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Abstract:
Normal littermates (NLM) of congenitally thymus-deficient (hude) mice expelled Hymenolepis
diminuta by day 21 post-cysticercoid-inocu-lation.

In second infections of NLM, worms were smaller, destrobilated earlier and were expelled sooner than
in first infections. Nude mice failed to expel H. diminuta normally; worms were maintained by nudes
for over 60 days. Nude mouse recipients of either dispersed thymus cells or thymus gland implants
expelled H. diminuta in a pattern similar to NLM. Thymus competence of nude mice received thymus
cells or glands was confirmed by quantitating plaque-forming cell responses to the thymus-dependent
antigen sheep erythrocytes. Expulsion of H. diminuta from mice was concluded to be a
thymus-dependent immune phenomenon.

NLM mice given a primary H. nana lumenal phase (cysticercoid) infection suffered, within 14-21 days
post-cysticercoid-inoculation, a low level of natural reinfection involving the tissue phase; such mice,
however, expelled their worms by day 35 post-cysticercoid-inoculation. NLM mice given a primary H.
nana tissue phase (egg) infection did not suffer natural reinfection and expelled their worms by day 20
post-egg-inoculation. Following expulsion of an initial infection involving the tissue phase, NLM were
immune to experimental reinfection with challenge eggs or cysticercoids. Nude mice infected with
either eggs or cysticer-coi ds failed to expel their worms and showed no evidence of reinfection
immunity; increasingly heavy worm burdens developed through progressive reinfection cycles in such
mice. Nudes injected with thymus cells or implanted with thymus glands expelled both lumenal and
tissue phase infections. Following contact with the tissue phase, reinfection immu-nity was generated
in nude mice with thymus competence. It was con-cluded that the expulsion of H. nana and the
reinfection immunity seen following contact with the tissue phase are thymus-dependent immune
phenomenon.

The ability to produce humoral antibody was abrogated in Balb/c mice by treatment with rabbit
anti-mouse IgM; mice so suppressed expelled H. diminuta as rapidly as did control, nonsuppressed
mice. Serum from mice immune to H. diminuta did not passively transfer worm expulsion potential to
nude mice. Furthermore, such immune serum, when incubated in Vitro with cysticercoids and
complement, did not reduce the infectivity of H. diminuta cysticercoids. Collectively, these data
suggest that specific humoral antibody is not the critical thymus-dependent component of the immune
system responsible for the expulsion of H. diminuta from mice.

Balb/c mice suppressed with rabbit anti-mouse IgM and infected with H. nana eggs maintained
significantly more adult worms than did control, nonsuppressed mice, suggesting that antibody may be
involved in the expulsion of H. nana from mice. Because suppressed mice were immune to reinfection,
immune mechanisms other than antibody must also be involved in controlling H. nana infections in
mice.
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ABSTRACT

Normal Tittermates (NLM) of congenitally thymus-deficient (hude)
mice expelled Hymenolepis diminmuta by day 21 post-cysticercoid-inocu-
lation. In second infections of NLM, worms were smaller, destrobilated
earlier and were expelled sooner than in first infections. Nude mice
failed to expel H. diminuta normally; worms were maintained by nudes

for over 60 days. Nude mouse recipients of either dispersed thymus cells .

or thymus gland implants expelled H. diminuta in a pattern similar to
NLM. Thymus competence of nude mice received thymus cells or glands
was confirmed by quantitating plaque-forming cell responses to the
thymus-dependent antigen sheep erythrocytes. Expulsion of H. diminuta
from mice was concluded to be a thymus-dependent immune phenomenon.

NLM mice given a primary H. nana lumenal phase (cysticercoid) in-
fection suffered, within 14-21 days post-cysticercoid-inoculation, a Tow
level of natural reinfection involving the tissue phase; such mice,
however, expelled their worms by day 35 post-cysticercoid-inoculation.
NLM mice given a primary H. nana tissue phase (egg) infection did not
suffer natural reinfection and expelled their worms by day 20 post-egg-

inoculation. Following expulsion of an initial infection involving the =

tissue phase, NLM were immune to experimental reinfection with challenge
eggs or cysticercoids. Nude mice infected with either eggs or cysticer-

_coids failed to expel their worms and showed no evidence of reinfection
- immunity; increasingly heavy worm burdens developed through progressive

reinfection cycles in such mice. Nudes injected with thymus cells or
implanted with thymus glands expelled both lumenal and tissue phase
infections. Following contact with the tissue phase, reinfection immu-
nity was generated in nude mice with thymus competence. It was con-
cluded that the expulsion of H. nana and the reinfection immunity seen
following contact with the tissue phase are thymus-dependent immune
phenomenon.

The ability to produce humoral antibody was abrogated in Balb/c
mice by treatment with rabbit anti-mouse IgM; mice so suppressed expel-
Ted H. diminuta as rapidly as did control, nonsuppressed mice. Serum
from mice immune to H. diminuta did not passively transfer worm expul-
sion potential to nude-mice. Furthermore, such immune serum, when
incubated in Vitro with cysticercoids and complement, did not reduce the
infectivity of H. diminuta cysticercoids. Collectively, these data sug-
gest that specific humoral antibody is not the critical thymus-dependent
component of the immune system responsible for the expulsion of A.
diminuta from mice.

Balb/c mice suppressed with rabbit anti-mouse IgM and infected with
H. nana eggs maintained significantly more adult worms than did control,
nonsuppressed mice, suggesting that antibody may be.involved in the
expulsion of H. nana from mice. Because suppressed mice were immune to
re1nfect1on, immune mechanisms other than antibody must also be involved
in controlling H. nana infections in mice.




INTRODUCTION

In 1947 Stol1l estimated that there existed in the world about 2000

million human nematode infections, 72 million human cestode infections,

"and.about 148 million human trematode infections (1). Though these

estimates were made in 1947, there is now good evidence that in some

cases these numbers have in fact increased. Colley, for example, has

" indicated that currently there are an estimated 200 million cases of

schistosomiasis throughout the world (2). Human parasites are found in

every inhabited portion of the world, though they tend to predominate

~in tropical climates where environmental conditions and poor public

'ﬁgglth standards'favor the\comp]etion of 1ife cycles and the spread of
infective units. ' » |

Parasitic infections produced a wide range of clinical signs and
symptomé, depending upon the species of parasite, the conditfon of the
host, the organs affected, and the intensity of infection. Clinically,
parasitic infections may be asymptomatic, mildly discomforting, or '
severely debilitating.

Despite the obvious medical importance of many, parasitic dis-
eases, research on host-parasite systems frequént]y has Tagged behind
that done in areas involving other disease-causing.agents such as
bacteria and viruses. One aspect of hdst-parasite're]ationships,_the

mechanisms of host immunity to worm infections, in particular, has not




2 .
been studied in depth. Though a numbef of observations has been made
on immunb]ogica] phenomeng_involved in host-parasite systems (3, 4, 5,
6, 7), few systems haQe been well characterized in terms of the mech-
ahisms of host immﬁnity which serve to regulate he1m1nthig infections.
A number of factors including the complexity of.he1minth1§ life cycles,
the multiplicity of structural and metabolic antigens, ahd the apparent

lack of symptoms associated with many of these infections héve contrib-

.uted to this lack of knowledge.

Perhaps the host-parasite systems best characterized in terms of
host immunity are those of Nippostrongylus brasiliensis in mice and

rats. Evidence accumulated with these systems would indicate the

involvement of both humoral antibody in initiating worm damage .(8) and

‘cell-mediated immunity in the actual expulsion of the worms (9). In

addition, the eosinophilia seen in rats infected with N. brasiliensis
(10) and the increase in the numbers of mast cells in .the intestinal -
mucosa of infected rats (1i) suggests a possible role for these ce11
types in the control of these infections. .

In contrast to the N. brasiliensis-mouse aﬁd =rat systems, few
other host-helminth systems have been well characterized in terms of
host immunity. In particular, research on immunity to tapeworm infec-

tions (Cestoidea) has lagged behind that carried out with other groupé

- of helminths, possibly due to the greater economic and mediéa] impor-

tance of the latter (5). A number of review articles (5, 12, 13)
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summarizing the observations made on immunological phenoména're§u1atingl
tapeworm infections has been written and no attempt -will be made to
restate these observations in total. Two hosf-parasife systems involv-
ing infections of mice with the tapeworms Hymenolepis diminuta and H.
nana are of particular interest because of their ease of study in the
laboratory mouse and their clinical importance. Brown (14)'has esti;
mated that # diminuta infections in man, while rare, have been diégnosed
in" about 200 cases; H. mana infections in man, in contrast, account for
over 20 million current clinical cases. In spite of the high number.of_

human parasitic infections, including those due to these 2 tapeworms,

there still exists a dearth of knoW]edge concerning host-parasite rela-

tionships and in particular, a lack of knowledge concerning those
aspects of the host's immune system which servé‘to regulate the growth
of parasites.

ﬁ. diminuta, a -tape worm which has its normal host the rat, is a
noninvasive, Tumen-dwel1ing tapewokm of the small intestine of rats (15).
In rats, following the ingestion of cysticercoids, adult worms develop
and become patent about 21 days post-inoculation and continué to release
eggs for many weeks. Turton (16) has provided evidence that é1thqﬁgh

these infections’may be of long duration, they do not go unnoticed by

. the immune system of the rat because antibodies of both the IgG]'and

IgE class are formed in response to the worms. These antibodies,

however, are apparently incapable of causing worm expulsion.
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In addition to their normal rat host, #. diminuta also becomes
established in mice (17); in mice, however, the infections are not of .
Tong duration. Hopkins and coworkers (18) have reported that nearly
all H. diminuta cysticercoids given to mice develop into adult H
diminufa which are maintained for about 10 days. Between days 10 and
17 posf~1hocu1ation in mice, in contrast to the kinetics of infecfion
seen in the normal rat host, worms rapidly destrobilate and are expelled
from the mouse host. In addition, Hopkins et aZ. provided evidence thét
the expulsion 6f H. diminuta from'mice is the result of an immunological
reaction by the host because secondary infections yie1déd fewer -worms
which were reduced in size and were expelled more rapid]y.than were
worms in primary infections (18). Similarly, Befus (19) has reported
that mice expel H. diminuta via an 1mhuhoTogica1 response; in his
studies, however, expulsion of H. diminuta did not occur more rapidly
in mice previods]y infected compared with mice receiving the1r f1rst

infection, although stunting of worms and worm destrobilation at an

.earlier time did occur in mice with a second infection.

