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Abstract

Comparisons were made of the immune and inflammatory responses of four
strains of inbred mice to infection with the intestinal nematodes Trichinella
spiralis and Nippostrongylus brasiliensis to determine whether genetically
determined ‘high responsiveness’ to infection, seen most clearly in intestinal
responses, is independent of the parasite concerned and necessarily correlated
with protection. The time course of infection was followed by counting adult
worms at intervals after infection. Mucosal mast cells and Paneth cell numbers
were determined as indices of the intestinal inflammatory response. Levels of
IgG2a and IgG1 antibodies and of the cytokines IFN-y and IL-5 released from in
vitro-stimulated mesenteric node lymphocytes were measured to assess type 1
and type 2 responses. NIH and CBA mice were the most resistant to T. spiralis
and N. brasiliensis respectively, resistance in each case being correlated with the
most intense intestinal inflammatory responses. C57BL/10 (B10) and B10.BR
were the least resistant to T. spiralis, but were as resistant as CBA to N. brasiliensis,
despite their intestinal inflammatory responses to both parasites being much
lower than the other two strains. Mice infected with T. spiralis made the expected
switch from a type 1 (IFN-vy) to a type 2 (IL-5) response between days 2 and 8,
and there were no significant differences in levels of these cytokines between the
strains. In contrast, when infected with N. brasiliensis, CBA showed an IFN-vy
response at day 4, all strains switching to IL-5 by day 8 and NIH mice releasing
the greatest amount of IL-5. The results indicate that the ‘high responder’
phenotype to intestinal nematode infection is in part determined by host
characteristics, but is also determined by the parasite concerned — seen most
clearly by the differences between NIH and CBA when infected with T. spiralis
and N. brasiliensis. The fact that ‘low responder” B10 background mice were more
resistant to N. brasiliensis than ‘high responder” NIH implies that each parasite
elicits a particular pattern of protective host responses, rather than parasites
being differentially susceptible to the same response profile.

response to parasitic infection. Among the more
important of these are the roles of T helper subsets in
the host response (Finkelman ef al., 1997; Artis & Grencis,
2001), the contribution of inflaimmatory changes to
protective immunity and pathology (Lawrence et al.,
2001) and the influence of genetic factors in determining

Introduction

Experimental work with intestinal nematodes in mice
has provided information on many aspects of the immune
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the outcome of infection (Wakelin, 1988). It has been clear
for some time that particular strains of mice have
characteristic patterns of response to intestinal worm
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infection. For example, NIH strain mice mount a rapid,
acute inflammatory response (i.e. are high responders),
whereas in mice of the C57BL/10 background (which are
low responders) inflammation is much weaker (Alizadeh
& Wakelin, 1983; Wakelin & Donachie, 1983). This
suggests that the overall capacity of the intestine to
respond to an infectious insult is a strain-dependent
characteristic. However, the effectiveness of the intestinal
response in controlling infection may vary depending
upon the species of parasite concerned. For example
whereas NIH strain mice control infections with
Trichinella spiralis and Trichuris muris more rapidly than
do CBA (Lee & Wakelin, 1982), both can sustain long-term
primary infections with Heligmosomoides polygyrus
(Robinson et al., 1989; Wahid & Behnke, 1993).

An interesting issue arising from such studies is
whether different parasites elicit similar intestinal
responses but are differentially affected by particular
components of these responses, or whether they elicit
qualitatively different responses in a given host strain.
One approach to answering this question is to carry out
comparative studies with these parasites in a range of
host strains. This should indicate whether the phenotypes
‘high-responsiveness” or ‘low responsiveness’, which
characterize the level of host response to one species,
would be seen consistently when another species was
used, regardless of the mechanisms involved in host
protection. Although there have been several studies
examining strain variation in responses to each parasite
individually, there have been few adopting such a
comparative approach.

In this paper we present the results of infections with
N. brasiliensis and T. spiralis in four strains of inbred mice,
whose patterns of response to T. spiralis have been
described in some detail (Wakelin, 1980; Wassom ef al.,
1983). These strains exhibit a range of responsiveness from
NIH (high) to B10.BR (low). CBA mice have an
intermediate phenotype, whilst C57BL/10 (B10), which
are congenic with B10.BR, are intermediate to low-
responders. In addition to monitoring worm recoveries
as an index of resistance, we have measured specific
parameters of immune and inflammatory responses.
Levels of specific anti-parasite IgG2a and IgG1 antibodies
and of the cytokines interferon-gamma (IFN-y) and
interleukin-5 (IL-5) were measured as indices of type
1 and type 2 responses respectively. Numbers of mucosal
mast cells (MMC) and Paneth cells were used as a measure
of the intestinal inflammatory response. Overall, the
results show that genetic influences acted differentially in
each host—parasite combination, supporting the view that
parasites elicit different combination of host responses.

