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Abstract

Trichinella spiralis (T. spiralis), which is a cosmopolitan nematode that infects humans among other
species, presents a complex host-parasite relationship that hinders the development of tools to
eradicate the parasitosis. The aim of this research was to analyze the host response during a pri-
mary infection with T. spiralis in five genetically different mouse lines of the CBi-IGE stock. Adult
males from the CBi+, CBi-, CBi, CBi/L and CBi/C lines were infected with 1, 2 or 4 L1 larvae per g of
body weight. In the chronic stage, the number of parasites per g of tissue (relative larval load, rLL)
showed a significant host genotype-dose interaction, since it did not increase in the same way in
the five genotypes. At the lowest dose, both CBi- and CBi/L mice were resistant while CBi+, CBi/C,
and CBi were susceptible. At the highest dose, only CBi/L remained resistant, and CBi+ was the
most susceptible. The reproductive capacity index of adult worms (RCI = rLL/infective dose)
evinced only a genotype effect, allowing rating each line as resistant or susceptible regardless of
dose. Animals receiving 2 L1 larvae were also sacrificed in the intestinal phase (6 and 13 days p-i)
to determine the number of adult parasites (nAP) recovered in a small intestine segment, and fe-
male fecundity (Ff). No differences in nAP were observed among genotypes on day 6 p-i. nAP de-
creased between days 6 and 13 p-i, this reduction being different among genotypes and significant
only in CBi/L and CBi/C. Ff decreased in CBi/L and CBi/C on day 13 p-i. At the time of infection, se-
rum cytokine baseline values showed a Th1 orientation for genotype CBi/L (high IFN-y and IL-2)
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and a Th2 for CBi+ (high IL-4 and IL-10).The variability in the response observed in this murine
model suggests its potential usefulness to gain insight into the mechanisms that regulate host-
parasite relationship.

Keywords

Host Genotype-Parasite Relationship, Gastrointestinal Nematode, Trichinella spiralis, Infectivity,
Resistance

1. Introduction

Trichinella spiralis, a nematode parasite that infests humans and a wide range of carnivorous and omnivorous
mammals, is an important foodborne pathogen causing considerable morbidity and mortality. The resulting dis-
ease, trichinellosis, is a major zoonosis in Latin America. In Argentina, it is considered as an endemic disease
with epidemic outbreaks and is included within food notifiable diseases [1]. Despite the significant technical and
medical advances to control trichinellosis, the prospect of its eradication remains frustrating due, in part, to the
complex and durable relationship between parasite and host, whose essential feature is chronicity. Trichinella
spiralis is characterized by lack of host specificity, different structural forms within the same host and different
ecological niches during its cycle [2]. Ingested muscle larvae escape from their cysts due to the acidity of the
stomach and migrate to the small intestine. In the intestinal mucosa, they mature into adults and mate, releasing
newborn larvae from a four-day post-infection. These newborn larvae migrate into the lymphatic and blood ves-
sels entering various organs such as the retina, myocardium, lung, or lymph nodes as well as muscle. However,
only larvae that penetrate skeletal muscle cells may survive and develop to the infective muscle-stage larvae (L1
infective larvae) without molting. There, they create a protective structure (nurse cell) within which the parasite
grows and survives, reaching its full size within a month. Thus, Trichinella spiralis establishes chronic infec-
tions in skeletal muscles of immunocompetent hosts. This muscle infection is crucial to transmission and sur-
vival of the parasite in nature.

As prevention is a key strategy for controlling this parasitosis, measures should be implemented to reduce the
number of mammals capable of becoming infected with the parasite. Some of these measures should be based
on an understanding of the intimate mechanisms that regulate host-parasite relationship. Susceptibility to para-
sitic infections results from a complex equation that includes the interactions among the environment, the geno-
type of the host and the parasite genotype. With this assertion in mind, it is self-evident that the genotype of the
host plays a significant role in the establishment of the infection. In this sense, murine models of intestinal ne-
matode infection have proved to be relevant and tractable systems to define the cellular and molecular basis of
how the host defense system regulates resistance and susceptibility to infection [3]. Although the immune re-
sponse of the host limits parasitic aggression, it does not usually achieve complete removal of the parasite.
Therefore, to further understand and characterize this complex host-parasite relationship, new experimental
models need to be explored. The Institute of Experimental Genetics mouse colony includes five genetically dis-
tinct lines (CBi-IGE stock: CBi+, CBi—, CBi/L, CBi/C and CBi). It has been demonstrated that these lines re-
spond differently to experimental infection with Heligmosomoides polygyrus and Trypanosoma cruzi [4], so
they are a unique resource for dissecting the genetic basis underlying line divergence as well for elucidating
genes causing the variation in response to infection with parasites in wild rodent populations and in other species,
including humans. Genetically defined animals are valuable models to evaluate the resistance/susceptibility to
infection in the course of the disease. The identification of the characteristics of the risk genotypes and those that
express resistance to the parasite will allow implementing policies of early intervention to decrease the reser-
voirs of the infecting agent in mammals, thereby reducing human risk at both the individual and population levels.