Few attempts have been made to characterize the nature of the

" immune response involved in expelling H. diminuta from mice. Hopkins

et al. (20) have reported.that mice immunosuppressed with cortisone

" acetate, sodium methotrexate or antilymphocyte serum were unable to

expel H. diminuta as rapidly as were control, nonsuppressed mice. The

effects of such drugs, however, are numerous and immunosuppression -is
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often incomplete. In addition, they frequently affect both humoral and
cellular components of the 1mmﬁne system and thefefore fail to distin-
guish between the role of antibody and cell-mediated immunity 1n‘the
expulsion of worms. To date, no further attempts have been made to .
elucidate the nature 6f the immune mechanism or mechanismS'résponéib1e
for expelling H. diminuta from mice. Becgusevof the Tack of knowledge
regarding the nature of expulsion and the immune mechanism(s) responsible
for expulsion, studies reported here were underfaken to <clarify dur
understanding of immunity in mice to Z. diminuta.

H. nana, a tapeworm which has as its normal host the mouse, has

been studied by a number of investigators and is somewhat unique because

of the dual 1ife cycle pattern exhibited by this parasite. In the

direct 1ife cycle (21), eggs ingested by the definitive mouse host hatch
in the small intestine, release hexacanth larvae (oncospheres) which
invade the inteétiha1 villi and develop, via the tissue phase, to the
cysticercoid stage in‘about 5-6 days (22). Cysticercoid§ within the
intestinal villi then emerge, loése their protective membranes and
develop into-adult tapeworms which become patent 13-24 days post-egg—
ingestion. Alternatively, H. nana may devé]op via an indirect cycle
following the 1ngest16n of cysticercoids (23) which have developed in
an intefmediate insect host such as the flour beetle, Tpiboliun con-
Fusum (24).

A number of {nvestigatdrs have studied the immunity to reinfection
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present in mice previously exposéd to H. nana (25, 26, 27; 28, 29, 30).
Heyneman (31) reported that immunity following priméky_infections

involving the tissue phase. (i.e. following the ingestion of eggs) was

more complete than that following primary infection involving the lumenal

phase (i.e. following the ingestion of cysticercoids). ‘These obser-
vations, howevér, were somewhat clouded by the observation fhat mice
receiving primary 5nfections,with fhe 1umena1 phase frequently §uffered
natural reinfection involving the tissue phase, either by internal aﬁto—
infection (32) or by cépraphagia, and thus were'rendered immune to
experimental reinfection td an extent combarab]e with animals receiving
initial infections involving on1y the tissue phase. The immunjty'
obsefved by Heyneman was more éffective at 1nhib1t1ng subseqUent.infec-
tions involving the tissue phase than the Tumenal phase;

Attempts to characterize the mechanism(s) responsib]é for immunity
to reinfection in mice.previously exposed to H. nana have led to varying
conclusions. Weinmann (33) and Larsh (34), for example, have répofted.
-tﬁat splenectomy of mice has no apparent effect on acquired immunity to

H. nana. Because the spleen is a major ﬁite of antibody production in
mice (35), these 1n§estigators suggestéd that antibody may be of Timited
importance in immunity to H. nana in mice. Friedberg et al.(36), how-‘
ever, reported thaf immunity to reinfection could be transferred to
irradiated recipients by the injectioh of spleen cells from immune mice

but not by the injection of spleen cells from nonimmune mice. In .




addition, Coleman and coworkers (37) have provided indirect ev1dence for
the involvement of antibody in acquired immunity to H. nana. In their
studies X-irradiated mice produced less antibody and maintained greaten :
worm burdens than did nonirradiated mice, suggesting that antibody may
p]ay a role in immunity to H. nana in mice.

More .direct evidence for the invoivement‘of humoral antibody in .
acquired resistance to reinfection with &. nanaiin mice has been re-
ported by several investigators. ‘Using_passive transfer techniques,
Hearin (27) obseried that serum from immune mice could confer a signif-
icant level of immunity to Z. nana in mice not previously exposed. In
these experiments, the transfer of senum from nonimmune mice failed to
confer immunity to.infeotion.in recipient mice.

The lack of ceii-hediated immunity in acquired resistance to #.
nana s suggested by observations on the immunity established in mice
which had been neonatally thymectomized. Wienmann(33) found that neo-
natal thymectomy did not abolish on significantly reduce the oapacity
of mice to develop resistance to .reinfection with H. nana fo]]owing
primary infections. Early work with neonatally thymectomized mice (38)
c]ear]y established the importance of the thymus giands for the devel-
opment of cell-mediated immune responses in later life.

The involvement of cell types other than the thymus-dependent ‘
iymphocyteslresponsibie for ce]]-mediateo immune reSponses can not be

ruled out however. Baily (39) reported that #. nana cysticercoids
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developing within the-intestinal villi of infected mice stimulated the

accumulation of Targe numbers of eosinophils in the 1am1h& propria of

the gut. Also,mice given a second infection accumulated greater numbers

of eosinophils at an earlier time than did mice given their first
infection. )

A1thodgh a number of investigators have provided evidence for the
immunologically mediated expuision of H. diminuta and H. nana from mice;

there still exists a void of knowledge concerning the mechanisms of

‘expulsion and the subsequent immunity established following 1nitia1

infection with these parasites. It has been suggested that congenita]iy
thymus-defi;ient (nude) mice may prove useful as a model system for
studying the cellular and humoral components involved in immunity to
parasites because they have a number of immunological deficiencies
including: 1) decreased antibody production in responsé to thymus-.
dependent antigens (40, 41, 42); 2) the inability to reject allografts
(40,42) and xenografts (43); 3) the 1ack of delayed‘type hypersensi-
tivity responses (44);.4) the failure to produce eosinophi]ia'(45), and
5) the inabilfty to produce reaginic antibody (46). "The-ability to
correct théselimmun01091éa1 defects with grafted thymus glands or
injected thymus ce11§ extends the usefulness of the nude mouse-parasite
system. A number of nude mouse-parasite systems have been studied tp
date (47, 48, 49, 50) and work with these systems has confirmed the

usefulness of nude mice in 1mmunoparasito1ogy.
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Because of the incompleteness and the frequent discrepancies

present in previous work on immunity to H. diminuta and H. nana in mice,
studies reported here were initiated in‘an attempt to clarify the nature
of the immunity generated in mice as a consequence of infection wjth
either of these 2 parasites. In an attempt to do so, nude mice and
thefr phenotypically normal, thymus-bearing Tittermates (NLM) wereiused
first to determine the thymus-dependency of tabeworm expulsion from mice.
In subsequent experiments, both humoral and cellular aspects of the
mouse's immune system were analyzed for their role in worm expulsion
either by se]ectivé immunological reconstitutidn of nude mice or by
selective elimination of factors required for worm expulsion in thymus-

bearing mice.
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MATERIALS AND METHODS

Animals

The principle experimental animals used throughout this study were .

congenitally thymus-deficient (nude; nu/nu) mice and théir phenotyp—
ically normal, thymus-bearing littermates (NLM; nu/+ or +/+). The
majority of such animals were derived from heterozygué breedinj stock
initially crossed (crossed-intercrossed, generation 2-4) on a Balb/c
genetic backéround and then maintained as a c]ean,'Barrier isolated
colony bred unit. Experiments involving Balb/c thymus cell injection
1ntolnude mouse recipients Were done using generation 9 nudes. Balb/c
mice were also used as thymus\glahd donors and as experimental animals
fn experiments involving suppression of antibody synthesiziné ability
with rabbit anti-mouse IgM antisera. Animal colonies from which the

animals used in these studies were obtained had no history of natural

tapeworm infections, as determined by periodic random fecal examination.

Nude and NLM mice were also used as the definitive mainténénce
hosts for H. nana while Lewis strain rats were used as the definitive
maintenance hosts for H. diminuta. |

A1l animals were maintained on autoclaved 5010C Purina Mouse Chow

and acidified-chlorinated water as previously described (51}.

Parasites

H. diminuta, obtained initially from Dr. Austin MaclInnis at UCLA,
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was maintained in rat definitive hdsts'and flour beetle (TriéoZium
confusum) intermediate hosts. Rats anesthetized with‘ether'were ino-
culated per os with 6 H. diminﬁta Cysticercoids‘obtained by djssecting
infecfed flour beetles in tap water. In addition, eggs obtained from
mature terminal proglottids macerated in a Thomas tissue homogenizer
wére used to infect flour beetles. Beetle cultures were maintained and
iﬁfected as previously described (52). Briefly, uninfected beetles were

sifted from their stone ground flour culturing medium and starved at

Teast 5 days in advance of egg feeding. Egg suspensions obtained from

macerated proglottids were pipetted onto filter paper discs placed on

absorbant pads. Eggs trapped on the filter paper as the water was drawn .

into the pad were placed in petriidishes with starved beetles. _Béet]es
were allowed to feed on the egg preparation in humid chambers for 24
hours before culture medium was added.

H. nana, obtained initially from an isolated, naturally 1nfected
animal colony maintained at the Veterinary Research Laboratory at
Montana State University, was ma{ntained in nude and NLM definitive

hosts and flour beetle intermediate hosts. Source mice were inocuiated

with 5 cysticercoids obtained again by dissecting infected flour beetles.

Procedures used to infect beetles with H. nana were as pkevidus]y des-

cribed for H. diminuta.

Thymus Gland Grafting

Thymus glands obtained from neonatal Balb/c mice were held in .
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phosphdte buffered saline (PBS) on ice until recipient nude mice were
anesthetized.  Nude mice 4-6 weeks old were anesthetized with sodium

pentabarbitol (53) and thymus grafted using the-teChnique'established

" by Dukor et al. (54). Briefly, a 1 cm incision was made lateral to the.