Materials and methods
Mice

Specific pathogen-free female NIH, CBA, C57 BL/10
and B10.BR mice were obtained from Harlan-Olac UK
(Bicester, Oxon, UK) and maintained in the animal house
of the School of Life and Environmental Sciences.
Mice were used at approximately 8 weeks of age in
groups of 4-6.
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Parasites

The methods used for T. spiralis (London isolate, ISS 25)
were as described by Wakelin & Lloyd (1976). Mice were
infected orally with 300 larvae. The Moredun strain of
N. brasiliensis was used as described by Ishikawa et al.
(1998). Mice were infected subcutaneously with 550 or
1000 larvae. Trichinella spiralis enters the intestine
immediately, whereas N. brasiliensis migrates through
the lungs before reaching the intestine. For this reason, the
timing for the initial examination of material was day 2 for
T. spiralis and day 4 for N. brasiliensis.

Histology

Intestinal tissues were fixed in Carnoy’s fixative for
general histology and mucosal mast cell (MMC) counts,
or in 10% buffered formalin for Paneth cell counts. The
staining techniques were as described by Dehlawi &
Wakelin (2002). Mucosal mast cells were counted in a total
of 20 villus-crypt units (VCU) per mouse; Paneth cells
were counted in 20 crypts per mouse.

Antibody and cytokine analysis

Serum samples were collected at post mortem. Levels of
parasite-specific IgG1 and IgG2a were measured in ELISA
against homogenate antigens prepared from muscle
larvae of T. spiralis or adult worms of N. brasiliensis
(Goyal et al., 2002). Briefly, wells of 96-well plates
were coated with antigen at 5 ug ml ™! in carbonate/bi-
carbonate buffer. Serum samples were diluted 1:200 and
bound antibody detected with alkaline-phosphatase-
conjugated anti-mouse IgG1 or IgG2a (The Binding Site,
Birmingham, UK).

Single-cell suspensions were prepared from the
mesenteric lymph nodes (MLN) of infected and control
mice, and cells (MLNC) cultured in vitro at 1 x 107 cells
per well with 5 ug ml™! of the mitogen concanavalin A
(ConA) (Sigma) or 25 Mgml_1 of parasite antigen, as
described by Hermanek et al. (1994). Cytokines were
measured by sandwich ELISA, using pairs of cytokine-
specific monoclonal antibodies (Pharmingen). For IFN-y
these were R46A2/biotinylated XMG1.2 and for IL-5
were TRFK-5/biotinylated TRFK-4. Recombinant IFN-vy
and IL-5 (Pharmingen) were used as standards. Values
are recorded in pg ml ' Because of the logistic
difficulties in processing cells from several groups
simultaneously, MLNC from individual mice were
pooled and cytokine levels determined from duplicate
samples. Analysis of responses to the two parasites was
carried out on the same plates to ensure that values
obtained were directly comparable.

Statistical analysis

Data were analysed using the non-parametric Mann-
Whitney test. A value of P <0.05 was considered
statistically significant.

Results

Three experiments were carried out, one with T. spiralis
and two with N. brasiliensis.


https://doi.org/10.1079/JOH2003175

Response of mice to intestinal nematodes 121

Table 1. The numbers of Trichinella spiralis and Nippostrongylus brasiliensis recovered from
four strains of inbred mice after infection with 300 larvae per os (T. spiralis) or 1000 larvae
subcutaneously (N. brasiliensis).

Mean (+S.E) no. of worms recovered

T. spiralis (exp. 1) N. brasiliensis (exp. 2)

Strain of mouse Day 2 Day 8 Day 4 Day 8
NIH 130.8 £ 8.8 55.3 = 10.0° 121.5 + 209 39.2 £ 13.9
CBA 1145 + 4.1 110.0 £ 9.6 128.3 = 189 0.0
C57 BL/10 148.8 + 13.3 1723 £ 83 173.3 £ 23.8 0.0
B10.BR 95.0 £ 4.3 1715 + 6.6 985 * 6.8 0.0

?Day 8 mean significantly lower than day 4 (P < 0.05).

Trichinella spiralis

Eight mice of each strain were infected with 300 larvae
on day 0. Four mice per group were killed on days 2 or 8,
worms were recovered, sera and intestinal tissue
collected, and MLNC taken for cytokine analysis.

Mean worm recoveries are shown in table 1. On day 2,
31-49% of the infection was recovered from NIH, CBA
and B10 mice, although recovery was lower from B10.BR
at this time. Similar numbers of worms were present in
B10 and B10.BR on day 8, CBA had fewer worms, but not
less than day 2, whereas NIH mice had lost a significant
proportion of their worms (P < 0.05).