Mammalian host resistance to infection by parasites is under genetic control at many different levels: among
species, among races, breeds and lines of single species and among individuals [5]. These genetic effects have
been demonstrated in several host-parasite systems. This study investigates the interaction between two va-
riables: host genotype and magnitude of the infective dose on Trichinella spiralis infection in CBi-IGE mice
lines with different susceptibility to natural as well to experimental parasite infections [4]. Moreover, this study
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examines the effect of the host genotype during a primary infection with Trichinella spiralis at different stages
of the parasite life cycle as well as the relationship between the Th1/Th2 serum cytokine profile of each line
prior to infection and its resistance/susceptibility to the parasite.

2. Materials and Methods
2.1. Animals

Adult male mice (90 to 110 days of age) from five lines (CBi+, CBi—, CBi/C, CBi/L and CBi) of the CBi stock
from the Animal Facilities of the Instituto de Genética Experimental, Facultad de Ciencias Médicas, Universi-
dad Nacional de Rosario (from here on, CBV/IGE stock) were used. Four of the lines were selected by means of
a biological quantitative index combining body weight and tail length at 49 days of age. A detailed description
of the selective procedure is given elsewhere [6] [7]. Briefly, two lines were selected according to the positive
genetic correlation between both traits (agonistic selection: CBi+, high body weight-long tail; CBi—, low body
weight-short tail) and the other two were obtained by selecting against the aforementioned correlation (antago-
nistic selection: CBi/C, high body weight-short tail; CBi/L, low body weight-long tail). Mice belonging to the
CBi line (non-selected) were used as control of selection. The lines are currently in their 120th generation of se-
lective breeding, and their theoretical inbreeding coefficient is 0.99. The facilities belong to the conventional,
semi-open type. Young adults from both sexes of each line were housed, separated by sex since weaning, in po-
lypropylene cages (32 x 24 x 10 cm) with wood shavings for bedding, in a room with constant temperature
(23°C + 3°C), relative humidity of 50% + 10% and light-dark illumination cycle of 12 h. Cages and bedding
were changed twice weekly. Tap water and food (Cargill Laboratory Chow, pelletized) were provided ad libitum.
All the experiments with mice were done during the first half of the light cycle and according to animal care
standards of the institution, which complies with guidelines established by the Institute for Laboratory Animal
Resources [8]. Animals were euthanized by inhalation of CO2. All experimental protocols were approved by the
TACUC committee at the National University of Rosario School of Medicine (permit number 1384/2012).

2.2. Study Design

The effect of host genotype on the evolution of a primary infection with 7. spiralis was studied in two phases.
First, mice from the five lines were infected p.o. with increasing doses of L1 larvae to corroborate their different
susceptibility by analyzing muscle larval load in the chronic stage of the infection. Second, the acute phase of
infection was studied using the dose that allowed the maximum expression of the genotypic differences among
lines. The number of adult intestinal worms and the female parasite fecundity were determined in this stage.

2.3. Parasitological Techniques

2.3.1. Parasite Maintenance

T. spiralis was generously provided by Dr. Maria Dalla Fontana (Laboratorio de Zoonosis, Laboratorio Central
de la Red Provincial de Laboratorios, Direccion de Bioquimica y Farmacia, Santa Fe, Argentina). It was
maintained and passaged in CBi mice since 2006. This strain was typified as Trichinella spiralis using multiplex
PCR (Dr. Silvio Krivokapich, Departamento de Parasitologia, Administracion Nacional de Laboratorios e
Institutos de Salud “Dr. Carlos Malbran”, Buenos Aires, Argentina, personal communication). L1 infective lar-
vae used in the infection were recovered by artificial digestion [9], from the muscles of a CBi mouse infected 2 -
3 months earlier for that purpose. Briefly, the infected mouse was euthanized, decapitated, skinned and evisce-
rated, and its carcass without tail and limbs was minced with a standard kitchen blender; the tongue was excised
and included in this step. The blender content was poured in a beaker and digested at 37°C in a 1% w/v pep-
sin-0.1 N HCI solution. At the end of the incubation period, larvae were collected by pouring the digestion fluid
through a mesh, washed several times in saline and suspended in PBS. From this suspension, the exact dose for
each animal was prepared.