~dorsal midline directly over the right kidﬁey. Using a pair of forceps,

the kidney was manipulated onto the surface o% the recipient and a small

incision was made through the renal capsule. One thymus gland was

placed under the capsule, the kidney was returned to its normal position.‘_

and the 1ncision was closed by suturing. This process was then repeated
for the opposite kidney so each thymus-grafted nude (TG-Nu) received two

thymus glands. = At least 42 days were allowed to pass after grdffing

-before TG-Nu were used in experiments.

Thymus Ce11'Tr§nsfer$ ‘

Thymus glands obtained from Balb/c mice 2-3 weeks old were con-
verted to sing]é cell suspensions in cold saline plus 1% fetal calf
serum by teasing over 60 mesh stainless steel écreens. These suspen-
sions were quantitated by tryban b1uevekc1dsion (55) to'détermine the
percentage of viable cells and adjusted to contain 3 x 108 viable Eh&-
mocytes per ml. Each reqipieﬁt nude was injected 1ntraper1tonea11y
(I. P.) with 0.5 m1 so each thymus cell-injected nude (TC-Nu) received-.
8

viable thymocytés. At least 21 days were allowed to pass

after injection before TC-Nu were used in experiments.
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Necropsy Procedures
The intensity of infection was determined by counting the number

of Tumen-dwelling H. diminuta orH. nana present in the sha]] intestine

~ and by counting the number of cystiéercoids present in the villi of the

small intestine of Z. nana infected mice. To count the number of Jumen- .

dwelling worms, the small intestine was severed from the stomach at the

pyloric sphincter and from the cecum at the ileocecal valve, freed of.

adhering mesenteric'tissue, and placed in tap water. Gut contents were

then flushed with tap water under pressure and, subsequently, the small
intestine was split Tongitudinally and washed, along with.the flushed
contents, over.a 200 me§h screen. Washed material was observed under
20X power of a dissecting scope for the number of worms. In cases
wﬁere worm burdens were heavy, counts were made on fepresentativé ali-
quots of washed gut material.

The number of . nana cysticercoids within the villi of infected
-animals was quantitated using the technique described by Hunninen:(56).
Briefly, the isolated small intestines were freed of adheking mesenteric
tissue, split longitudinally, scraped free of mucus, and allowed to
autolyze at 4° ¢ in 0.5% sa1iné overnight. 'The partially autolyzed gut
“was then préssed between glass plates and the number of cysticercoids
was determined by examination undér a dissecting scope (30X). vast1- 

cercoids were most easily observed by finding the circular row of
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" hooklets on the rostellum or by noting the swollen base of an infected

villus.

Fecal Examinations
Worm egg production in mice and rats infected with H. nana and
H. diminuta respectively was.monitored qua11tat1§e1y by examining fecal
material comminuted in saturated NaCl (sp. gr. = 1.20) as previously

described (57).

Imhunosuppressive'Treatment
Using techniques modiffed from those eﬁtab]ished by Manning and
Jutila (58), rabbit anti-mouse IgM antiserum (anti-IgM) was prepared
by immunizing rabbits with mouse IgM obtained from mice bearing the

IgM producing plasmocytoma MOPC 104E. IgM in serum harvested from such

mice was concentrated and purified by a variety of techniques including.

NH4SO4‘prec1pitation, diéti]]ed water precipitation, and column chroma-

tography using Sephadex G-200 (Pharmacia Fine Chemicals), Ultrogel AcA

22- (Industric Biologique Fracaise) and Watman DE 52 (W. and R. Balston
Ltd.). The resulting antigenic preparation ﬁas 95-98% IgM with the
remaining material consisting largely of IgG and IgA. This anfigen was
prepared and generously provided by Kennith Lee at Montana State Uni-
versity. Rabbits were 1mmﬁnized 1nit1a11y with 2-10 mg doses (subcu-
taneously) in complete Freunds adjuvant 10 days apart.' Booster'injec-

tions every 20 days consisted of 5 mg antigen in incomplete Freunds.
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The resulting anti-IgM was absorbed 2 times with mouse red b]bﬁd ce]ish
(2%) and titered against the IgM antigen used for immunization. Titers
varied from 1/32 to 1/128, depending on the time interval between |
immunization and harvesting of the antiserum.

Newborn Balb/c mice were injected I. P. with either the anti-IgM,
normal rabbit serum (NRS), phosphate buffered saline (PBS) or were Teft
untreated. Animals were treated on alternate days, from day 1 thrbugh
day 19.with 0.1 ml and from day 21 through day 31 with 0.15 ml. .At 31
days of age the animals were infected wfth either H. diminuta cysticer-
coids or H. nand eggs. From day 31 until the day of necropsy, the
animals were treated with 0.25 m]hof the appropfiaté material on alter-

nate days.

| Antibody Assays

Assays for specific antibodies against sheep erythrécytes (SE)
consisted of the localized hemolysis in gel ‘assay (59) to detect anti-
SE-specific plaque-forming cells (PFC), hemagglutination tests (60) to
detect anti-SE-specific hemagglutinating antibodies and hemolytic tests
(61) to detect anti-SE-specific hemolytic antibodies.

Sera from anti-IgM treated mice and their controls were tesféd for
the presence of class-specific IgM, IgG], 1962 and.IgA using mono-
specific antisera (Me]oy Laborafories) in the serial di]ufion Quchter-

Tony gel diffusion technique described by Arnason et al. (62).
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Cellular Immunity Assay
In some experiments the ability to mount cell-mediated immune
responses in thymus gland-implanted nudes was assessed using the skin
grafting technique established by Bi]1ingham aﬁd Silvers (63). TG~Nu,
nude, and NLM mice were grafted with skin from CBA mice.. Rejeétion wa§
considered to be the number of days between the time of gfafting and
the time of 100% graft destruction, as evidenced by total sioughing of
the graff. |

Histology
At necropsy all gland grafted nudes were examined for the presence
of thymus tissue under their renal capsules. Representative glands were
sectioned, stained with hematoxylin-eosin, and observed for normal thy-

mic architecture.




RESULTS

H. diminuta Infections in Rats
The initial experiments with #. diminuta were designed to determine
the kinetics of infection in the normal rat host. Three month old Lewis
strain rats were inoculated per os with 5 or 6 H.:déminuta cysticercoids.
Fecal examinations revealed that such infections usually became patent
about 21 days post-inoculation. Animals were necropsied at monthly

intervals. Throughout the first 5 months of observation .the number of

worms recovered from rats was 80-100% of the number of cysticercoids

given (Figure 1). Subsequently, the percentage of cysticercoids
recovered as adult worms decreased to 60% at 6 months. Worms recovered
were usually 20-40 cm long and there was no apparent difference in worm

Tengths on the different necropsy days.

H. diminuta Infections in NLM Mice
Because the kinetics of infection with.a.given parasite frequént]y
differs in abnorma] hosts as compared to that seen in the normé] host,
NLM mice were inoculated with #. diminuta cysticercoids. NLM mice 6-10
weeks old were infected per‘os with 3 cysticercoids. On alternate days
beginning on day 6, representative animals were killed and examined for

the presence of adult worms. Results shown in Figure 2 indicate that

“all cysticercoids given tould be recovered as adult worms on day 6.

After day 6, however, the percentage of cysticercoids recovered as adult




Percentage of Cysticercoids Recovered as Adult Worms
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Figure 1.

Months Post-Inoculation

Long Term Survival of H. diminuta in Rats. ‘
Rats ?iven 5 or 6 cysticercoids per os were killed at monthly intervals post-
inoculation ﬂnd examjned for the,numbgr of adult worms present 1n the small

intestine. Numbers in parenthesis indicate the number of animals examined.
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Development of Primary H. diminuta Infections in NLM Mice. y
NLM mice given 3 C{st1cerco1ds per os were killed on alternate days, beginning on

day 6 post-inoculation, and examined for the number of adult worms present in the
small intestine. Numbers in parenthesis indicate the number of mice examined.
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worms began to drop rapidly until day 14, affer which the animals were
predominantly negative through day 18; by.day 20 a1l worms had been
expelled. Worms recovered before day 8 were generally 2-3 cm long;
worms recovered after day 8, however, were generally destrobiliatedand
frequently consisted only of a sc01e¥ and neck region which together -
measured 2-4 mm in Tlength.

That the expulsion of H. diminuta from mice is an immunological
phenomenon is suggested by results in Figure 3.. In this.experiment, 1
group of NLM mice was given an initial infection of 3 cysticercoids/
animal on day 0. That thé cystiéercoids were infective was éstablished
by observations on worm development in a group of nude mice infected from
the same pool of cysticercoids. One-hundred percent of the nudes were
positive for worms on day 20 and 83% of the cysticercbids were recovered
as adult worms. On day 20 of the experiment, mice in the first group of
NLM were given a second inoculation of 3 cysticercoids. Also, NLM mice
in a second group were given an initial inoculation of 3 cysticercoids.
On alternate days, beginning on day 26, mice from botﬁ groups were
ki]ied and examined for the presence of adult H. diminuta. Results
given in Figure 3 confirm that NLM mice provide a suitable environment
for the development of H. diminuta for the first 6 days of 1nfecfion,
but following day 6, the percentage of cysticercoids recovered as adult
worms drops rapidly until by day 20 post-inoculation, no worms were

recovered. NLM mice given a second infection also provided an




Percentage of Cysticercoids Recovered as
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Development of Primary and Secondary H. diminuta Infections in NLM Mice.
Immune NLM mice given a primary infection 20 days previously were given
a secondary infection of 3 cysticercoids. Control NLM mice were inocu-
lated with a primary infection of 3 cysticercoids. Animals were killed
beginning day 6 post-inoculation and examined for worms. The numbers

in parenthesis indicate the number of animals examined.
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environment for the development of H. diminuta cysticercoids into the
adult stage. In such mice, however, fewer cysticercoids devé]oped'into
adult worms; in addition, these worms destrobi1ated.ear]ief‘(days 6-8
versus days 10-12) than did worms from mice experiencing a pfimary
infection and were expelled more rapidlx though pefsistor worms'femained
in both groups for the 20 day observation period. These results confirm
those reported by Befus (19) and support the concept that H. diminuta
are expelled from mice by an active immune response which prevénts in

part subsequent infections.

