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SUMMARY

Protection against Mesocestoides corti, a cestode that invades vital organs, is dependent on the
production of IL-4, as IL-4~/~ mice were found to have higher parasite burdens when compared
with wild-type mice. The goal of this study was to investigate the role of IL-4 in immunity to M.
corti, focusing on the immunological profile and on potential mediators of pathology. IL-4~/~ mice
infected with M. corti showed 100% mortality by 32 days, whereas wild-type mice survived for
approximately 1 year. Parasite burdens were significantly increased in the liver, peritoneal, and
thoracic cavities of IL-4~/~ mice, associated with impaired recruitment of inflammatory cells and a
reduction in monocytes and macrophages. 1L-5 production by splenocytes and expression in liver
tissue was decreased in infected IL-4~/~ mice compared with wild-type mice. In contrast, IL-47/~
mice produced increased amounts of IFN-y and TNFa. Alternatively activated macrophages were
a major feature of liver granulomas in wild-type mice evidenced by Arginase | expression, while
livers from infected IL-4~/~ mice showed impaired alternative macrophage activation without
increased classical macrophage activation. Thus, lethality during M. corti infection of 1L-4~/~ mice
is associated with decreased Th2 cytokines, increased Thl cytokines and impairment of
alternatively activated macrophages.
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INTRODUCTION

Mesocestoides cortfis a tapeworm parasite that invades the host liver, causing hepatocyte
destruction as the parasites reproduce via budding (1). Fibrosis develops around the parasite,
after which a regenerative phase of hepatocyte proliferation occurs that may control
excessive damage caused by invading parasites (2). Mesocestoides corti infected 1L-47/~
mice produce increased amounts of Th1l-associated immunoglobulins and decreased
production of Th2-associated immunoglobulins (3). Indeed, IL-4~/~ mice were found to have
higher parasite burdens when compared with wild-type mice.

Immune responses during parasitic infection can be generalized into two groups: T helper
(Th) type 1 vs. 2. Thl responses are important for control of many intracellular parasite
infections, such as Leishmania species, and are characterized by the production of high
levels of IL-12, IFNy, and TNFa (4). On the other hand, Th2 responses are associated with
immune control of most extracellular helminths and are characterized by high levels of IL-4,
IL-5, and IL-13 production (5). IL-4 has been shown to promote host protection in a number
of Th2-associated helminth infections. Studies in IL-4~/~ mice support the conclusion that
IL-4 is important for control of infection with the nematodes L/tomosoides sigmodontis (6)
and Onchocerca volvulus (7), as well as the trematode Schistosoma mansoni (8).

Th2 derived cytokines such as IL-4 and I1L-13 can promote the development of alternatively
activated macrophages (AAMg). These macrophages have been shown to regulate T helper
cell activation and function to promote the release of IL-4, IL-13, and IL-5 (9). AAMg are
characterized by an increased expression of Arginase-1, FIZZ-1, and Ym-1 mRNA,
increased surface expression of mannose receptor, and decreased levels of nitric oxide
synthase 2 (iNOS), which is in stark contrast to classically activated macrophages (CAMg)
induced by cytokines released during Th1l responses (10-14). The development of AAMg
has been associated with both trematode and nematode infections, where it is coincident
with development of Th2 cytokine responses and IL-4 production (10,12,15-17).

The goal of the present study to investigate the role of IL-4 in host-immunity to M. corti,
specifically focusing on the immunological profile and on potential mediators of pathology
Mesocestoides cortiinfected 1L-4~~ mice succumb to infection within the first month, while
wild-type mice live for over a year. IL-47/~ mice infected with M. cortiwere evaluated for
the development of both T helper cell responses and macrophage subpopulations. While
wild-type mice infected with M. corti mount an effective Th2 response featuring AAMg
development, infected IL-4~/~ mice develop a Th1 response and lack both CAM¢ and
AAMpg in parasitized tissue.