2.3.2. Challenge Infection

Mice were infected orally with a single dose of 1, 2 or 4 T. spiralis L1 infective larvae per g of body weight (n =
10 per line and dose). The choice of this dose range was based on different bibliographic data [10]-[13] and was
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aimed to detect potential differences among genotypes. Since the lines show significant differences in body
weight, the equivalent dose for each mouse was calculated as the number of infective larvae per g of body
weight of each particular host. The behavior of the lines against the parasite was evaluated through different va-
riables in the acute (enteric) and chronic (parenteral) phase of infection. During the course of the experience, the
animals were weighed twice weekly to determine whether infection altered the normal variations in body weight,
and their physical condition was monitored for signs and symptoms of trichinellosis.

2.4. Analysis of the Parenteral Stage of the Infection

Larval load was assessed on the chronic phase of the infection (40 + 2 days post-infection, p-i), by counting the
number of muscle encysted larvae (muscle larval load) in the tongue of each animal. The tongue was chosen
because it is a preferred site of encystment in mice [9] and sampling of such sites provides the best chance of
recovering T. spiralis larvae in low-level infections [14]. Briefly, after euthanizing the mouse the tongue was
excised, weighed to the nearest milligram and submitted to digestion in 2 mL of digestion fluid (pepsin 1:1000,
0.7 g; HCI, 0.9 g; water, up to 100 mL). The mixture was incubated at 37 °C overnight and stirred periodically at
moderate speed. At the end of the incubation period, digestion was stopped by adding saline to complete 14 mL,
and larvae were allowed to decant for 1 h. The supernatant was removed immediately and, in order to inactivate
the larvae and preserve their structure, 5 mL of 10% v/v buffered formalin were admixed. Finally, all larvae
from each sample were transferred to a gridded acrylic plate and counted under a microscope with a 40X magni-
fication. Larval load was calculated as the total number of larvae per g of muscle tissue (relative larval load,
rLL). The index of reproductive capacity (RCI) was calculated for each mouse as rLL/dose [12] [15] [16].

2.5. Analysis of the Enteral Phase of the Infection

Mice given an oral dose of 2 L1 larvae per g body weight were sacrificed in the intestinal phase of the infection
(6 and 13 days p-i) (n = 12 per line and time point). As described by Luebke [9], the effective adaptive response
of the host to limit parasite infectivity was assessed by determining the number of intestinal adult parasites, to
evaluate the host ability to expel worms. Briefly, animals were euthanized, and the first third of the small intes-
tine (approximately 20 cm long) was removed, cut into two pieces of roughly equal length and placed on two
Petri dishes with 8-12 mL of 0.85% NaCl plus 250 pg/mL gentamicin (incubation medium). Each piece was
then opened lengthwise using a small iris scissors, grasped with forceps, agitated briefly in the medium, and in-
cubated for 4 h at 37°C in 5% CO,. After incubation, the pieces of intestine were rinsed with the medium onto
the Petri dish and discarded. All the content of both Petri dishes was transferred to centrifuge tubes and centri-
fuged at low speed. The parasite pellet was re-suspended in approximately 1 mL medium and placed in a grid-
ded acrylic plate, to count adult worms. Adults were counted with a microscope at 40X magnification, and the
result was expressed as the total number of adult parasites in the small intestine segment analyzed (nAP). The
relative number of intestinal parasites (rnAP) was computed for each animal as nAP/infective dose. Then, fe-
male parasite fecundity, an indicator of the host influence on the reproductive capacity of T. spiralis females,
was also measured. The female worms in the acrylic plate were identified, isolated (up to 10 from each mouse),
rinsed with the incubation medium and transferred to separate wells of a 96 well tissue culture plate containing
RPMI 1640 media supplemented with 10% fetal calf serum plus 250 ug/mL gentamicin [9]. Plates were incu-
bated for 18 h at 37°C in 5% CO,, and newborn larvae were counted using a microscope at 100X magnification.
Results were expressed as the average number of newborn larvae per female parasite (Ff).