Thymus Dependenqy of H. diminuta Expulsion frbm Mice

As a preliminary step in the investigation of the.nafure of the
immune responses involved in expelling H. diminuta from mice, the thymus
debendency of this expulsion process was determined. In a series of
experiments, nude and NLM mice were inoculated with gither 1 or 3 cy;ti—
cercoids. Animals from both groups were killed on days 7, 14, and 21
post-inoculation and examined for the presence of adult H. diminuta. As
shown in Table I, nude mice given either 1 or 3 cysticercoids showed a
high level of infection throughout the 21 days of infection. All nudes
given'3 cysticercoids were positive for worms at necropsy on days 7, 14,
and 21 poét-inocu]ation. Of those nudes given 1 cysticercoid, all were
positive at necropsy on days 7 and 14 and 83% were pdsitive on day 21.

In these experiment, the percentage of cysticercoids recovered from
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Table I. Development of #. diminuta in Nude and NLM mice?

Age of Infection (days)

7 : 14 21
No. of No. of

Mice Cysticercoids % pos. % res. % pos. % rec. % pos. % rec.

Nude 11 3 100 92
9 3 100 85
6 3 | 100 96 .
NM T2 3 . 75 59
22 7
‘ 0 0
Nude 3 1 100 100
3 1 100 100
121 83 83
NLM 1 1 100 100
4 1 0 0
9 1 0 0

3Mice were inoculated with 1 or 3 cysticercoids on day 0; on days
7, 14, and 21, representative animals were killed and their small
intestines examined for the presence of developing worms. Results are
expressed as the percentage of mice positive for adult worms following

inoculation with cysticercoids (% pos.) and as the percentage of cysti-

cercoids recovered as adult worms in mice (% rec.).
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~nudes as adult worms was 80-100%. NLM mice given T or 3,cysticercoids;

in marked contrast, did not remain infected for the 21-day period.

That worms became established 1nitia1Ty is evidenced by the high per-
centage of NLM mice positive for H. diminuta on day 7. By déy 14,
however, this percentage was markedly requed to 22% for those NLM given

3 cysticercoids and to 0% for those given 1 cysticercoid. 'By day 21,

_none of the NLM mice given either 1 or 3 cysticercoids was infected.

- These results suggest that the expulsion of H. diminuta from mice is a

thymus-dependent phenomenon.

The results of experiments designed to investigate the ability of
athymic mice to maintain H. diminuta for long periods of fime are given
in Table II. Nude mice infected on day O with 3 cysticercoids were
killed on day 30 or day 60 post-inoculation and examined for the .presence
of adult worms. On day 30, all of the animals examined were positive
with 83% of the cysticercoids recovered as adult worms. Of the animals
assayed on day 60, 3 of 4 nudes (75%)'were positive for Worm; and 75% ‘
of the cysticercoids were récovered as adult worhs. The decrease from
100% to 75% positive nudes on days 30.and 60 respectively may be due to
experimental error 1n_inocu1ating the animals or competition between
worms for nutrients. The length of worms recerred at necropsy clearly
indicates that no destrobilation had taken place. These results indi-
cate that in athymic mice destrobilation and expulsion of B diminuta

does not occur.
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Table II. Long Term Survival of #. diminuta in Nude Mice?

Age of Infection No. of Worm Length
(days) "~ Mice % pos. % rec. (cm)
30 4 100 ' 83 31.2
60 4 75 75 36.9

@Nudes were inoculated with 3 cysticercoids on day 0; on days 30
and 60 representative animals were killed and their small intestines
were examined for the presence of developing worms. Results are
expressed as the percentage of mice positive for adult worms following
inoculation with cysticercoids (% pos.), as the percentage of cysti-
cercoids recovered as adult worms in mice (% rec.), and as the average

lTength of recovered worms.
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Because nude mice have abnorma1ities other fhan the lack of‘thymusl.
glands (64, 65, 66), it was necessary to investigate the development of
H. diminuta in nude mice having thymus competence. Mice of four groups,
thymus gland-grafted nudes (TG-Nu),. thymus cell-injected nudes (TC-Nu),
nudes, and NLM, were each inoculated with 3 cysticercoids on day O.

Representative animals from each group were killed on ‘days 7 and 21 post-

- Jinoculation and were examined for the presence of adult #. diminuta.

Results given in Table III indicate that all of the nudes examined on
day 7 were positive with 90% of the cysticercoids recovered as adult
worms. On day 21, 62% of the nudes were positjve for worms with 44%
of the cysticercoidé present as adult worms. NLM mice again showed a
'high initial level of infection with 100% of the animals positive for
worms on day 7 but by day 21, none of these animals remained infected.
TG-Nu mice. also showed a 100% preva]ehce of infection on day 7, with
83% of the cysticercoids accounted for as adult worms. By day 21,
however, only 2 of 18 (11%) of the TG-Nu were positive. Each of the
two positive animals had one worm; these worms had destrobilated and .
measured only 0.5 cm in length and thus were in no way comparab]e'iﬁ

size to the 30-85 cm worms commonly recovered from nudes on day 21.

'Nude mice which had been injected with thymus cells (TC-Nu) were all

positive for worms on day 7 but were negative on day 21.
The results shown in Table III were derived from several expgri-

ments; the cysticercoids used in one of the early experiments did not |
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Table III. Deve]opment of H. diminuta in Nude, NLM, TG -Nu, and TC-Nu
Mice?
Age of Infection (days)
7 : ' 21
No. -of : .
Mice % pos. % rec. % pos. % rec.
Nude 10 ' 100 9 ,
21 : | 62 44
NLM 16 ' 100 71
32 _ ' 0 0
T6-NuP 6 100 83
18 11 4
TC-Nu® 1 , 100 67
6 0 0

dMice were inoculated with 3 cysticercoids on day 0; on days 7 and
21 representative animals were killed and their small intestines were
examined for the presence of developing worms. Results are expressed as
the percentage of mice positive for adult worms following inoculation
with cysticercoids (% pos.) and as the percentage of cysticercoids
recovered as adult worms in mice (% rec.).

b42 days pre-inoculation, nude mice were grafted with one neonatal
Balb/c thymus gland under each renal capsule.

€21 daysSpre inoculation, nude mice were 1n3ected 1ntravenous1y
with 1.5 x 10° Balb/c thymus ce11s
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develop into adult worms as expected, apparently because of technical
difficulties. This resulted in fhe abnormally Tow (62%) level of
infection in the nude group on day 2] as compared with other data from
nude mice (see Table I). ~To confirm that .nude mice are truely incapable
df expelling H. diminuta because of the 1éck of thymic function, a
second series of expériments with nude, NLM, and TB-Nu mice wés con-
ducted. The results .of these experiments, given in Table IV, support
those of earlier experiments. Nudes again showed a high level of

infection, 100% on day. 7, and maintained this Tlevel for the 21 days of

-observation. NLM mice again expelled their worms by day 21. One of 6

TG-Nu mice (17%) remained infected with 1 destrobilated worm (0.5 cm
long) recovered. The results given in Tables I-IV collectively serve
as conclusive evidence that the expulsion of H. diminuta from mice is a
thymus-dependent phenomenon.

Nude mice grafted with thymus glands occasionally are not recon-
stituted with respect to thymus-dependént immune respohses Qecause the
érafted glands fail to vascularize, and thus do not function. To verify
that thymus-grafted nudes were indeed reconstituted, all thymus-grafted
nudes were examined at necroﬁsy for the presence of enlarged tﬁymus
glands under their renal éapsu]es. Glands, as shown in Figure 4, were
typically much enlarged from their initial size at the time of implan-
tation. In addition to the increase in size; grafted g1ands appeared

to have normal thymic architecture (Figure 5) with lymphoid cells
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Table IV. Development of H. diminuta in Nude,’NLM, and TG-NU Mice?

Age of Infection (days)

21
No. of
Mice : .

% pos. % rec. % pos. % rec.

Nude 3 100 90
100 76

NLM 2 ~ 100 67
11 0 0

Te-nu? 2 100 67
6 17 -5

dMice were inoculated with 3 cysticercoids on day 0; on days 7 and
21 representative animals were killed and their small intestines were
examined for the presence of developing worms.
as the percentage of mice positive for adult worms following inoculation

Results are expressed

with cysticercoids (% pos.) and as the percentage of cysticercoids
recovered as adult worms in mice (% rec.).

b42 days pre-inoculation, nude mice were grafted with one neonatal

Balb/c thymus gland under each renal capsule.
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Enlarged subcapsular thymus gland following thymus grafting
of nude mice.

A) Neonatal thymus gland before implantation;

B) Enlarged gland at necropsy 63 days post-grafting;

C) Kidney

Figure 5.

Typical histological structure of grafted thymus gland.
A) Thymus cortical areas;

B) Thymus medullary areas;

C) Kidney
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organized into typical thymic cortical and medullary areas which were .
separated from the kidney by a distinct boundary. In addition to the
examination for the presence of the enlarged thymus glands, represent-
ative grafted anima]s'were also assayed for immunologic competence
following imfunization with the thymus-dependent antigen SE. Five days
aftér intraveneous administration of 1 x 108 SE, spleens were assayed
for SE-specific PFC using the localized hemolysis 1n;ge1 assay (59).
The mean }FC responses of nude and NLM mice were 3,495 and 88,482 PFC/
spleen respectively (Table V) while TG-Nu mice respdnded with 46,875
PFC/spleen. These data verify that thymus glands wefe present and
functioning in TG-Nu mice. In this experiment we did not directly
appraise the immune capacity of the nude mice injected with Balb/c
thymus cells; in other experiments, however, we (unpublished results)
and others (67) have observed that such animals can make thymus-dependent

immune responses.

