are the absence of the first 12 residues at
the NH,-terminal end in calmodulin and
a D-E linker shortened by three residues.
The four Ca** sites in calmodulin have
binding constants (K, = 10°M ') similar
to the lower affinity, Ca®" specific sites
in the NH, domain of TnC (29). Whether
calmodulin assumes a structure similar
to that of TnC and undergoes similar
structural perturbations upon metal
binding remains to be determined.
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Effects on Trichinella spiralis of Host

Responses to Purified Antigens

Abstract. Purification of two antigens (48-kilodalton polypeptide and a group with
major subunits of 50 and 55 kilodaltons) from the infective larvae of the parasitic
nematode Trichinella spiralis was recently reported. Immunization of mice with
either of these antigens induces strong resistance to a subsequent challenge
infection. In the study reported here the mechanism of this resistance was investigat-
ed by monitoring the parasite’s life cycle in mice immunized with the antigens.
Immunized mice were able to expel intestinal adult worms and to inhibit the
fecundity of adult female worms at an accelerated rate compared to control mice.
Accelerated expulsion and inhibition of fecundity may account entirely for the level
of resistance induced by immunization. Although the effects of the immune response
apparently are exerted on adult worms, the target antigens are expressed only by
developing larvae. This suggests that immune effector mechanisms act on intestinal
larvae in such a way that they develop into defective adults.

Infection with the parasitic nematode
Trichinella spiralis stimulates complex,
stage-specific immunologic responses in
the mammalian host. These responses

inhibit development of the parasite at
several points in its life cycle. Ultimate-
ly, they can limit the production and
perhaps the migration of the newborn

SCIENCE, VOL. 227



larvae (/), the stage responsible for the
most serious aspects of pathology in the
host (2). Immunization of the host with
certain crude antigen preparations stimu-
lates a protective immune response
equally well (3, 4). However, little is
known of the molecular targets, among
the many antigen species presented to
the host, of the protective response or of
the relation of the target antigens to
effects on the parasite.

Recently we described the isolation of
three distinct antigens from the infective
stage 1 larva of T. spiralis by monoclonal
antibody affinity ‘chromatography (5).
Two of these antigens, a 48-kD polypep-
tide secreted by the beta stichocytes and
a group of cross-reacting polypeptides
with major subunits of 50 and 55 kD
secreted by the alpha stichocytes, in-
duced resistance to subsequent infection
when injected into mice (stichocytes are
secretory cells that discharge into the
worm esophagus). The level of resist-
ance stimulated by the 48-kD antigen
was equal to or higher than that stimulat-
ed by the most effective crude antigen
preparation. The level of resistance stim-
ulated by the 50/55-kD antigen was low-
er, but still highly significant. A third
antigen, the 37-kD antigen, from the
body cavity of the infective larva, did not
induce resistance at biologically relevant
doses. To investigate the mechanism un-
derlying immunologic response to the
two identified target antigens of T. spira-
lis, we studied the progression of the
parasite’s life cycle in control mice and
in mice immunizeéd with those antigens.

CFW mice exposed for the first time to
T. spiralis expel most adult worms from
the small intestine 9 to 14 days after
infection (3). The life-span of adult
worms is similar in mice injected with

carrier ‘buffer plus complete Freund’s

adjuvant (Fig. 1). However, mice immu-
nized with the 48-kD or the 50/55-kD
antigen expelled most adult worms be-
tween days 7 and 11 (Fig. 1). Female
adult worms remaining in the intestines
of normal mice (3) or control mice (Flg
2) showed diminished fecundity begin-
ning on day 8. Worms from mice immu-
nized with the 48-kD or 50/55-kD antigen
showed the same effect as early as day 6
(Fig. 2). Thus, immunization with either
target antigen accelerates both the expul-
sion and antifecundity responses.

