factor controlling egg-in-

duced inflammation, particularly in mice in which the

type-2 response is deviated to type-1. Although NOS-2-

deficient mice responded well to IL-12 and developed a

highly polarized egg-specific type-1 response after infec-

tion, there was a marked exacerbation of granulomatous

inflammation. There was also a failure to down-modulate

hepatic fibrosis in the egg/IL-12-sensitized NOS-2-defi-

cient animals. These data demonstrate that although nor-

mal or possibly improved Th2-to-Th1 immune deviation

occurred in egg/IL-12-sensitized NOS-2-deficient mice,

the downstream anti-inflammatory and anti-fibrotic ef-

fects of the egg-specific type-1 response were eliminated

in the absence of NOS-2.

The effects of iNO on the immune response are di-

verse. iNO exhibits cytostatic and cytotoxic activity for

many intracellular pathogens,12 induces apoptosis in se-

lected target cells,23 and can regulate immune re-

sponses by controlling the proliferation of IFN-g-produc-

ing cells.11 Thus, the failure to control egg-induced

inflammation in the egg/IL-12-sensitized NOS-2-deficient

mice may have resulted from alterations in the Th1/Th2

cytokine balance. Nevertheless, the data confirmed that

Th2 cytokines were decreased by IL-12 to nearly the

same extent in both WT and NOS-2-deficient animals.

There was also a tendency for a greater increase in IFN-g

production in the mutant mice, suggesting that normal or

possibly improved type-1 polarization was achieved in

the absence of NOS-2. This was confirmed by ELISA and

ELISPOT assays of draining lymph node and splenocyte

cultures and by semiquantitative RT-PCR analysis of the

granulomatous tissues (Figure 5). The marked decrease

in tissue eosinophilia also supported this conclusion (Fig-

ure 6). Thus, these data indicate that NOS-2 activation is

not essential for Th1 response development in vivo, that

type-1 response polarization by IL-12 is not dramatically

improved by the absence of iNO,10 and that relatively

normal type-2 responses are generated in the absence of

added IL-12.

Production of iNO by activated macrophages is in-

duced by several proinflammatory cytokines, including

IFN-g24 and TNF-a.25 Excessive or continuous release of

iNO can induce tissue damage and may contribute to the

pathology seen in septic shock26 and several infec-

tious27,28 and autoimmune diseases.29–32 These obser-

vations indicate that in addition to its antimicrobial activ-

ity, iNO may exhibit tissue-destroying and pathogenic

activity during immune responses. Interestingly, how-

ever, a recent paper investigating the role of NO in acute

murine schistosomiasis suggested that iNO plays an im-

Figure 7. CD11b1 cells were found at the periphery of the lesions in infected
NOS-2-KO mice but were more centrally localized in the egg/IL-12-sensitized
animals. Cryosections (8 mm) of livers were stained with an antibody specific
for CD11b, a macrophage marker, as described in Materials and Methods.
Hepatic granulomas from an infected non-sensitized NOS-2-KO (A) and
egg/IL-12-sensitized NOS-2-KO (B) mice are shown. Representative granu-
lomas were photographed at a magnification of 3400.

952 Hesse et al
AJP September 2000, Vol. 157, No. 3



portant host protective role during infection with S. man-

soni.15 In that study, iNO was inhibited by treating mice

with aminoguanidine, a selective inhibitor of NOS-2. WT

mice treated with aminoguanidine exhibited severe ca-

chexia, reduced hepatosplenomegaly, and exacerbated

liver pathology. The development of large areas of coag-

ulative necrosis, smaller granulomas, and increased

numbers of apoptotic cells characterized liver pathology

in the aminoguanidine-treated mice. From these obser-

vations, they concluded that iNO was necessary to limit

hepatocyte damage when the liver is first exposed to

eggs. Thus, blocking NO production had a profound

deleterious effect.