H. nana Infections in~NLM}Mice
In these experiments, NLM mice were inoculated W1th 5 H. nana cyst-
jicercoids or 1000 H. naﬁa‘eggs. Results given in Figuré 6 indicate
fhat NLM mice given 5 cysticercoids do not expel their worms untfi day‘
35 post-inoculation. The presence of cysticercoids within the villi
on day 14 (data not shown) plus the increase in worm number (>5) on days

14 and 21 also indicate that eggs released from patent worms are able to.
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" Table V. Immune Response of Nude, NLM, and TG-Nu Mice to SE?

Direct Plaque Forming Cells

Serum Antibody Titers

No. of 6
Mice PFC/10 PFC/Spleen HA HL
Nude 5 17 3,495 24 160
NLM 7 _ 424 88,482 525 2560
46,875 452 "~ 2153

TG-Nu 4 263

AMice were immunizéd 5 days before necropsy with 1 x 108 sheep

erythrocytes.

At necropsy animals were assayed for hemagglutination

_(HA) and hemolytic (HL) antibody levels in their sera and for direct

PFC in their spleens.
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Figure 6. Development of H. nana in NLM Mice Given 5 H. mana Cysticer-
coids. NLM mice given 5 cysticercoids on day 0 were killed
on days 7, 14, 21, 35, and 49 and examined for the presence
of Tumen-dwelling adult H. nana. The numbers in parenthesis
indicate the number of animals examined.
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establish and develop into adult tapeworms. These results suggest that
thé Tumenal phase does not directly 1ead-fo immunity to reinfection;
because there is no fur#her increase in worm numbers beyond day é1;
however, suggests that while the lumenal phase itself does not protect
against subsequent infection, the eggs developing through natural rein-
fection do stimulate immunity.

Data presented in Figure 7 indicate that an average of 120 worms
developed by day 12 post-inoculation in NLM mice given 1000 H. nana'eggs.
These worms became patent by day 12 post-inoculation. By day 20 post-

inoculation, these worms had been expelled, except for a few peﬁsistors

. which were‘expe11ed'by’day 35. Because cysficercoids were never

detected within the villi of NLM mice given a primary infection by egg‘
administration (data not shown) beyond day 12 post—inoéu1Qtion? 1f was
suggested that the tissue phase would stimulate a 1qsting protective
immunity against subsequent challenge with eggs. Résu]ts given in

Table VI indicate that mfce which previously have been 1nfected with the
tissue phase do not develop subsequent infections when later infected
W1th a second tissue phase. In these experiments NLM were given an
initial immunizing infection of 1500 H. nana eggs. Six weeks after
initial exposure, the animals were checked for patency and anima]s which -
were no Tonger harboring patent infections were given a secqnd.infection
of 1006 H. nana eggs. -A control group of NLM was a1sb challenged on

day 42 with 1000 eggs per animal. On day 54, 12 days after challenge,
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Figure 7. Development of H. nana in NLM Mice Given 1000 #. nana Eggs.
Mice given 1000 eggs on day O were killed on days 6, 12, 20,
35, and 50 post-inoculation and examined for the number of
Tumen-dwelling H. nana. The numbers in parenthesis indicate
the number of animals examined.
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Table VI. Development of H. nana in. NLM Mice461ven a Second Inoculation
of Eggs? ' :
No. of _
Group Mice . % pos. X Worms/+ Animal % Egg Dev.
Test 10 10 1 <
Control 8 100

33 33

3Test NLM mice which 6 weeks previously had been inoculated with
1500 H. nana eggs were reinoculated,along with a group of control NLM
mice not previously infected, with 1000 H. nana eggs. Animals were
killed 12 days Tater and examined for the presence of adult H. nana.
Results are expressed as the percentage of mice positive for worms _
following inoculation with eggs (% pos.), as the average number of worms
per positive animal and as the percentage of eggs recovered as adult
worms in mice (% Egg Dev.).
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animals were killed and assayed for the number of 1umen;dwe11ﬁng H. nana. -

Immunized animals (eggs followed by eggs) showed no evidence of infec-
tion while control, nonimmunized animals (eggs only on day 54) had an
average of 33 worms. These results indicate that an initial infection

involving the tissue phase stimulates near absolute protection against

" subsequent tissue phase infections.

That an initial tissue phase also stimulates immunity to a second
infection involving only the lumenal phase is evident from experiments
summarized in Table VII. In these experiments'NLM mice were immunized
witﬁ an initiaT infection of 1500 #. nana eggs. Fifty-four days later,
animé1s negative fdf H. néna on fecal examination were given a éecond
infection of 3 H. nana cysticercoids. iA'second group of previously
untreated NLM mice was also infected as a-controi on the cysticercoid
pool. Results given in Table VII indicate that NLM mice given eggs
followed by cysticercoids and NLM mice givén only cysticercoidé diffefed
in both the percentage of cysticercoids fecovefed as adult worms (4.5%
versus 84.4% respectfye]y) and the percentage of mice positive for adult
worms at necropsy (9.1% versus 100% respectively). The average number
of worms per infected mouse and the length of the recovered worms also
differed between the 2 groups with fewer and shorter worms being present
in the animals given eggs followed by cysticercoids compared with the

animals given only cysticercoids.
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Table VII. Deve1opment of H. nana Cyst1cerco1ds in NLM Mice Prev1ous1y

- Given Eggs
No. of - ' No. Worms Worm Length
Group, Mice % rec. % pos. Pos. Mouse - (cm)
Test 22 4.5 9.1 15 . 7.4
ControT 15 84.4 ~100.0 2.5 , 12.9

3Test NLM mice which previously had been inoculated with 1500 .
H. nana eggs were inoculated, along with a group of control NLM mice
not previously infected, with 3 H. nana cysticercoids.  Animals were
necropsied 10 days post-cysticercoid-inoculation and examined for the -
number of lumen-dwelling H. nana. Results are expressed as the percent-
age of cyst1cerco1ds recovered as adult worms in mice (% rec.), as the
percentage of mice positive for adult worms following inoculation with
cysticercoids (% pos.), the mean number of worms/positive animal, and
worm length. :
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Thymus Dependency of A. nana Expulsion from Mice .

In these experiments mice of 4 groups, nude, NLM, TG-Nu, and TC-Nu,
ﬁere each inoculated with either 5 H. nana cysticercoids or 1000 H. nana
eqgs. AnimaTs from each group were killed at various times post-
inoculation and assayed for both the number_of cysticercoids present
within their intestinal villi and the number of Tumen-dwelling worms.

Results of experimente in which each animal was infected with 5. '
cysticercoids are given in Figures 8 and 9. Generé]1y,miee of all 4
groups developed approximately 5 Tumen-dwelling worms by day 7 (Figere
8). Eggs released from adult H. nana following day 7 apparently seEVed
as source of natural reinfection in all groups because cysticercoids
were found within the viTli on day 14 post-inoculation (Figure 9). Also
the increase in worm numbers within the Tumen is evidence that some
natural reinfection, either through internal autoinfectien or through
copraphagia, occurred in all groups between days 7 and 21. In the-
animals with thymus competence (TG-Nu, TC-Nu, and NLM), no inerease in
worm numbers (Figere.S) was seen following the initial increase between
days 7 and 21. Animals with thymus competence expelled their worms by
day 35, except for a few persistent worms which were expe]]ed by day 49.
Co]1ect1ve1y, the observation that there is a single continuous increase
in the number of cysticercoids which drops- rapidly foi]owing day’14
(Figure 9) and a small increase in worm numbers on day 21 (Figure 8) in

animals having thymus competence suggested that the initial tissue phase
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Figure 8. Development of H. nana in Mice Given 5 H. nana Cysticercoids
Mice were given 5 cysticercoids on day 0; on days 7, 14, 21,
35, and 49 post-inoculation, representative animals were
killed and examined for adult worms.
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occurring as a result of natural reinfection stimulated immunity to
subsequént natural reinfection. In marked contrast to the kinetics of
infection seen in animals having thymus competence, no apparent Tmmunity .
was established in nude mice. Again, about 5 worms developed frbm thé |
5 cysticercoids given on day 0. Eggs released from these worms again
served as a source of natural reinfection because by day 21, there was
an increase in the number of lumen-dwelling worms (Figure 8). No
protective immunity was established as a result of the initial tissue
phase involved in natural refnfection as evidenced by the further
increase in worm numbers after day 21. In these experiments, infections
peaked on day 35'wheh an average of 1471 worms was recovered from each
infected nude. The sTight decrease to an average of 1281 worms per
infected nude on day 49lwas probably due tb worm cohpetitién fof '
nutrients (68) and the fai11ng health of several of the nudes. The pro-
gressive increase in the number of cysticercoids within the villi of
nude mice (Figure 9) beyond day 14 suggested that athymic mice may be
incapable of mounting a protective immune response following the tissue
phase. The decrease in the number of cysticercoidsland adult worms

observed on day 49 compared with day 35 again is probably attributable

. to competition between worms for nutrients and the decreasing health of

some of the nudes examined 49 days post-inoculation.
The results of experiments designed to follow the deVe1opment‘of

H. nana'cysticercoids within the vi1li and the development of Tumen-
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dwelling worms in nude, TG;Nu, TC-Nu and NLM mice gﬁven 1000 H. nana

eggs are presented in Figures 10 and 11. As shown in Figure 10, an

.average of 86 worms developed in nude mice from the initial inoculation

of 1000 eggs (day 12). TG-Nu, TC-Nu, and NLM mice developed an average
of 36, 86, and 77 worms, respectively, by day 12. lThe.1umen-dwé1ling
worms in the animals having thymus competence weré~expe11ed by day 20 -
post-egg-inoculation and no increase in .worm numbgrs resulting from
natural reinfection 6f'such animals was ever seen following initial in-
fection with the tissue phase. Nude mice, on the other hand, developed
increasing numbers of lumen-dwelling worms until.day 35, when a maximum
average of 2211 worms per mouse was observed. The slight decrease in
worm numbers in the nude group on day 50 (1300 worms/mouse) wésbrobab]y
the result of competition between worms for nutrieﬁts and‘]fving space.