MATERIALS AND METHODS

Mice and parasites

C57BL/6 and IL-4~/~ mice on a B6 background (B6-129P2- //4/™1C47]}) were purchased
from Jackson Laboratories (Bar Harbor, ME, USA). All mice were between 5 and 10 weeks
of age at the time of infection and controls were matched by sex and weight within the
experiments. Mesocestoides cortitetrathyridia were maintained by injecting 100 pL of
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packed tetrathyridia (approximately 600 parasites) into the peritoneal cavity of wild-type
C57BL/6 mice (18). Parasites were collected by PBS lavage of the peritoneal cavity of
infected mice followed by washing with PBS.

Experimental infection

Histology

Wild-type C57BL/6 and IL-47~ mice were infected intraperitoneally with approximately
600 tetrathyridia. At various time points from 0 to 28 days, mice were anesthetized using
isoflurane (Webster veterinary, Sterling, MA, USA) and euthanized by exsanguination. The
peritoneal cavity was washed with PBS, and the fluid collected for determination of parasite
and cell numbers. Differential cell analyses were performed by spinning cells onto slides
using a Cytospin 3 centrifuge (Thermo Shandon, Pittsburgh, PA, USA) and staining with
DiffQuik (Baxter Healthcare, Miami, FL, USA). Parasites collected from the peritoneal and
thoracic cavities were counted under a dissecting microscope. Portions of the mouse liver,
removed for determination of parasite load, were weighed and incubated overnight at 37°C
in 2:5% trypsin in PBS. The following day, the tissue was dissected and parasite numbers
were determined by counting under a dissection microscope.

Portions of the liver and lung tissue were removed following the experiment, fixed in
formalin, and sectioned. Sections were then stained using hematoxylin and eosin or Van
Gieson’s stain, which stains collagen red (19). Stained sections were examined in a blinded
manner, and a grade was assigned based on the degree of fibrosis present in the tissue. The
degree of fibrosis was graded based on an estimate of the percentage of the liver parenchyma
that was replaced by collagen, ignoring the volume of parasites present. Grade 1: 5%, grade
2: 10-12%, grade 3: 20-25%, grade 4: 30-35%, and grade 5: 40%.

Immunohistochemistry

Three to five micron tissue sections of liver from M. corti-infected mice were de-
paraffinized and re-hydrated using standard techniques. Blocking was performed with the
M.O.M. immunodetection kit (\ector laboratories, Burlingame, CA, USA) or 3% Goat
serum and incubated with anti-mouse Arginase | mAb (BD Signal Transduction laboratories,
San Diego, CA, USA) and rat-anti mouse F4/80 (eBioscience, San Diego, CA, USA)
followed by trypsin-based antigen retrieval. Isotype matched control antibodies were used to
confirm specificity. Following incubation with primary antibodies at 4°C overnight, slides
were washed with 1x PBS and antibodies detected with Cy3-donkey anti-mouse, or Cy3-
donkey anti-rat mAb (Jackson ImmunoResearch, West Grove, PA, USA), treated with 4”,6-
diamidino-2-phenylindole (DAPI). Images were photographed using a Nikon Eclipse E600
compound microscope fitted with a SPOT™ diagnostics digital camera and software (Nikon
Precision Inc., Melville, NY, USA).

Preparation of M. corti specific antigen

Mesocestoides corti somatic antigen (SOM Ag) was prepared by homogenizing 1 mL of
packed M. cortitetrathyridia in a homogenizer with 5 mL of sterile PBS. The resulting
homogenate was filtered using a sterile 25 mm prefilter (Nalgene, Rochester, NY, USA),
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followed by a sterile 0-22 um filter (Nalgene). The protein concentration was determined by
micro BCA (Pierce, Rockford, IL, USA).