Surprisingly however, our infected NOS-2-deficient an-

imals failed to generate the same type of destructive liver

pathology reported in the study by Brunet et al.15 Al-

though our animals were examined on day 56 postinfec-

tion, rather than day 47, there was no sign of cachexia in

either the WT or NOS-deficient mice. WT mice weighed

23.62 6 0.2 g (n 5 10) and NOS-deficient mice weighed

27.51 6 1.3 g (n 5 9) at the time of sacrifice. There was

also no evidence of reduced hepatomegaly or appear-

ance of coagulative necrosis in the NOS-2-deficient ani-

mals. Liver weights were 1.57 6 0.09 (n 5 10) in WT and

1.74 6 0.11 (n 5 10) in NOS-2 KO mice, and the differ-

ence was not significant. A TUNEL assay was also per-

formed on liver sections to determine whether there was

an increase in apoptotic cells in the NOS-2-deficient

granulomatous tissues, but no difference between WT

and NOS-2-deficient mice was detected (data not

shown). In the study by Brunet et al, the aminoguanidine

treated WT mice also generated granulomas that were,

on average, 32% smaller than the nontreated controls.15

However, we noted an opposite phenotype, since gran-

uloma size significantly increased rather than decreased

in the infected NOS-2-deficient versus WT mice (Figure

2A). Thus, there was no indication that NOS-2 was exhib-

iting the host protective activity described by Brunet et

al.15 We have no specific explanation for the differences

between these studies, but it is possible that the com-

plete ablation of NOS-2 in the knockout versus aminogua-

nidine-treated mice is a contributing factor. Moreover,

although aminoguanidine is relatively nontoxic in unin-

fected mice, continued treatment in already compro-

mised infected mice could generate undesirable toxic

effects. Although minor but nevertheless significant ef-

fects on pathology were detected in the NOS-2-deficient

versus WT mice, our data suggest only a limited role for

Figure 8. Egg/IL-12-sensitized IFN-g-deficient mice fail to develop an exac-
erbated inflammatory response, despite exhibiting a marked NOS-2 defi-
ciency. WT C57BL/6 and C57BL/6Ai-[KO] IFN-g mice were sensitized and
infected as described previously. A: Expression of NOS-2 mRNA in inflam-
matory liver tissue was analyzed by semiquantitative RT-PCR. Each data point
represents the result of an individual mouse and the bar denotes the group
median (n 5 9–10). B: Granuloma size was measured in the livers of infected
mice. C and D: Production of IL-5 (C) and IFN-g (D) by in vitro restimulated
splenocytes was measured in cell supernatants by ELISA. Each bar in C and
D represents the results of pooled samples from all mice in an experimental
group. E: Fibrosis was quantified in granulomatous liver tissue by analysis of
hydroxyproline content. Data points in E show the mean of duplicate mea-
surements and the bar indicates the group median. Statistical significance
between experimental groups was determined by analysis of covariance
(P , 0.05). Similar results were produced in a second experiment.
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NOS-2 during the natural course of infection with S. man-

soni. Such observations are probably not that unex-

pected, given the low levels of NOS-2 mRNA detected in

livers of infected type-2 dominant WT mice (Figure 1B).

However, a much more dramatic role for NOS-2 was

observed in mice sensitized with eggs and IL-12. The

data strongly suggest that iNO plays a critical anti-inflam-

matory and anti-fibrotic role in egg/IL-12-sensitized and

infected mice. Indeed, more than an eightfold difference

in granuloma volume was observed between the egg/IL-

12-sensitized WT and NOS-2-deficient mice (Figure 2A).

Thus, unlike WT animals where fibrosis and, to a lesser

extent, granuloma size decrease as a result of Th2-to-Th1

immune deviation,7 (Figure 2A), sensitized NOS-2-defi-

cient animals manifest an uncontrolled and exacerbated

type-1-associated inflammatory response. These data

were somewhat surprising, in that the study by Brunet et

al15 suggested that prolonged NO production might in

fact be deleterious for the infected host. In that study,

type-2 response deficient IL-42/2 C57BL/6 mice devel-

oped severe morbidity and succumbed during the acute

phase of infection, and the authors hypothesized that iNO

was contributing to the mortality of the animals. Unfortu-

nately, that hypothesis was impossible to investigate in

greater detail because their aminoguanidine-treated iNO

inhibited IL-4-deficient mice died even earlier than the

nontreated animals. Though it is difficult to directly com-

pare findings from IL-42/2 mice with those from Th1-

polarized egg/IL-12-senstized WT mice, our data sug-

gest that increased NO production is not necessarily

tissue-destroying or lethal for the infected host. In our

study, granulomatous inflammation increased in the Th1-

polarized egg/IL-12-sensitized NOS-2-deficient mice

(Figure 2A), whereas an opposite effect was observed in

the aminoguanidine-treated Th2-deficient IL-42/2

mice.15 Thus, our data suggest that the more important

function of iNO during a type-1-dominant response is to

serve as an anti-inflammatory rather than hepatotoxic

mediator.