No IgG1 antibody was recorded and IgG2a levels were
not significantly greater than uninfected controls on
either day 2 or day 8 (data not shown). Cytokine data for
cells stimulated with ConA are given in table 2. Moderate
levels of IFN-vy were released from day 2 cells but no IFN-
v was released from day 8 cells. ConA-stimulated cells
from uninfected mice and unstimulated cells from
infected mice released no IFN-y. No IL-5 was released
from stimulated day 2 cells, but levels rose sharply by day
8. Unstimulated cells from infected B10 and NIH also
released large amounts of IL-5 at this time (data not
shown). ConA-stimulated cells from uninfected B10,
B10.BR and CBA mice released no IL-5; NIH cells released
small amounts (mean = 74 pg ml™Y). Overall, values for

Table 2. Levels of the cytokines interferon-gamma (IFN-y) and
interleukin-5 (IL-5) released from mesenteric lymph node cells
taken from mice after infection with 300 Trichinella spiralis or 1000
Nippostrongylus brasiliensis and stimulated in vitro with ConA.

Level of cytokines (pg ml ™)

T. spiralis N. brasiliensis

IFN-y IL-5  IFN-y IL-5

Strain of mouse Day2 Day8 Day4 Day4 Day38

NIH 199.8 1829.9 0.0 3729 866.4
CBA 191.6 1646.5 237.1 149.5 30.8
C57B1/10 271.7 1887.5 0.0 34.6 ND
B10.BR 222.1 2052.3 0.0 71.3 57.2
ND, not done.
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antigen-stimulated cells were similar to those obtained
with ConA.

Mucosal mast cell and Paneth cell responses are shown
in fig. 1. Counts of MMC/20 VCU were low in CBA, NIH
and B10.BR mice on day 2 and no cells were recorded in
B10. A sharp rise occurred by day 8, NIH mice having
significantly more MMC than the other strains, and the
B10BR significantly less. NIH mice had the largest
number of Paneth cells on day 2, but there was a
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Fig. 1. Mucosal mast cell (MMC) (a) and Paneth cell (b) responses

of NIH, CBA, C57BL/10 (B10) and B10.BR mice to infection with

300 larvae of Trichinella spiralis. Mice were infected on day 0 and

tissues sampled on days 2 (M) and 8 (OJ). *NIH MMC and Paneth

cell counts significantly greater than all other strains (P < 0.05).

*B10.BR MMC counts significantly lower than all other strains
(P <0.05).
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significant increase between days 2 and 8 in all strains by
day 8, NIH mice again having the largest number.

Nippostrongylus brasiliensis

Infections were carried out at two levels, 1000 larvae
(experiment 2) and 550 larvae (experiment 3). The results
of each were similar; those of experiment 2 are given in
full. Six mice per group were killed on days 4 or 8, worms
were recovered, serum and intestinal tissue collected, and
MLNC taken for cytokine analysis.

Worm recoveries are given in table 1. B10 mice had the
greatest number at day 4, although not significantly more
than CBA and NIH. All strains except NIH had lost all of
their worms by day 8, a pattern that was repeated in
experiment 3.

No IgG1 responses were recorded on any day. Levels of
IgG2a were low at day 4 but had increased significantly in
NIH mice by day 8; B10 mice also showed an increase
(fig. 2). Cytokine data from ConA stimulated cells are
shown in table 2. Only day 4 cells from CBA mice released
IFN-vy. No IFN-y was released by unstimulated cells, by
stimulated cells from uninfected mice or from day 8 cells.
At day 4, both NIH and CBA mice released IL-5 when
stimulated with ConA. Levels of IL-5 were maintained,
although values were slightly lower, at day 8 except in
NIH mice. As with Trichinella spiralis infections,
unstimulated cells from infected NIH mice also released
IL-5 at day 8. Values obtained with antigen-stimulated
cells were irregular.

Mucosal inflammatory responses are shown in fig. 3.
Increased MMC were present in CBA and NIH mice on
day 4, and numbers in these strains rose sharply by day 8,
being significantly greater in CBA. These strains also
showed the greatest Paneth cell response.