Similarly, the results in Figure 11 support the concept that athymic
mice do not become immune to reinfection as a result of exposure to the
tissue phase. In these studies, nude mice developed increasing numbers
of cysticercoids within their villi following day 12 post-inoculation.
By day 50, an average of 975 cysticercoids was observed per nude mouse.
Animals having thymus competence, however, never developed cysticercoids
within their intestinal villi following day 12, an obﬁervation which
again suggested that the tissue phase would stimulate.a lasting protec-
tive immune responselin animals having thymic function.

The results giVen in Figures 8-11 strongly support the conclusion
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Development of H. nana Cysticercoids in the Intestinal Villi
of Nude, NLM, TG-Nu, and TC-Nu Mice Given 1000 H. nana Eggs.
Mice were given 1000 H. nana eggs on day 0; on days 6, 9,
12, 20, 35, and 50, representative animals were killed and
examined for the presence of developing cysticercoids.
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that immunity to and subsequent expulsion of H. nana in mice are thymusQ
dependent phenomena. Additionally, they confirm the ré§u1ts of Héyneman
(31) and'support the concept that it is the tissue phase of H. nana
which stimulates the hosts immune response to cause expulsion and prevent
subsequent reinfection. _

Again, reconstituted nude mice sometimes fail td make th&mus-
dependent immune responses due to avascularization of the grafted glands
or because the injected cells do not fuhction norméliy. To confirm
thymic functfon, the animals used in the experiments involving infection
with 5 H. nana cysticercoids were éséayed for their ability to generate
anti-SE plaque-forming cells responses. Results in.Table VIII indicate
that reconstituted nude mice used in these studies were able to produce
significantly higher numbers of PFC than were nude mice. These in-
creased numbers of PFC were present in all TG-NQ, TC-Nu, and NLM’
animals assayed on days 14, 21, 35, and 49 post-inoculation‘(animais
with presumed thymus competenée which did not pfbduce increased numbers
of PFC compared with nudes were not inc]udéd iﬁ the worm data). T6-Nu .
used in experiments involving an inifia] inoculation with 1000 H. nana
eggs were assayed for their ability to rejeét skin. allografts of C57B1/6 .
origin. These animals rejected such grafts within 20 days post-grafting
and so were judged immunocompetent. Normal, uninfected nudes served as
controls on tﬁe grafting technique and did not reject théir a]Tpgr&fts.

The thymus cell-injected nudes used in these studies were not assayed
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Tab]e VIII. Immune Response of Nude, NLM, TG-Nu, and TC-Nu Mice to SE?

Direct PFC/Spleen

Group Day 14 Day 21 Day 35 Day 49
Nude 5,950 3,508 1,838 7,250
NLM . 169,166 104,896 77,014 91,000
“TG-Nu 41,458 81,250 _ 49,375 . 45,625
TC-Nu. - 23,166 ‘ 18,750 29,167 20,250

Mice given 5 H. nana cysticercoids (see Figures 8 and 9 for worm
data) were immunized I.P. with 0.1 ml of a 10% sheep erythrocyte
suspension 5 days before necropsy on days 14, 21, 35 and 49 post-cysti-
cercoid inoculation. At necropsy, in addition to determinine worm
burdens, mice were assayed for SE-specific plaque-forming cells. Results
are expressed as the number of direct, IgM producing PFC/spleen.
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for immunological competence. Again, all thymué grafted nudes used in
both sets of experiments with 4. nana were examined for the presence of
enlarged thymus glands under their renal capsules. Data obtained from
TG-Nu lacking detectable thyhic tissue ﬁnder their renal capsules were
not included in the results. l A
Role of'Humoral Anfibody in the Expu1sioﬁ
of H. diminuta from Mice
Because thymus-deficient mice are incapable of producing nbrma]

levels of several classes of immunog]obu1ih, including IgG], Ing, and
IgA (69, 70) and are deficient in their cell-mediated immune fesponses
(40, 42), further experiments were designed to investigate the nature
“of the thymus- dependent immune_respoﬁse required for expulsion of

H. diminuta from mice. To investigate the role of antibpdy in this
expulsion process, heterologous anti-IgM was used to sﬁppresé antibody '
synthesfzing ability of mice infected with ﬁ. diminuta. Balb/c mice
were injected with eithér PBS, NRS, or anti-IgM (see Materia]é and
Methods) on alternate days from birth until necropsy. 'They were weaned
at 30 days of age and inoculated with 3 H. diminuta cysticercoids drawn
from a common pool. Gfoups of nude and unfreated Balb/c control mice
were similarly inoculated; 21 days later, animals from all groups were
killed and examined for the presence of ﬁ. diminuta. Results in Table
IX indicate that all nudes examined had at least 1 worm and 70% of the

cysticercoids given to nudes were recovered as adult worms (2.1 worms/
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Table IX. Development of H. diminuta in Nude, Balb/c and Balb/c Mice
Treated with NRS, PBS, or anti-IgM3

Group No. of Mice % pos. % rec.
Nude 6 | 100 70
Balb/c 6 0 0
 pBS 7 0 0
NRS 6 0 0
anti-IgM 10 0 0

4Nude, Balb/c, and Balb/c mice treated with phosphate buffered
saline, normal rabbit serum, or anti-IgM (see Materials and Methods)
were inoculated with 3 cysticercoids on day-0; on day 21 animals were
killed and their small intestines examined for the presence of devel-
oping worms. Results are expressed as the percentage of mice positive
-for adult worms following inoculation with cysticercoids (% pos. ) and
?s the gercentage of cysticercoids recovered as adult worms in mice

% rec.
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mouse). None of the normal Ba15/c, the PBS-treated or the NRS-treated
mice remained infected for the 21 days;_ Similarly, none of the mice
injected with anti-IgM remained infected. |

Pfevious work with heterologous anti-IgM has indicated that,such'
treatment inhibits‘antibody production but dées not interfere with
other aspects of the immune system (71). To confirm thét animals
treated with anti-IgM in these studies were incapable of producing anti-
body; animals were immunized with 0.25 m1 of a 20% suspension of SE on
days 11 and 16 post-cysticercoid inoculation. At hecropsy on day 21,'
the spleen of each animal was assayed for the presence of SE-specific
PFC. As shown in Table X, nude mice produced minimal numbers of both
direct (IgM) and indirect (IgG) PFC/]O6 spleen cells (16 and 8 respec-
tively) or PFC/spleen (1583 and 775 respectively). The untreated Balb/c
mice and those treated with PBS or NRS produced far more PFC of both thé |
direct and indirect types. Mice which had been suppressed with anti-IgM,
however, were severely impaired in their ability to produce either
dirgct or indirect PFC; these results are consistent with those seen by .

other investigators (71) and support the qohcept that mice suppressed_

~ with anti-IgM or anti-u are unable to hroduce antibody in response to

specific antigenic challenge.
Analysis of the total level of serum immunoglobulin classes of
representative animals revealed that immunoglobulin production potential-

was severely decreased in the anti-IgM-treated animals (Table XI). IgM
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Table X. Immune Response of Nude, Balb/c, and Balb/c Mice Treated
with PBS, NRS, or anti-IgM to SE2

No. of  pEc/105 | PFC/Spleen
Group | Mice . Direct Indirect Difect Indirgct
Nude 6 16 . 8 | 1,583 | 775
Balb/c 6 35 314 7,458 67,334
PBS 7 41 : 391 10,429 105,642
NRS 6 36 178 5,367 35,483
anti-IgM 10 0 2 100 103

qnimals were immunized with .25 ml of a 20% suspension of sheep
erythrocytes on day 11 and 16 post-cysticercoid-inoculation. At -
necropsy on day 21 the animals were assayed for worm burdens (see
Table IX) and for SE-specific plaque-forming cells in their spleens.
Results are expressed as the number of direct (unfacilitated) and
indirect (facilitated with rabbit anti-mouse immunogiobulin) PFC/106
spleen cells and per spleen.
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Table XI. Serum Immunoglobulin Levels of Nude Ba1b/c and Balb/c
Mice Treated with PBS, NRS, or anti- IgM

No. of | : Immunoglobulin Class

Group Mice , . . o -

IgM 1961 IgG2 ‘ IgA anti-u _NRS
Nude 3 64 37 213 4 0 0
Balb/c 3 48 1024 683 16 0
PBS 3 64 , 853 427 21 0 0
NRS 3 32 . 1707 213 11 -0 19
anti-IgM 5 0 525 64 -3 8 0

qNude, Balb/c, and Balb/c mice treated with phosphate buffered
saline, normal rabbit serum, or anti-IgM (see Materials and Methods)
were inoculated with 3 H. diminuta cysticercoids on day 0; on day 21
animals were assayed for worms burdens (Table IX) and bled for serum.
Results here are expressed as the average of the highest_individual,
reciprocal serum dilution producing precipitin bands in Ouchterlony gel
diffusion tests to detect serum immunoglobulin levels, free anti-u and
antibody specific for normal rabbit serum.
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was not detectable jn the serum of ant{-IgM-treated micé and IgGP Ing,
and IgA levels were in every case below Tevels seen in-the untreated
animals or the Balb/c animals treated with PBS and NRS.