Spleen cell stimulation

Spleens were harvested from infected and control wild-type and IL-4~~ mice. Single-cell
suspensions were prepared and cells were resuspended at 5 x 10% cells/mL in complete T-
cell medium [Dulbecco’s modified Eagle’s minimal essential medium containing 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine (all from Mediatech, Herndon, VA,
USA), 5 x 107> M 2-ME (Sigma-Aldrich, St Louis, MO, USA), and 10% fetal calf serum
(HyClone, Logan, UT, USA)] with or without the addition of M. corti SOM Ag, and
cultured in 96-well round-bottom plates at 37°C and 5% CO,. Culture supernatants were
harvested at 72 h for cytokine analysis.

Cytokine detection

Cytokine ELISAs were performed using paired mAb in combination with recombinant
cytokine standards (BD Pharmingen, San Diego, CA, USA), according to the manufacturer’s
protocol. Briefly, capture antibody (IL-5 — TRFKS5; IFNy — R4-6A2) was added to 96 well
plates, which were then incubated with serial dilutions of standard or samples. Detection
antibody (IL-5 — TRFK4; IFNy — XMG1-2) was then added and absorbance was
determined by an ELISA reader.

Quantitative PCR

Sections of liver tissue from experimentally infected mice were removed and placed in 10
volumes of RNALater (Ambion, Foster City, CA, USA) and stored at —80°C until RNA
purification was carried out. The total RNA was purified using Total RNA Chemistry
(Applied Biosystems, Foster City, CA, USA). Eight pg total RNA was reverse transcribed
into cDNA using a High Capacity Reverse Transcription Kit (Applied Biosystems). For
quantitative PCR, 40 ng total RNA reverse transcribed to cDNA was added to 12-5 uL of
Tagman Fast Universal Master Mix (2x), 1-25 uL of the specified Tagman Gene Expression
Assay (Applied Biosystems), and water to a final reaction volume of 25 L. Reactions were
performed on the Applied Biosystems 7500 Fast Real-Time PCR System with the following
reaction conditions: 95°C for 20 s followed by 40 cycles of 95°C for 3 s and 60°C for 30 s.
All technical replicates were done in triplicate. Genes were normalized via relative
quantitation using p actin (Applied Biosystems Gene Expression Assay 1D
MmO00607939 _s1) as the endogenous control. Other Applied Biosystems Gene Expression
Assay IDs are as follows: Arginase-1 Mm00475988_m1; IL-5, Mm00439646_m1; IL-13,
MmO00434204_m1; TNFa, Mm00443258_m1; IFNy, Mm00801778_m1; FIZZ-1 (Retnla),
MmO00445109_m1; Ym-1 (Chi313), Mm00657889_mH; and iNOS, Mm00440485_m1.

Statistical analyses

For all experiments, MGLH multifactorial anova with Fisher’s least-significant-difference
test for post hoc analysis was used to compare results between groups and time points. 2
values of <0-05 were considered significant for all experiments. Data are representative of at
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least three experiments with similar outcomes and each group contained between 3 and 5
animals.

RESULTS

Parasite burden and host cell populations during M. corti infection in IL-4~~ mice

Mesocestoides corti tetrathyridia were injected intraperitoneally into IL-47~ and wild-type
C57BL/6 mice. All of the infected IL-4~/~ mice died by day 32 post-infection, while wild-
type C57BL/6 mice continued to survive for approximately 1 year (Figure 1a and data not
shown). Comparing the numbers of parasites in the peritoneal cavity, liver, and lung with
wild-type mice revealed significantly increased parasite burdens in all sites by day 21 (Table
1). The total number of cells in the peritoneal cavity was significantly decreased in infected
IL-4~/~ mice (Figure 1b). The decrease in the total number of cells in the peritoneal cavity
was a reflection of the decrease in recruitment of the monocyte/macrophage population,
which at day 14 was only 9 million cells per mL in the IL-4~/~ mice compared to 35 million
in the wild-type mice (Figure 1c). Similar differences were also seen at days 21 and 28.