2.6. Serum Interleukin Determination

The serum levels of Th1l (INF-y and IL-2) and Th2 (IL-4 and IL-10) cytokines were studied in normal, non-pa-
rasitized mice (n = 7 per line), treated 5 days before blood sampling with fenbendazole (baseline values). Blood
was taken by cardiac puncture and, after clot retraction by incubation at 37°C, the serum was collected from
each sample, aliquoted in Eppendorf tubes and stored at —20°C until its analysis. Cytokines were determined by
ELISA (enzyme-linked immunosorbent assay). A sandwich ELISA using two different antibodies recognizing
different epitopes of the cytokines was performedusing a commercial kit (BD OptEIATM, Becton-Dickinson,
Argentina) and following the manufacturer’s instructions. The results were expressed in pg/ml. These results
correspond to the conditions of naive animals on the day of infection.
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2.7. Statistical Analysis

2.7.1. Univariate Analysis [17]

The statistical significance of genotype, dose and genotype x dose effects on relative parasite load and reproduc-
tive capacity index were assessed by means of an analysis of variance (ANOVA) corresponding to a 5 x 3 fac-
torial design. Comparisons among genotypes within dose or among doses within genotype were done with a
one-way ANOVA followed by the Bonferroni post-test. Parasite intestinal burden and 7. spiralis female fertility
were compared using the Kruskal-Wallis one-way ANOVA by ranks, followed by Dunn post-hoc test or the pa-
rametric one-way ANOVA, followed by Bonferroni post-test. Differences between days post-infection in these
two variables were analyzed by Mann-Whitney U or Student t tests. The effect of time on the proportion of mice
that expelled all worms during the intestinal stage of the parasite cycle was analyzed using Fisher’s exact test. In
all tests, differences were considered significant if P < 0.05.

2.7.2. Multivariate Analysis

Serum interleukin data were analyzed with the multivariate technique of principal components (PC) [18]. PC
analysis partitions the total phenotypic variation into unrelated linear combinations of direct or inversely corre-
lated fractional values of the original traits allowing to identify patterns not evident when data are statistically
treated from a univariate point of view. For statistical analysis purposes, the calculated principal components
were treated as new random variables and comparisons among genotypes were done with a one-way ANOVA
followed by the Bonferroni post-test.

3. Results

Mice neither changed significantly their body weight nor showed signs of impairment in their health status
throughout the experiment.

Number of encysted larvae (muscle larval load) provides the ultimate indicator of an effective response to in-
fection and is the result of the cumulative effects of all the responses generated by the host. As shown in Table 1
and Table 2, there was a significant difference in the infection intensity among genotypes (P < 0.001). As ex-
pected, the larval load was larger when the infective dose increased (P < 0.05), but the magnitude of this increase
was significantly different among genotypes. The interaction genotype-dose (Figure 1(a)) was extremely signifi-
cant (P = 0.0002). While CBi/L and CBi— mice behaved as resistant at the lowest dose, CBi+, CBi, and CBi/C
were susceptible. At the highest dose, only CBi/L remained resistant; CBi+ was the most susceptible while CBi/C,
CBi, and CBi— had an intermediate response. The reproductive capacity index only showed a significant genotype
effect (Table 2; Figure 1(b), P < 0.0001), therefore, this variable allowed to rate each genotype as resistant or
susceptible irrespective of the infective dose. Again, CBi+ was classified as the most susceptible genotype and
CBJ{/L as the most resistant while the remaining three genotypes presented intermediate behaviors.

The performance of the lines in the intestinal phase of the primary infection is summarized in Table 3. Worm
establishment was measured at day six p-i and worm expulsion was assessed at day 13 p-i, determining parasite
intestinal burden as the total number of worms (nAP) and the number of worms per infective dose (rnAP) in the

Table 1. Effect of 7. spiralis increasing infection doses on muscle parasite burden in adult male mice of the CBi-IGE stock
(n =10 per group).

; CBi+ CBi— CBi CBi/L CBi/C
Lines
doses Body # Body Body Body Body
weight” IEIE weight L weight i weight IEIE weight i
Dose I 51.9 702° 28.6 85° 38.7 466 31.5 58° 50.3 430°
1 larvae/lg BW ~ +£0.68  +1394  +043 +24.4 +£0.75 +98.5 +0.71 +16.1 +0.63 +£79.6
Dose 11 53.6 1379* 28.8 3440 38.2 634° 31.5 64 48.2 514°
2 larvae/g BW  +0.84  +£2314  +0.81 +105.3 £090  +£1362 +0.46 +11.7 +0.84 £63.0
Dose 111 514+ 2542+ 301+ 614"+ 389+ 1105° + 31.0+ 131°+ 493+ 1297° +
4 larvae/g BW  1.06 479.0 0.90 121.0 0.93 147.7 0.68 225 0.79 143.0

Data are expressed as mean = SEM; "Body weight (BW), g, at the beginning of the experiment; *Larval load (rLL) was measured in the tongue, a
preferred site of encystment in mice. Differences among doses, within genotype, in relative larval load were evaluated by an analysis of variance, us-
ing the Bonferroni post-test for comparisons between groups. Groups not sharing the same superscript differ significantly (P <0.01).
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Table 2. Effect of the host genotype on 7. spiralis reproductive capacity index (n = 10 per group).