Investigators have tested for immune
effector mechanisms against - newborn
larvae by transplanting this stage into
control and immunized hosts (/). This
approach was inappropriate for our pur-
poses because (i) newborn larvae, which
are obtained routinely by overnight incu-
bation of gravid female adults (7), are
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Fig. 1. Numbers of adult worms in immunized
mice. Three-month-old male CFW mice
(Chiarles River) were injected three times dt
weekly intervals with 0.1 ml of emulsified
complete Freund’s adjuvant (Difco) diluted
1:1 with 0.01M sodium phosphate buffer (pH
7.2) (control mice) or buffer containing a total
of 1 pg of purified antigen protein. One week
after the last injection the mice were infected
orally with 360 infective stage 1 larvae each.
The animals were killed on the indicated days.
Their small intestines were removed rapidly,
slit lengthwise, rinsed once in distilled water,
and incubated individually in 0.85 percent
sodium chloride at 37°C. At the 1-hour mark
eight female worms per mouse intestine were
removed by Pasteur pipette under a dissecting microscope for fecundity assays (see Fig. 2). The
remaining worms were counted dlrectly after 4 hours. Data points give the mean number of
worms per mouse intestine for five mice on odd-numbered days and for three mice on even-
numbered days. Counts for mice immunized with the 48-kD antigen on days 6 through 12 and
for the mice immiunized with the 50/55-KD antigen on days 7 through 11 were significantly lower
than for control mice (P < 0.05, Wilcoxon signed-rank test).
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Fig. 2. Fecundity of
female worms from
immunized mice. On
the indicated day,

adult female worms,

recovered for fecun-

dity assays as de-
scribed in the legend
to Fig. 1, were placed
individually in
microwells containing
1 ml of Difco medium
199 supplemented
with 20 percent calf
serum and 1 pércent
antibiotic-antimycotic
solution (Gibco) for
24 hours. After this period newborn larvae were counted dlrectly under a dissecting micro-
scope. Each value is the méan number (+ standard error) of newborn larvae produced per adult:
fernale worm per day (» = 8 worms in each of fivé mice on odd-numbered days and in each of
three mice on evén-numbered days, éxcept n = 3 worms in each of five 48-kD-immunized mice
on day 11, 5 worms in each of five 50/55-kD—immunized mice on day 11, and 3 worms in each of
three 50/55-kD-immunized mice on day 12).
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Table 1. Predicted and actual recovery of muscle larvae in control and immunized mice.
Immunization was carried out as described in the legend to Fig. 1. Each predlcted value is the
product of the mean number of adult female worms per mouse (7 = 5 mice on odd-numbered
days and 3 on even-numbered days) and the medn number of larvae per female worm (with n as
described in the legend to Fig. 2). Each value for actual recovery is the mean number
(+ standard error) of muscle larvae récovered per mouse (n = 7). The larvae were recovered at

" 30 days from parallel sets of mice immunized and infected under identical conditions. For

complete recovery of larvae, the mice were skinned and eviscerated and the carcasses were
minced and digested overnight in 1 percent pepsin and 1 percent concentrated HCl at 37°C. ND,
not done because of lack of recoverable adult females.

Immunized mice

Day Upimmunized
mice (controls) 48-kD antigen 50/55-kD antigen
Predicted recovery ,
5 7,943 9,328 10,498
6 13,983 2,040 8,521
7 9,135 780 2,490
8 3,150 69 936
9 2,808 54 232
10 341 ND 132
11 210 36 22
12 68 ND 81
Total 37,638 12,307 22,911