Cytokine profile of spleen and liver from M. corti infected IL-47/~ mice

Spleen cell cytokine responses were measured to determine the type of T cell response
induced by the parasite in wild-type and IL-4~/~ mice. Th1 and Th2 cytokine production by
spleen cells from infected mice was measured after stimulation with M. corti SOM Ag or
anti-CD3 mAb. Stimulated lymphocytes from infected wild-type C57BL/6 mice produced
greater amounts of IL-5 than those from IL-4~/~ mice, while IL-4~/~ mice produced
significantly higher levels of IFN+y than wild-type mice (Figure 2). Quantitative PCR was
used to measure cytokine mRNA in the liver to monitor the immune response in the infected
organ. Relative expression of IL-5 mRNA was lower in IL-4~/~ mice than in wild-type mice,
replicating the results seen with the spleen cell stimulation. Neither IL-13 nor IFNy
expression was significantly different in IL-4~~ mice compared to wild-type mice.
Conversely, TNFa mRNA levels were significantly increased in the livers of I1L-4~/~ mice on
day 17 post-infection, but not at the earlier time points examined (Figure 3). These results
indicate that there was a reduction in the Th2 response with a concomitant increase in the
Th1 response in IL-4~/~ mice infected with M. corti.

Histologic changes in the liver during M. corti infection in IL-47~ mice

To further investigate the interaction between M. cortiand host cells in IL-47~ mice,
histologic analyses were performed on liver tissues. Liver sections from IL-4~/~ mice had
significantly increased numbers of parasites when compared with wild-type C57BL/6 mice
at all time points examined (Figure 4a). Liver sections stained with Van Gieson’s stain to
identify collagen were graded in a blinded manner. No significant differences in fibrosis in
the liver were apparent between IL-47/~ and C57BL/6 mice at any time point (Figure 4b).

Expression of macrophage markers in the liver during M. corti infection in IL-4~~ mice

The expression of AAMg markers in the liver during M. cortiinfection was assessed using
quantitative PCR. Wild-type C57BL/6 mice had elevated levels of Ym-1 and Fizz-1 mRNA,
while expression was significantly lower in the infected IL-4~/~ mice (Figure 5). There was
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no difference in the expression of Arg-1 between the two mouse strains, and very low copy
numbers were detected in both mice groups. iINOS was also expressed at a relatively low
frequency in both IL-4~/~ and wild-type mice, and the level of expression was not
statistically different.

Immunohistochemistry was employed to specifically assess the quantity and phenotype of
macrophage populations within the liver granulomas of infected mice. Consistent with
observations in the peritoneal cavity, the total number of macrophages in IL-4~~ mice was
markedly reduced compared to wild-type controls (Figure 6a). Conversely, there was a
marked accumulation of Arginase | positive cells in liver granulomas of wild-type vs.
IL-4~/~ mice (Figure 6b), which co-localized with the F4/80 staining pattern (Figure 6d).
Levels of iNOS, however, were produced at low levels in both the wild-type and IL-47/~
mice, with no significant differences observed between strains.

DISCUSSION

This study demonstrates that IL-4 is critical for host protection of mice infected with the
parasitic cestode M. corti. IL-47/~ mice showed 100% mortality by 32 days following M.
corti infection, with a highly significant increase of tetrathyridia in liver, peritoneal, and
thoracic cavity, compared to wild-type mice. This is consistent with a previous study where
IL-4~/~ mice infected with M. corti developed elevated infection levels, although that study
did not show increased mortality. (3). Differences in IL-4~~ mouse survival in these two
studies may be explained by differences in initial infection levels and/or experiment
duration. Long term infection with M. corti in wild-type C57BL/6 mice leads to extremely
high parasite loads. After 3 months of infection in wild-type mice, the liver parasite load was
approximately 4000 tetrathryidia per gram of liver (personal observation), yet the mice did
not succumb to infection. This observation is consistent with our hypothesis that increased
mortality in IL-47/~ mice is because of the host-mediated inflammatory response instead of
tissue destruction caused by parasite infection.