Further support for the lack of involvment of humoral antibody in
immunity to H. diminuta in mice is inferred from results of attempts to
passively transfer with immurie serum WOrﬁ expulsion potential to nude
mice. In these experiments serum collected from NLM mice given 3-6 _
previous inoculations of 6 cysticercoids each wasyadministered fntra-
peritoneally to nude mice infected with #. diminuta. Nudes infected on
day 0 with 3 cysticercoids were given. injections of immune serum intra-
peritoneally on every second day beginning 32 days post-cysticercoid-
inoculation. The initial dose was 0.5 ml followed by 0.25 ml for 4
1hjections and finai]y bn.day 42, 0.5 ml. Control nudes received
similar injections of normal mouse'sérum. At necropsy,oh day 44,
animals were examined for the presence of adult worms. As shown‘in_
Table XII, animals given serum from immune NLM had worm Burdehs similar
to those seen in nudes giVen normal mouse serum. The percentage of

“animals positive for worms (60% VersuS 80%) and the percentage of cysti-
cercoids recovered as adult worms (33% versus 47%) Was similar in bdth
groups of nudes. Furthermore, worms recovered from nudes receiving
serum from immune donors were slightly longer (§'= 37.3 cm) compared -
with worms from nudes receiving serum from previously uninfected mice

(x = 34.7 cm). .
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- Effects of Immune and Normal Mouse Serum on Adult Z.
diminuta Established in Nude Mice?
Group No. of Mice % pos. % rec. Worm Length (cm)
Immune
Serum 5 60 33 37.9
Normal
Serum 5 80 47 34.1

ice were inoculated with 3 cysticercoids on day 0; beginning day
32 post-inoculation, mice were given immune or normal mouse serum I.P.
on alternate days until necropsy on day 44. Results are expressed as
the percentage of mice positive for adult worms following inoculation
with cysticercoids (% pos.), as the percentage of cysticercoids recov-
ered as adult worms in mice (% rec.) and as worm length.
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The results of preincubation of #. diminuta cysticercoids with
immune serum plus complement before their injection into nude mice are
presented in Table XIII. 1In these experiménts, cysticercoidg were incu-
bated for 2 hours at 37° C in either immune serum plus complement or
normal serum plus comp1ement, Immune serum was derived from mice which
previously had been infected twice with 6 cyst%cercoidg on each occasion.
Cysticercoids incubated in immune serum developed into adult worms as
well as did control cysticercoids incubated in normal. mouse serum or |
saline. |

In an additional experiment,‘the fransfer of serum from immune NLM
mice to nude mice 1 day before, 1 day after and 3 days after inoculation
with 3 cysticekcoids had no effect on the percentage of cysticercoids
which developed into adult worms compared with the transfer of normal
house serum (Table XIV). In this experiment serum collected from NLM
mice previously inféciéd twice with 6 cysticercoids was injected
(0.25 m1) ‘intraperitoneally. Control nudes received similar injections
of normal mouse serum or no serum. As shown in Table XIV, all nudes
examined in each group weré positive fqr worﬁs and the pércentage of
cysticercoids recovered as adult worms was similar for the 3 groups.

Collectively, thé.observatiéns that mice incapable of p;oducing
antibody (Tables IX, X, and XI) are still able to expel H. diminuta
within 21 days and the failure of serum from immune NLM mice to cause A

expulsion of established H. diminuta (Table XII) or prevent establishment




56

Table XIII. Effect of Preincubation with Immune Mouse Serum and
Complement or Normal Mouse Serum and Complement on the
Development of H. diminuta Cysticercoids in Nude Mice?

Group No. of Mice % pos. " % rec.

Immune Serum ' :
plus Complement 6 100 100

Normal Serum
plus Complement 3 100 . 100

Saline 2 100 _ 100

aCysticercoids were incubated at 37°C for 2 hours with immune mouse
serum (collected from NLM mice previously inoculated twice with 6 cysti-
cercoids) plus complement or with normal mouse serum plus complement, or
with saline; they were then washed, and inoculated into nude mice on day
0; on day 14 animals were killed and their small intestines examined for
the presence.of adult worms. Results are expressed as the percentage of
mice positive for adult worms following inoculation with cysticercoids
(% pos.) and as the percentage of cysticercoids recovered as adult worms
in mice (% rec.).
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Table XIV. Effect of Passive Tranéfer of Immune Mouse Serum or Normal
Mouse Serum on the Development of H. diminuta in Nude

Mice?
_ Worm

Group . - No. of Mice % pos. % rec.  Length (cm)
Tmmune ) -
Serum - 5 100 93 18.1
Normal : . .
Serum : 5 - 100 100 18.9-
No

Treatment 4 100 100 13.9

Mice were given .5 ml immune serum {collected from NLM previously
inoculated twice with 3 cysticercoids) or .5 ml normal serum (collected
from NLM not previously inoculated) I.P. the day before and 1, 3, and 5
days post-inoculation with 3 cysticercoids; on day 12 animals were

killed and their small intestines examined for the presence of develop-

ing worms. Results are expressed as the percentage of mice positive

for adult worms following inoculation with cysticercoids (% pos.), as
the percentage of cysticercoids recovered as adult worms in mice (% rec),
and as worm length.
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of H. diminuta in nude mice (Tables XIII and XIV) provide strong
evidence that antibody is not the immunological factor responsible for
expulsion of and immunity to H. diminuta in mice.
Role of Humoral Antibody in the Expulsion of H. nana
from Mice

In an attempt to define the role of humoral antibody'in the expul-
sion of an immunity to H. nana in mice, Balb/c mice were again treated
on alternate days froﬁ birth until necropsy witH either PBS, NRS, or
anti-IgM (see Materials and Methods). Animals were weaned ét 30 days
and inoculated with 1000 H. nana eggs drawn from a common pool. In the
first experiment, a group of normal nudes and a group of untreated NLM
mice were included as controls. Anjma1s were killed 27 days post-
inoculation and observed for the number of cysticercoids within their

intestinal villi and for the number of lumen-dwelling H. néna. As shown

in Table XV, nude mice suffered natural reinfection as evidenced by an

average recovery of 1305 worms per animal. Additionally, the animals
had an average of 228 cysticercoids within their intestinal villi. NLM
mice again expelled their worms by day 27 following infection with

eggs (similar to data shown in Figure 7). Mice treated with PBS and
NRS had reduced numbers of worms (x = 11 and 16 respectively) compared
with mice treated with anti-IgM. Animals treated with anti-IgM had an
average of 88 worms or about 6-8 times as many as did control, PBS, or

NRS treated mice, suggesting that mice incapable of producing antibody
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Table XV. Development of.H. nana in Nude, NLM, and Balb/c Mice
Treated with PBS, NRS, or anti-IgMa

Group No.. of Miqe No. of Cysticercoids No. of WOrhs |
Nude 2 _ C 228 1,305
NLM 3 0 0
PBS 6 0 1
NRS 7 0 16
| anti-IgM 4 0 88

qNude, NLM, and Balb/c mice treated with phosphate buffered saline,
"normal rabbit serum, or anti-IgM (see Materials and Methods) were
~inoculated with 1000 H. nana eggs on day O; on day 27 animals were
killed and their small intestines examined for the number of cysti-
cercoids present in the villi and for the ‘number of adult worms.
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(Téb]e XVI) are less capable of expelling lumen-dwelling H. nana in the
same time frame as controls. Worm counts from anti-IgM-treated animals
were significantly greater‘(P <.05) based on the standard Wilcoxson rank
sum test (72). The datalsuggest, however, that antibody is not 1nvo1ved.
in immunity to reinfection via the direct cycle because mice 1ncapab1é
of producing antibo&y (Table XVI, the anti-IgM treated group) did ndt
suffer natural reinfection as evidenced by a lack of cysticércbids in
their intestinal villi. That the anti-IgM-treated mice were incapable
of making antibody is evident from results presented in Table XVI. Each
animal was immunized on days 17 and 22 post-egg-inoculation with SE.- At
necropsy on‘day 27, the animals were assayed for SE-specific PFC

responses. Nude mice -produced minimaT PFC while NLM and Balb/c mice

"treated with PBS or NRS produced greatly increased numbers of PFC.

Anti-IgM-treated mice, however, produced no direct or indirect PFC in~
response to theseA1arge antigenic challenges. | |
Because Balb/c mice treated with PBS 6r NRS did not expel their
worms completely within 27 days, a second experiment of greater duration
was carried out. In this experiment Balb/c mice were again treated with
PBS, NRS, or anti-IgM on a]ternafe days from birth until the animals
were necropsied. A1l mice were weaned and inoculated with 1000 4. nana
eggs on day 30 and necropsied on day 65 (35 days post-inoculation). As
shown in'Tab1e'XVII, mice treated with either PBS, NRS, or anti-IgM

again were immune to natural reinfection following the initial egg
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Table XVI. Immune Response of Nude, NLM and Balb/c Mice Treated w1th
PBS, NRS, or. anti-IgM to SE@

No. of ~ pre/10® . PEC/Spleen
Group Mice
D 1 D I
Nde 2 . - & 13 425 563
NM - 3 | 116 489 31,250 121,667
PBS 6 162 556 43,500 149,750 .
NS 7 221 667 54,107 185,893

anti-IgM 3 0o 0 0 0

\ @Animals were immunized with 0.25 ml1 of a 20% suspension of shéép_
erythrocytes on days 17 and 22 post-egg inoculation. At necropsy on

day 27 the animals were assayed for worm burdens (see Table XV) -and for.

SE-specific plaque-forming cells in their spleens. Results here are
expressed as the number of direct (unfacilitated) and indirect (facil-
itated with rabbit anti-mouse 1mmunog1obu11n) PFC/100 spleen cells and
per sp]een : .
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Table XVII. Deve]opment of H. nana in Balb/c Mice Treated with PBS,
NRS, or ant1 -Igma . ,
Group No. of Mice No. of Cysticercoids No. of Worms
PBS 9 0 6
NRS 10 ) 0 5
anti-IgM 11 0 : 25

8Balb/c mice treated with phosphate buffered saline, normal rabbit
serum, or anti-IgM (see Materials and Methods) were 1nocu1ated with '
1000 H. nana eggs on day 0; on day 35 animals were killed and their
small- intestines were exam1ned for the number of cysticercoids present
in the villi and for the number of adult worms.
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inoculation because neither group showed evidence of cysticercoids
within their intestinal villi. PBS- and NRS-treated mice had reduced
worm burdens with averwages of 6 and 5 worms per animal respectively

compared with anti-IgM-treated mice which had on the average 5 times as

many worms as did control animals (P <.05). That the anti-IgM-treated

animals were agaiﬁ incapable of producing antibody is evident from
results presented 1n'Tab1e XVIII. 1In response to SE given on days 25
and 30 post-inoculation, anti-IgM-treated mice produced virtually no
PFC (92 direct PFC/spleen and 143 indirect PFC/spleen) while PBS- and
NRS-treated control mice produced far more direct and indirect PFC.
Further éupport for the effectiveness of the anti-IgM at inhibiting
immunoglobulin synthesis is given in Table XIX. Serum from represen-
tative animals in each group from both experiments was assayed for'the'
presence of IgA, IgGZ, IgM, free anti-u and antibody specific for normal

rabbit serum. Nude mice had reduced levels of IgA, IgG], and 1962

compared with NLM and PRS- or NRS-treated mice. Anti-IgM treated mice

had a marked reduction in the levels of all classes of 1mmunog1obu1iﬁs
assayed.