Discussion

Recent studies have shown that there are significant
functional differences in the responses of mice to
infections with N. brasiliensis and T. spiralis (Urban et al.,
1998, 2000; Artis & Grencis, 2001). Whereas the Th2
lymphocyte signalling and transduction pathway invol-
ving STAT 6 is crucial for immunity to both, the type 2
cytokine IL-4 is of primary importance for immunity
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Fig. 2. Parasite-specific IgG2a responses of NIH, CBA, C57BL/10

(B10) and B10.BR mice after infection with 1000 larvae of

Nippostrongylus brasiliensis on days 4 (W) and 8 (0). *NIH values
significantly greater than all other strains (P < 0.05).
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Fig. 3. Mucosal mast cell (MMC) (a) and Paneth cell (b) responses

of NIH, CBA, C57BL/10 (B10) and B10.BR mice to infection with

1000 larvae of Nippostrongylus brasiliensis. Mice were infected on

day 0 and tissues sampled on days 4 (H) and 8 (O0). *CBA MMC

and Paneth cell counts significantly greater than all other strains
(P < 0.05).

against T. spiralis and IL-13 for N. brasiliensis. Mucosal
mast cells appear important only in expulsion of T. spiralis
(Faulkner et al., 1997). Although these, and similar, studies
have provided valuable detail about the components
required for protective host responses, few have made
comparisons based on infections with each species in
specific strains of mice. Such experiments should help to
clarify whether different parasites elicit similar intestinal
responses but are differentially affected by particular
components of these responses, or whether they elicit
qualitatively different responses in a given host strain.

The experiments described here were designed to
provide details on particular aspects of the host’s immune
and inflammatory responses and relate these to specific
combinations of parasite species and host strain.
Although the host’s protective response against both
parasites is expressed against the adult worms in the
intestine, it is important to remember that, in the case of
N. brasiliensis, this phase is preceded by a systemic larval
migration, providing an initial antigenic stimulus.

A number of important points emerge from the data:

1. NIH mice were the most resistant to T. spiralis, but
least resistant to N. brasiliensis.

2. The intestinal inflammatory response to T. spiralis was
greatest in NIH, that to N. brasiliensis greatest in CBA.
B10 and B10.BR mice had the weakest intestinal
inflammatory response to both parasites, but showed
good resistance to N. brasiliensis.
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3. Systemic antibody responses were low in all cases. No
IgG1 antibody was recorded; anti-N. brasiliensis IgG2a
responses were highest in NIH.

4. The cytokine response to both T. spiralis and N.
brasiliensis showed a switch to a predominant type 2
response later in infection; quantitatively this was
greatest in cells taken from T. spiralis-infected mice.
All strains made a strong IL-5 response to T. spiralis,
but NIH were the only strain to respond strongly to N.
brasiliensis.

The high responsiveness of NIH to T. spiralis, in
comparison with other inbred strains, is well documented
(Wakelin, 1988). No similar comparative studies invol-
ving NIH mice have been made with N. brasiliensis, but it
is clear that loss of worms from this strain is much slower
than in CBA, B10 and B10.BR. It is well known that NIH
mice make strong intestinal responses to T. spiralis but the
data presented here on MMC and Paneth cell numbers
suggest that the strength of the response is, at least in part,
the product of a particular host—parasite combination, as
the inflammatory response of CBA to N. brasiliensis was
greater than that of NIH, but that to T. spiralis was lower.
Mucosal mast cell responses are to a large degree
dependent on the activity of T helper 2 (Th2) cells
(Madden et al., 1991) although many other factors also are
involved. Cells from N. brasiliensis-infected CBA mice
released much less IL-5 than NIH, suggesting a reduced
type 2 cytokine response, yet MMC numbers were
significantly greater. This may show that CBA have a
greater bone marrow-related capacity to produce MMC
precursors, or produce more of the cytokines that are
directly related to MMC production. Paneth cell
responses are also T cell dependent (Kamal et al., 2001),
but less clearly type 2 dependent, and CBA mice again
made the greatest response to N. brasiliensis. In contrast to
these results, NIH mice made the greatest antibody
response to N. brasiliensis, although the isotype involved
was IgG2a, primarily (although not exclusively) a type 1
isotype. This is consistent with the results of Robinson
et al. (1995), who also found that the early response to T.
spiralis was IgG2a dominated.

In the absence of a clear understanding of the precise
mechanisms that lead to worm expulsion, it is difficult to
fully interpret the data presented here in terms of anti-
parasite activity. The inflammatory and immunological
components measured were chosen because they are
easily monitored, and give an overall index of the host’s
response capacity, rather than because (with the exception
of MMC) they are known definitely to be of key
importance in protection. However, the data do imply
that there are qualitative and quantitative differences
between T. spiralis and N. brasiliensis in their capacity to
elicit particular components of the host’s intestinal
responses, and that, at least in NIH and CBA mice,
these differences override the host’s genetically deter-
mined capacity to mount an intestinal response. An
interesting observation is that the B10 background mice,
though mounting a much-reduced intestinal inflamma-
tory response compared with either NIH and CBA,
nevertheless show a level of immunity to N. brasiliensis
that is comparable with that in CBA, but are markedly
less resistant than NIH to T. spiralis, again emphasizing
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the importance of parasite factors in the overall outcome
of infection.
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