IL-4~/~ mice infected with M. cortihave a shift in the development of antibody isotypes
from 1gG1 and IgE to 1gG2a and 1gG2b compared to wild-type mice (3), which indicates a
shift from a Th2 to a Thl response during infection. Indeed, this study demonstrates
impaired IL-5 production from splenocytes and decreased IL-5 mRNA levels in hepatic
tissue, which indicates a defective Th2 response in the IL-4~/~ mice. IFNvy production by
splenocytes was significantly increased; however, elevated expression of IFN-y was not
clearly demonstrated in the liver. TNFa expression also increased in the liver, in accordance
with an increased Thi cytokine production. The expression of IL-13 by IL-47/~ mice was
not different than wild-type mice, which correlates with the observation of no differences in
the liver fibrosis levels between mouse strains, as IL-13 levels are known to influence the
development of fibrosis (20). Thus, M. cortiinfected IL-4~/~ mice generate an immune
response that is shifted from a Th2 to a Th1 response as determined by analysis of spleen
and hepatic tissue.

In particular, there was a marked reduction of macrophages, and in particular AAMg,
surrounding parasites within liver granulomas due to the absence of I1L-4. Whereas,
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macrophages from infected wild-type mice expressed high levels of Arginase | that was in
close apposition to tetrathyridia, this was not observed in similarly infected IL-47/~ mice.
IL-47/~ mice did not show an increase of iNOS, as determined by quantitative PCR and
immunohistochemistry, thus, we conclude that neither AAM¢ nor CAMg were expressed in
the absence of IL-4. This may suggest a generalized impairment of macrophage recruitment
or the presence of an immature macrophage population that lacked F4/80 expression in the
absence of IL-4.

Interestingly, parasite numbers correlated with the presence of AAM¢, as wild-type mice
had significantly fewer parasites and IL-47~ mice had a significantly increased worm
burdens. AAM¢ have been demonstrated to kill the muscle stage larvae of the parasitic
nematode Heligosomoides polygyrus (17) in an arginase dependent mechanism. Worm-
induced AAM¢ have also been shown to downregulate T cell responses and to promote Th2
differentiation (10,21). Combined, this is consistent with a hypothesis that AAM¢ are
involved in the IL-4 driven host protective mechanism during M. corti infection.

Although the requirement for IL-4 has been demonstrated in a wide variety of helminth
infections (6-8,22), M. cortiand S. mansoni are the only reported helminth infections that
lead to high rates of mortality in IL-4~/~ mice (23). IL-4 levels do not affect the level of
fibrosis during S. mansoni infection (24), and neither qualitative fibrosis nor levels of 1L-13
expression in the liver were changed in 1L-4~/~ mice infected with M. corti. In IL-4~/~ mice
infected with S. mansoni, 1L-5 production is impaired, while IFN-y and TNFa production
increase (8,25-28), as was seen for splenocytes and liver RNA during M. cortiinfection.
However, mortality in S. mansoni-infected IL-4~/~ mice was linked to production of nitric
oxide, and inducible nitric oxide synthase was upregulated as a result of IFNy and TNFa
production (8,25,26,29). Increases in iNOS production during S. mansoni infection of
IL-4~~ mice was complimented by decreases in surface expression of mannose receptor
(16,30), a marker for AAMg. This is divergent from the 1L-4~~ mouse response to M. corti,
where there was a decrease in molecules associated with AAMg with no concomitant
increase in molecules associated with CAMg such as iNOS.