Similar observations were recently reported by Hoga-

boam et al in an experimental purified protein derivative

model of pulmonary granulomatous inflammation.33,34 In

that model, mice injected intravenously with purified pro-

tein derivative-coated sepharose beads developed sig-

nificantly larger lung lesions34 and more collagen depo-

sition33 when treated with the NOS inhibitor L-NAME (NG-

nitro-L-arginine-methyl ester). The growth in granuloma size

was primarily associated with an increase in polymorpho-

nuclear cells in the lesion, and the authors hypothesized

that NO was regulating granuloma development indirectly

by altering the chemokine- and cytokine-producing pro-

file in the lung. Our data in the schistosomiasis model are

mostly consistent with these observations, although the

exacerbated lesions in the livers of egg/IL-12-sensitized

type-1-polarized NOS-2-deficient mice were composed

of a large population of macrophages, rather than PMNs.

The paper by Hogaboam et al also noted increased IL-4

and IL-10 and reduced levels of IL-12 and IFN-g in the

lungs of L-NAME-treated mice.34 However, we failed to

detect any major differences in the cytokine producing

profiles in the livers of our egg/IL-12-sensitized S. man-

soni-infected groups. Although a preliminary screen of a

panel of chemokines also failed to reveal differences

(data not shown), the significant accumulation of macro-

phages in the egg/IL-12-sensitized NOS-deficient lesions

suggests that chemokine regulation may be a possible

explanation. The fact that lesion formation was not exac-

erbated in the egg/IL-12-sensitized IFN-g-deficient mice

(Figure 8) strongly suggests that the growth in granuloma

size is mediated by a NOS-2-deficient but polarized

type-1 response. Thus, we are particularly interested in

examining chemokines that are regulated by type-1 cy-

tokines in this model. We also speculate that the NOS-2

deficiency could influence the balance between pro- and

anti-inflammatory macrophages and therefore affect the

macrophage-mediated pathological response.35,36 Re-

gardless of the exact mechanism, our data, when com-

bined with the findings of Hogaboam et al, suggest a

major role for NO in the regulation of type-1-mediated

inflammation and clarify the roles of NOS-2 in murine

schistosomiasis. The use of NOS-2-deficient mice rather

than NOS-inhibiting compounds15 also confirmed that

the alterations in granuloma formation were mediated by

the inducible NOS-2 isoform.

Previous studies demonstrated that the type-2-associ-

ated cytokines IL-4 and IL-13 are the critical mediators of

egg-induced inflammation and fibrosis in infected WT

mice.4,5,21 However, the data presented here suggest

that significant inflammation and fibrosis can also accom-

pany highly polarized type-1 immune responses, if there

is an additional deficiency in NOS-2 expression. Interest-

ingly, however, IL-13 expression was not completely ab-

lated in the egg/IL-12-sensitized NOS-2-deficient mice

(Figure 5B). Therefore, fibrosis may still be regulated by

the presence of IL-13. Nevertheless, given the fact that

IL-4/IL-13 expression decreased, it seems much less

likely that these cytokines were directly contributing to the

marked increase in granulomatous inflammation ob-

served in the sensitized mutant animals. Regardless of

the exact mechanism, these data demonstrate that the

downstream anti-inflammatory and antifibrotic effects of

the egg-specific type-1 response are highly NOS-2-de-

pendent. Immune deviation strategies have been pro-

posed for other Th2-mediated diseases including allergy

and asthma.7,37–40 The results presented here suggest

that the ultimate success of these strategies will rely not

only on the successful establishment of a type-1-domi-

nant response, but also on the simultaneous and efficient

activation of NOS-2 expression in downstream effector

populations. Indeed, it is intriguing to speculate that the

previously reported inability of Th1 cells to modulate Th2-

mediated inflammation38,39 may be due entirely to the

inefficient activation of NOS-2 at sites of inflammation.
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