Lines
doses

Dose I
1 larvae/g BW

Dose II
2 larvae/g BW

Dose 111
4 larvae/g BW

Mean
dose*

52

108

206

CBi+

CBi-
R Mean RCI
dose
Ez'ﬁ 8 29 Z 67.379
fz'ia 8 o8 N ;:)8
G om0

CBi
Mean RCI
dose
39 ey
76 ; 1897
0 [

CBi/L
Mean RCI
dose
31 N '(iasz
63 . '01.319
e o

CBi/C
Mean dose”  RCI*
52 ey
s 3
06 5%

*Mean dose for the genotype: mean number of L1 infective larvae given orally to each mouse; “Reproductive capacity index (RCI) data are expressed
as mean + SEM; Differences among doses, within genotype, in RCI were evaluated by an analysis of variance, using the Bonferroni post-test for
comparisons between groups. Groups not sharing the same superscript differ significantly (P < 0.05).

Table 3. Effect of the host genotype on 7. spiralis infective efficiency during the intestinal phase of the infection (n = 12 per

group).
. CBi+ CBi— CBi CBi/L CBi/C
Lines
variables Day 6 Day 13 Day 6 Day 13 Day 6 Day 13 Day 6 Day 13 Day 6 Day 13
1PA” 9.0° 6.0° 7.5 6.5 10.5° 8.0° 13.0° 0.5° 11.0° 4.5
(0-48) (0-30) (0-18) (0-17) (3-24) (2-200 (0-23) 0-4) (2-23)  (0-13)
PA? 0.12° 0.10° 0.15° 0.09° 0.18" 0.12° 0.19 0.02° 0.11° 0.06
+0.042 +0.031 +0.028 +0.028 +0.026 +0.021 +0.033 +0.006 +0.022 +0.016
% of mice with
intestinal 82" 80" 86" 71* 100" 100* 95° 40° 89° 94*
parasites
T spiralis Ff' 36.2° 46.5° 53.2° 74.3% 49.0° 57.5% 44.0° 23.5° 38.9° 53.6"
-Sp +3.14 +4.78 +5.82 +9.13 +5.95 +6.32 +4.29 +3.57 +3.72 +9.56

“Intestinal worm load (nPA) data are expressed as median (range); #Relative intestinal worm load (rnPA) and female fecundity (Ff) data are expressed
as mean = SEM; Differences between days post-infection within genotype were evaluated with Man-Whitney’s “U” (intestinal worm load), Student’s
“t” (relative worm load, female fecundity) or Fisher (proportion of mice with parasites) tests. For each variable, days post-infection not sharing the
same superscript are significantly different at the 0.01 level.

2400

2000

1600

1200f

@K
=3
=

-
=3
=3

Relative parasite load
(number of L1 larvae per g tissue weight)

<

Infective dose (number of L1 larvae per g body weight)

Genetic group effect
F=33.3;P<0.0001

F=30.0; P <0.0001

Dose effect

(@

Interaction effect
F=4.16; P =0.0002

— —
) 0

Reproductive Capacity Index (RCI)
o

Dose 1

Infective dose (number of L1 larvae per g body weight)

Genetic group effect
F=33.3; P<0.0001

(b)

Dose effect
F=0.6; P=0.503

Interaction effect
F=1.17,P=0322

Figure 1. Effect of host genotype and dose on relative muscle larval load (a) and 7. spiralis reproductive capacity index (b),
measured on day 40 post-infection. Dose 1: 1 L1 larvae/g BW; dose 2: 2 L1 larvae/g BW; dose 3: 4 L1 larvae/g BW. Each
point represents the mean value of the genotype (n = 10) for that dose. The interaction effect was analyzed with an ANOVA
corresponding to a 5 x 3 factorial design.
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small intestine. At day six p-i, nAP and rnAP were similar among lines (P > 0.05). Both variables showed signif-
icant differences among genotypes at day 13 (P = 0.0087). Both CBi/L and CBi/C had significantly reduced
worm intestinal burden at day 13 compared with day six p-i (P < 0.002). Also, CBi/L mice showed a significant
decrease in the proportion of mice carrying intestinal worms (P = 0.0004), indicating that the expulsion of 7. spi-
ralis is markedly accelerated in this line. On the contrary, neither nAP nor rnAP showed a significant reduction by
day 13 in CBi+, CBi— and CBi mice. These lines and line CBi/C did not decrease the proportion of mice positive
for the parasite (P > 0.05). Female adult worms obtained at day six p-i showed a similar fecundity in vitro (Ff)
that was not influenced by the host genotype (P > 0.05). At day 13 p-i, female fecundity significantly decreased in
the resistant line (P = 0.017) and did not change in the susceptible and intermediate ones. The observed differenc-
es in muscle parasite load (rLL) in the five lines could be partly explained by the response of each genotype in the
intestinal phase of infection.