In conclusion, it appears that IL-4~~ mice die from infection with M. corti due to an
inability to mount a Th2-cytokine response. This defect leads to an immunological
imbalance where the Th1 cytokines cause reduced cell recruitment yet increased pathology
in the host. I1L-4 appears to protect mice from death caused by infection with M. cortinot by
controlling parasite replication, but rather by regulating the Th1-associated
immunopathology.
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Lethal Mesocestoides cortiinfection in 1L-47~ mice is associated with decreased numbers
of host inflammatory cells. C57BL/6 and IL-4~/~ mice were infected intraperitoneally with
approximately 600 M. cortitetrathyridia and followed for 32 days (a). The number of
peritoneal exudate cells was determined (b). The total number of neutrophils, lymphocytes,
monocytes/macrophages and eosinophils within the peritoneal exudate cell population was
determined. (c) Data are a compilation of four experiments with equal numbers of wild-type
and knock out mice. Asterisks indicate statistical difference from C57BL/6 mice as
determined by anova (P < 0-05).
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Figure 2.
Stimulation of spleen cells from Mesocestoides cortiinfected C57BL/6 and 1L-47~ mice.

Production of IL-5 (a) and IFNy (b) following spleen cell stimulation with media, M. corti
somatic antigen, or anti-CD3 antibody was measured by ELISA. The data displayed as mean
+ SD and are representative of two experiments with each group containing 3-5 samples. A
bar across a set indicates all groups below bar were statistically different from wild-type
mice. Asterisks indicate statistical difference between IL-4~/~ mice and C57BL/6 mice as
determined by anova (P< 0.-05).
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Figure 3.

Expression of liver cytokine mMRNA from Mesocestoides corti infected C57BL/6 and I1L-47/~
mice. Liver mRNA from M. cortiinfected C57BL/6 and I1L-4 KO mice was isolated and
reverse transcribed into cDNA, then analyzed by quantitative PCR. Shown are the relative
guantities of IL-5, IL-13, TNFa, and IFNa gene expression after normalization to p-actin
and standardization of the relative amount against a day 0 C57BL/6 sample. Statistical
differences between IL-4~/~ and C57BL/6 mice at a given time point are indicated by

asterisks (P < 0-05 as determined by AnovA).
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Figure 4.
Histology of livers from C57BL/6 and IL-4~/~ mice following infection with Mesocestoides

corti. Liver samples from 14, 21, and 28 days post-infection in C57BL/6 wild-type and
IL-4KO mice, displayed at low magnification (40x), demonstrate levels of parasite
infiltration (a). Sections selected are representative of other sections prepared from the same
mouse strain and time point. Levels of fibrosis in each liver sample were graded in a blinded
fashion (b). The displayed results are the averages of five mice for each time point, and
grading was done on liver regions which were representative of a median section of parasite
infiltration. Data are displayed as mean + SD.
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Figure 5.
Expression of mMRNA for macrophage markers in the livers from C57BL/6 and IL-4~/~ mice

infected with Mesocestoides corti. Liver mRNA from M. corti infected C57BL/6 and IL-47/~
mice was isolated and reverse transcribed into cDNA, then analyzed by quantitative PCR.
Shown are the relative quantities of Fizz-1 (Retnla), Ym-1 (Chi3I3), Arginase 1 (Arg 1) and
iNOS (NOS2) gene expression after normalization to b actin and standardization of the
relative amount against a day 0 C57BL/6 sample. Statistical differences between IL-4~/~ and
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C57BL/6 mice at a given time point are indicated by asterisks (£ < 0-05 as determined by
ANOVA).
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Figure 6.
IL-4-dependent alternatively activated macrophages surround Mesocestoides cortiin liver.

Immunohistochemical detection of F4/80 + macrophages (a) (shown in red) surrounding M.
cortilarvae in liver at day 14 post-inoculation in C57BL/6 and IL-4~/~ mice. Arginase-1 (b)
was used as a marker for alternatively activated macrophages (shown in green) and cell
nuclei (c) were stained with DAPI (shown in blue). Merged image (d) demonstrates
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Arginase-1 co-localization in macrophages in C57BL/6, but not in 1L-47~ mice.
Representative photos of 50 granulomas examined per strain.
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