Actual recovery

43,098 + 7,597 13,655 = 5,120 26,112 = 5,430
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Table 2. Antigen concentrations in crude extracts of parasites at different developmental stages.
Stage 1 larvae were collected by digestion of minced, infected mouse muscle in 1 percent pepsin
and 1 percent concentrated HCI at 37°C for 1 hour. Worms were passed through a 24-gauge
sieve and recovered in a 200-gauge sieve. Stage 2, 3, and 4 larvae and adult parasites were
collected from infected mouse intestine by the thermal migration method (6) at 11, 18, 26, and
170 hours, respectively. Newborn larvae were collected by overnight culture of adult female
worms (7) and were separated from adult worms by passage through a 200-gauge sieve. The
preparation of adult worms was unavoidably contaminated with developing newborn larvae in
gravid females. Worms of all stages were washed four times by sedimentation in phosphate-
buffered saline (PBS). Values (means * standard errors for three determinations) represent
micrograms of antigen protein per milligram of total protein in crude antigen extracts of worms
at specified developmental stages. Extracts were prepared by homogenization of worms in PBS
on ice by ten passes through a tissue grinder (Potter-Elvehjem). The homogenized material was
centrifuged for 30 minutes at 10,000g and the supernatant was diluted with PBS to a
concentration of 1 mg/ml. Concentrations of specific antigens in crude extracts were determined
by a double antibody sandwich enzyme-linked assay (5). Tests of this assay with known

dilutions of antigen standards show that it is accurate to within a factor of 2 (12).

Antigen
Stage
48-kD 50/55-kD 37-kD
Larval 1 44 +£03 6.0 = 1.1 11.0 = 4.5
Larval 2 3.8 +0.8 2.1+1.0 19.2 = 6.1
Larval 3 1.2 £ 0.6 1.7 £ 0.2 74+ 29
Larval 4 0.2 +03 0.3 £0.2 127+ 1.0
Adult <0.1 <0.1 34.6 = 16.5
Newborn <0.1 <0.1 59+ 1.7

antigenically different from true new-
borns (8) and (ii) technical difficulties
prevent the introduction of newborn lar-
vae into the host by their natural route,
the mesenteric lymph vessels (9). How-
ever, the data in Figs. 1 and 2 can be
used to estimate the efficiency of the
migration of newborn larvae. The total
number of newborn larvae produced in
vivo on each day of infection can be
estimated by multiplying the number of
newborn larvae produced by adult fe-
male worms in 24 hours by the number of
females per mouse (Table 1). For both
control and immunized mice, the esti-
mated total number of newborn larvae
produced during infection agrees closely
with the number of muscle larvae recov-
ered from a parallel set of mice that were
immunized and infected under identical
conditions. This close correspondence
between predicted and actual worm
counts holds for other sets of data, in-
cluding the results of two experiments
with high doses (50 ug) of purified and
crude antigens and published data on a
crude antigen (3). Under these condi-
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tions, most or all newborn larvae that are
produced in the intestinal epithelium are
able to establish an intramuscular niche.
Thus the entire reduction in the number
of accumulated muscle larvae in immu-
nized mice can be accounted for by
effects against adult worms.

Electron microscopy shows that the
contents of stichocyte granules, which
include the 48- and 50/55-kD antigens (5),
are synthesized by the muscle larva dur-
ing a brief period of its parenteral devel-
opment and secreted completely during
the first 30 hours of intestinal infection
(10). A quantitative enzyme-linked assay
confirms that the 48- and 50/55-kD anti-
gens are depleted during maturation
from larval stages 1 to 4 and absent from
adult worms or newborn larvae. The 37-
kD antigen, on the other hand, is consti-
tutive in all stages (Table 2). These re-
sults are consistent with the observation
that adult worms are unaffected when
transplanted into hosts immunized with
antigens of infective stage 1 larvae (11).
Given that protective antigens are stage-
specific (Table 2) (I, 11), it is surprising

that the immune response we have stud-
ied affects the adult worm, a stage that
does not express the target antigen. This
evidence suggests that the immune re-
sponse involves the 48- and 50/55-kD
antigens of the intestinal larva in such a
way that it develops into a defective
adult.

Even a light primary infection with 7.
spiralis presents sufficient quantities of
48- and 50/55-kD antigens to stimulate an
immune response (5). In a secondary
infection these antigens are available as
targets days earlier than antigens pre-
sented by other stages of the parasite.
The response to these antigens is suffi-
cient to account entirely for the level of
resistance induced by immunization. For
these reasons it is probable that the
reaction to these antigens forms a major
component of the resistance to reinfec-
tion.
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