Table 4 shows the serum levels of IFN-y, IL-2, IL-4 and IL-10 that estimate the Th1/Th2 status of each line at
the beginning of infection and reflect the local conditions at the site of infection [19]. A distinct serum profile was
observed between CBi+ (susceptible) and CBi/L (resistant). CBi/L had higher levels of IL-2 (P = 0.023) and
IFN-y (P =0.0021) compared with CBi+ whereas no significant differences for IL-4 were observed. IL-10 showed
a difference with marginal significance between CBi/L and CBi+ (P = 0.064). Lines CBi—, CBi and CBi/C had
interleukins levels similar to those of CBi+.

The principal component analysis allowed the simultaneous study of the four values of the serum interleukins
determined in each mouse to find out whether there was a significant clustering of animals according to the ge-
netic group they belong to. Table 5 contains the results of this multivariate analysis. The first two principal com-
ponents accounted for 66.5% of the phenotypic variation in serum interleukin levels of which 40.3% correspond
to PC1 and 26.2% to PC2. As shown by Pearson’s correlation coefficients in Table 5, PC1 values had a negative
significant association with IL-4 and IL-10 levels (the higher the value of PC1, the lower the value of IL-4 and
IL-10). Conversely, PC2 correlated positively and significantly with IL-2 and IFN- y (the higher the value of PC2,
the higher the values of IL-2 and IFN-%). Although non statistical significant differences were observed for PC1
mean values among lines, the extreme values corresponded to CBi+ (negative) and CBi/L (positive) mice. On the
contrary, a significant genotype effect was evident between the same two lines on PC2 mean values. Once again
CBi+ showed the lowest (negative) value and CBi/L the highest (positive) one. As depicted in Figure 2, CBi/L
and CBi+, which have a differential response against infection with 7. spiralis, also showed a different and oppo-
site combination of interleukins before being infected with the parasite.

Table 4. Serum interleukin levels” in adult mice of the CBi-IGE stock before infection with 7. spiralis L1 larvae (n = 7 per
group).

Lines

interleukines CBi+ CBi— CBi CBi/L CBi/C
IL-2 4.6+0.16" 49+0.25 6.5+0.73*° 9.5+2.01° 5.1+0.26"
IFN-y 35.8 +3.88" 55.9 £ 6.47 50.3 £4.32*° 63.3+7.72° 54.6 £ 6.20™°
IL-4 17.6 £2.58° 13.9 +1.63" 19.1 +2.45° 143 £2.45° 16.1 £2.12°
IL-10 412+532° 33.7+4.74° 46.8 +5.57° 292 +2.51° 46.8+7.17°

"pg/ml; “Data are expressed as mean = SEM; Differences among genotypes in serum cytokine levels were evaluated by an analysis of variance, using
the Bonferroni post-test for comparisons between groups. Groups not sharing the same superscript differ significantly (P < 0.01).

Table 5. First and second principal components values in adult mice of the CBi-IGE stock and Pearson product-moment
correlation coefficient between serum interleukin level and principal component value.

Lines Pearson’s correlation coefficient (r)
CBi+ CBIi/C CBi CBi/L CBi— IL-2 IL-4 IL-10 IFN-y
PC1 -0.574" -0.303" —0.488" 1.120° 0.673° 0.282 -0.811 -0.851 0.386
+£0.4528  +0.5836  +£0.3683  +02775  +0.1096 P=0.117 P<0.0001 P<0.0001 P=0.029
PC2 -0.998* -0.228*  —0.249*° 0.921° -0.087*° 0.721 0.305 0.152 0.672
+£0.3289  +£0.1247  +£0.3378  +0.4663  +0.2801 P<0.0001 P=0.089 P=0395 P<0.0001

“Data are expressed as mean + SEM; Differences among genotypes in principal components values were evaluated by an analysis of variance, using
the Bonferroni post-test for comparisons between groups. Groups not sharing the same superscript differ significantly (P < 0.05).
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Figure 2. Scatterplot showing the location of the five genetic groups in a Car-
tesian coordinate system of the first two principal components (o represents the
mean value of PC1 and PC2 for each genotype). It should be noted that naive
CBi+ mice showed a predominant Th2 profile (lower-left quadrant: high IL-4
and I1-10, low IL-2 and IFN-y) while that of CBi/L mice was a Th1l one (upper-
right quadrant: low IL-4 and IL-10, high IL-2 and IFN-y).

4. Discussion

Parasites, including helminths, are currently responsible for more morbidity and mortality than any other type of
infectious organism. Trichinella spiralis, the causative agent of trichinellosis, is characterized by occupying two
distinct intracellular niches within its host, the intestinal epithelium and the skeletal muscle. The complicated
life cycle of the parasite, coupled with its varied ecological niches and morphological forms, elicits a complex
range of sophisticated host defense mechanisms to resist invasion. This response for resisting parasitic diseases
is under genetic control and varies among species and individuals within species. In this context, mice have
played an important role in elucidating the molecular pathways that contribute to disease. Well-defined inbred
mouse lines, among other approaches, are valuable tools for dissecting the effects of host genes in complex traits
[20] such as infectious diseases. The phenotypically distinct lines that make up the CBi-IGE colony are the re-
sult of experiments of long-term divergent selection held for more than 120 generations. These lines are a uni-
que resource for dissecting the genetic basis underlying line divergence since they may help expose genes caus-
ing variation in unselected mouse populations and, via sequence homology, in other species including humans.
The genetic differences exhibited between mouse strains most likely control or contribute to a wide range of
processes that influence the outcome of a parasitic infection [21]. Differences between host strain backgrounds
in their responses to infection have previously been demonstrated in a variety of infection models, including the
nematodes Trichuris muris [22], Heligmosomoides polygyrus [23] and the protozoan Leishmania major [24],
where host background leads to variation in susceptibility to these chronic infections.

The resistance/susceptibility of a host against 7. spiralis is defined by the number of parasites encysted in
muscle in the chronic phase of infection; this number represents the result of the cumulative effects of all anti-
parasite responses expressed by the host [25]. In the range of doses studied, a genotype-dose interaction was
observed in muscle parasite load since the same dose increase did not produce the same increase in muscle load
in the five genotypes. CBi— and CBi/L mice were resistant at the lowest dose while CBi+, CBi/C, and CBi were
susceptible. At the highest dose only CBi/L continued being resistant, CBi+ and CBi/C were the most suscepti-
ble while CBi and CBi— had an intermediate response. At variance with other investigators [10] [26]-[29], the
infective doses given to mice in this study were relatively low. This dosage would explain the lack of signs and
symptoms of trichinellosis in mice in the period studied, as well as the responses observed both at the intestinal
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and muscle stage of infection.

A common biological characteristic used to evaluate Trichinella spp infectivity is the index of reproductive
capacity (RCI) defined as the ratio of the total number of muscle larvae recovered from an animal to the number
of larvae administered to it. RCI can be disaggregated in four components: the number of females established;
their fecundity; their reproductive life span and the survival of larvae in muscles [16]. The reproductive capacity
index showed only effect of genotype, so this variable allowed qualifying each genotype as resistant or suscepti-
ble regardless of dose. As derived from the analysis of RCI, CBi+ was the most susceptible genotype and CBi/L
the most resistant, CBi, CBi/C and CBi— being intermediate. It should be noted that except in line CBi—, mice
tended to be more susceptible to the lowest dose, a characteristic reported for humans in which exposure to low
doses was associated with a considerable risk of infection [30].

The host immune response against a parasite is a remarkable phenomenon in the pathology of infection and
control of the parasite population. Multiple immune and non-immune effector mechanisms limit the number of
larvae surviving migration to host tissues. Previous studies have shown that host immunity regulates the fecun-
dity of nematodes [31] [32] as well as worm expulsion [33]-[35] and that host genetics determines 7. spiralis
rejection from the intestine in mice [36] [26]. Thus, evaluating both the rate of parasite expulsion and female
parasite fecundity provides greater insight into the underlying causes of increased larval burdens in animals ex-
posed to a challenge infection. Results of these assays can be compared to results of cellular, humoral or innate
immune function assays [9]. This response against invading pathogens is mediated by mechanisms that result
from the combined action of several genes, which are not fully known. In this experimental model, the results of
the variables analyzed in the acute stage of infection could explain part of the host susceptibility. The complex
life cycle of this nematode that also induces a profound modulation on the expression of the host’s genes would
be one of the causes of the diverse host response. The response of each genotype during the enteric phase of in-
fection was assessed in mice infected with two L1 T. spiralis larvae per g body weight, by measuring intestinal
parasite load (nAP, total number of adult parasites) and fecundity of 7. spiralis females (Ff, average number of
newborn larvae per female parasite). At variance with other reports [37], a significant phenotypic variation was
evident among strains at this dose. CBi/L had expelled almost all its intestinal worms by day 13, whereas CBi/C
reduced to half its intestinal parasite load and CBi+, CBi—, and CBi showed no significant expulsion at this time
point. A decrease (P < 0.01) in nAP, in the proportion of mice with 7. spiralis intestinal worms and Ff between
6 and 13 days post-infection in CBi/L would be the result of an early immune response generating an unsuitable
environment for the establishment of intestinal adult parasites and an improved trapping of newborn larvae in
the lungs [38]. nAP decreased in CBi—, CBi+, CBi/C and CBi, during this period (P < 0.01), however the pro-
portion of mice with T. spiralis worms and Ff did not change (P > 0.05). This response could be due to an im-
mune response that would facilitate the parasite to complete its life cycle.

Resistance to nematodes is a physiological and genetically complex character difficult to measure. Parasites
such as helminths have acquired the ability to attenuate the immune response of the host, protecting themselves
from expulsion and minimizing the pathology in the host, to ensure their survival and achieve chronicity. A ma-
jor global health challenge, for this reason, is to understand how parasites manipulate the finely balanced ho-
meostatic system of host defense in order to establish a long-term infection. As stated by Gause ef al. [39], hel-
minth infections are characterized by their ability to induce Th2-cell responses that generally result in eosino-
philia, goblet and mucosal mast-cell hyperplasia and the production of non-complement fixing antibodies.
However, despite these general common trends, it is becoming increasingly clear that the immune response dif-
fers considerably between different helminths. 7. spiralis induces a mixed cytokine response probably because
the presence of these parasites within host cells triggers IFN-y production in a manner similar to that required
for host defense against many intracellular pathogens [33]. Each stage of the life cycle of T. spiralis can evoke a
stage-specific host immune response since parasite antigens are unique to each stage. Even so, given the speed
with which the life cycle of this nematode develops, a host mounting an adequate protective immune response
during primary infection fails to rid completely of the parasite. For 7. spiralis, the intestine is the first host organ
to be parasitized and to elicit an immune response. It is believed that a Th1-type cytokine response occurs during
the first hours of infection and, shortly after, a Th2-type response begins to dominate, usually protecting the host
against a chronic infection. The combination of interleukins observed in naive CBi/L, skewed to Th1, may better
prepare these mice to the initial “default” Thl response to invasion [40], since it has been reported that, within 2
days of worms reaching the intestine, mesenteric lymph nodes cells respond with a Thl rather than a Th2 re-
sponse [27]. The level of infectivity of T. spiralis is linked to the number of newborn larvae that manage to
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reach the general circulation and encyst in muscles. Therefore, the resistance to this infection is related to the
ability of the host to generate a response that prevents the development of infective larvae, removing adult
worms from the small intestine, limiting the fertility of adult females, and destroying newborn larvae. The ob-
served differences in the degree of infection with increasing doses was partly the result of differences in resis-
tance mechanisms, determined by the genetics of the host, as could be assessed by the variables measured in the
enteral stage of the infection. During primary infection, the combination of immunological players is determined
by the host and modulated by the parasite, and may lead to a high degree of infection (susceptibility) or to the
development of a strong protective response that reduces the level of infection (resistance).

5. Conclusion

The use of animal models for biomedical research plays a critical role in understanding disease processes and de-
veloping appropriate treatments. When looking to extrapolate results of animal species to man, it is necessary that
the biological model reproduce, as accurately as possible, the effects of the original condition. The results de-
scribed herein suggest that the genetic analysis of the CBi-IGE model will be useful to further analyze the me-
chanisms that control the complex and dynamic relationship between parasite and host, as mouse genetics differs
little from human and 7. spiralis is a natural parasite of this animal species. The establishment and growth of pa-
rasites not only depend on the infective dose and the “entrance door”, but also require overcoming a number of
barriers that the host presents. After facing the host physiological conditions and immune response, the parasite
seeks to bring the infection to chronicity. The mechanisms involved are not fully elucidated due to the complexity
of the interactions among host, parasite and environment. The variability in the response observed in this model
suggests its potential usefulness to clarify the mechanisms that regulate the multifaceted and dynamic relationship
between host and parasite. This knowledge is essential to progress in the control of parasitic diseases based on the
genetic resistance of the host.
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