Collectively, the observations reported in Tables XV, XVI, XVII,
XVIII, and XIX suggest that while antibody may'play a role 1in expulsion
of Tumen-dwelling H. nana, it a1;ﬁe does not account for immunity to

reinfection following the tissue phase.
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Table XVIII. Immune Response of Balb/c M1ce Treated with PBS, NRS, or
ant1 -IgM to SE?

No. of PFC/10° PFC/Spleen
Group Mice - D - I D : I
PBS 8 334 983 83,672 275,625
NRS 9 195 1,113 45,903 268,611
anti-Igh 10 3 | 2 92 143

qAnimals- were immunized with 0.25 ml of a 20% suspension of sheep
erythrocytes on days 25 and 30 post-egg inoculation. At necropsy on day -
35 the animals were examined for worm burdens (see Table XVII) and for
SE-specific plaque-forming cells in their spleens. Results are expres-
sed as the number of direct (unfacilitated) and indirect (facilitated
. with rabbit anti-mouse immunoglobulin) PFC/106 spleen cells and per
spleen.
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Table XIX.
" Mice Treated with PBS, NRS, or anti-IgM2
4 Immunoglobulin Class
No. of
Group Mice ‘ :
IgM IgG] 1962 IgA anti-u NRS
Nude 1 64 128 128 ; 4 0 0
Balb/c 2 64 1024 768 32 0 0
PBS 5 58 1331 1280 38 0 0
NRS 5 35 1843 512 29 0 18 -
anti-IgM 5 0 742 134 8 7 0

@Nude, Balb/c, and Balb/c mice treated with phosphate buffered
‘saline;normal rabbit -serum, or anti-IgM (see Materials and Methods)
were inoculated with 1000 H. nana eggs on day 0; on day 27 or 35
animals were assayed for worm burdens (Tables XV and XVII) and bled

for serum. . Results are expressed as the average of the highest indi-

vidual reciprocal serum dilution producing precipitin band in Ouch-
terlony gel diffusion tests to detect serum immunoglobulin levels,

free anti-u and antibody specific for normal mouse serum.
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DISCUSSION

Previous workers have indicated thaf H. diminuta may remain within
the small intestine of infected rats for virtually the Tifetime of the
rat. Data presented here have confirmed that rats maintain #. diminuta
for at least 6 months (Fiéure 1). ‘

Similarly, I have investigated the kinetics of 1nfect16n with H. :
diminuta in wmice. In these studiés NLM mice became infected initially
but in the course of infection, between days 7 and 20, worms destrobil-
ated and were expe]Téd following initial inoculation (Figure 2). Hopkins
et al. (18) and Befus (19) have investigated the kinetics of infection
in mice following a second inoculation of cysticercoids but results
varied. Both studies agreed that stunting of worms and deétrobi]ation
occurred more rapidly during secondary infections as compared with
primary infections, but in contrast to results observed by Hopkins.and
coworkers, worms from secondary infections were not expelled more
rapidly in Befus' studies. I have also investigated the immunological
nature of the expulsion of H. diminuta from mice and the results are in

agreement with those reported by Befus in that smaller worms were

‘observed in secondary infections. Also, these worms destrobilated

earlier but were not expelled more rapidly compared with worms of a
primary infection (Figure 3).
As an initial step in the investigation of the specific immuno-

logical factors involved in this expulsion procesé, I investigated the
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thymus dependency of H. diminuta expulsion from mice. Results preéented |

here (Tables I, II, III, and IV) provide direct evidenbe for the thymus

debendency of expulsion. 1In these studies, NLM expelled H. diminuta
within 21 days.. Normal nude mice failed to expel H. diminuta within 21
days and in one experiment designed to follow long term infections,
nudes remained infected for at least 60 dgys. Nude mice with thymic

competence, i.e. those injected with thymus cells or grafted with thymus

glands, behaved Tike NLM mice in that they expelled their worms within

21 days. These data provide strong support for the conclusion that the

expulsion of A, diminﬁta from mice is a thymus-dependent phenemenon.
Data presented here also establish the kinetiés oflinfection

following primary inoculation of H. nana cysticercoids or eggs 1ht6 NLM

mice. In these studies mice given a primary cysticercoid infection

suffered a low level of natural reinfection between days 14 and 21 post-

inoculation but by day 35 the majority of such mice expelled their worm

burdens (Figure 6). Following a primary inoculation with eggs, no
natural reinfection was observed in NLM mice. Worms resu]ting from an
initial egg inoculation were expelled by day 20 post-inoculation
(Figure 7). These data suggest that the tissue phase of H. nana jsnl '
strongly immunogenic and prevents subsequent natural reinfectfon; a
conclusion which is supﬁorted by data presented in Tables VI and VII.
In thésé studies mice were given an initial infection involving the |

tissue phase of H. nana.. Following expulsion of these worms, mice were
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challenged with either eégs or cysticercoids. In mice given an 1nitia1
infection involving the tissue phase, challenge eggs did not develop
into adult worms (Table VI). Also there was a marked decrease in the
development of challenge cystfcercoids into adult worms in mice pre- '
viously given eggs (Table VII). These results confirm those repdrted
earlier (31) and indicate that the tissue phase of H. nana stimulates
immunity to both natural reinfection and experimental reinfection; this
reinfection immunity, hbwever,'is more pronounced against éubsequent |
infections involving the tissue phase compared with the lumenal phase.
It was concluded that iﬁvasion of intestinal villi by developing larval
stages is of prime importance in stimulating immunity to #Z. nana in mice.

As a preliminary step in the investigation 6f the specific immuno-
Togical factors involved in immunity to and expulsion of H. .mana in mice
I have investigated the thymus dependency of 1hmunity and expulsion.
The data provide evidence that immunity to H. nana and expu];ioh of

H. nana from mice are thymus-dependent phenomena. In these studies NLM-

mice again expelled their worms within 20-35 days post-inoculation with o

eggs or cysticercoids, respectively (Figures 8 and 10). Nude mice in
contrast, were unable to expel their worms and because ofisuccessiye
natural reinfectioﬁ cycles (Figures 9 and 11), developed increasingly
heavier worm burdens (Figures 8 and 10). Nude mice having thymus com-
petence behaved 1ike NLM mice in that they expelled their worms withfn‘

35 days following cysticercoid inoculation (Figure 8) and within 20-35
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days following egg inoculation. In marked contrast to my studies,
Weinmann (33) reported that neonatally thymectomized mice deve1oped
immunity following an initial infection with the tissue phase to an
extent not significantly different from that seen in control, nonthymec-
tomized mice. The discrepancy between the two sets of data may be thg
result of the incompiete effects of neonatal thymectomy (73) or the

difficulty in achieving complete thymectomy of newborn mice.

Interesting]y; in studies reported here there was a slight decrease

in the number of Tumen-dwelling H. nana ( Figures 8 and 10) and in the
number of cysticercoids within the intestinal villi (Figures 9 and 11)
of nude mice observed fo]{owing day 35 post-inoculation with either
cysticercoids or eggs. This decrease was attributed to competition
between worms for available nutrients. Generally, as worm numbers in-
crease individual worm size diminishes proportionately; this phenomenon
has been termed the crowding effect and has been described for a nﬁmber

of host-tapeworm systems (68, 74, 75, 76). Though recent evidence has- -

- suggested that the crowding effect is the result of worm éompetition

for available nutrients, particularly carbohydrates (68), it is also.
possible that the decrease in worm size in heavier infections is the
result of the hosts immunological control of the parasite. Because of.
the apparent immunological inertness 6f the nude host relative to H. nana
infections, it is most 1ikely that the crowding effect is due to worm .

competition for available nutrients rather than host immunological
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control of the parasite. Further support for this conclusion is drawn

from observations on the decreased size of A. diminuta in nudes given

10 cysticercoids compared with nudes given 1 cysticercoid (personal

observations not reported).

The thymus-dependence of immunity to and expulsion of helminths

does not distinguish between the role of cell-mediated or antibody-

mediated immunity to helminths since the production of several c1asse§
of immunoglobulins, including IgA, IgG1; IgGZ, qnd IgE, the development
of cell-mediated immunity, and the development of peripheral blood
eosinophilia are a11'thymus-dependent immuﬁe phenomena. Attempts to

distinguish between these various aspects of the immune system have in. -

' the past consisted of the use of immunosuppressive treatments and passive .

transfer of ce1ls<of serum from immune to naijve animals.

- The high degree of host specificity seen with most parasites sug-
gests that the physiological requirements for establishment and main-
tenance of a parasite in a host are very exacting. Because the use of
immunosuppressive treatments such as drugs, antibody preparations Tike

antilymphocyte serum, or irradiation Frequent]y effect other organs and

- tissues in addition to those of the immune system (4), they may alter

the host's physiology to the extent that the normal host may no longer

provide the optimum environment for the parasite. Also, such immuno-

- suppressive treatments generally lack specificity and thus may effect

both cell-mediated and antibody mediated immunity. Nude mice apparently
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serve as suitable hosts for A. diminuta and H. nana; thus the nude-
Atapeworh syétem does not suffer from the unknown effects of immuno-
suppressive treatments on the host's physiology other than the immune -
system. Also, the ability to generate thymus-dependent immune responses
in nude mice extends the usefulness of the nude mouse-parasite system
and allows an investigation 1ﬁto the nature of the immune responses
involved in control of the parasite.

With respect to characterizing the immunity to #. diminuta in mice,
only preliminary reports have been published (18, 19, 20).' These'étudies
have involved the use of immunosuppressive drugs which generally have
abolished or reduced the immunity to reinfection but have failed to
elucidate the crificé] immunological factor(s) responsible for the
immunity to H. diminuta in mice, owing to the lack of specificity of
these immunosuppressants. Studies reported here have prov{ded strong
support for the concept that humoral antibody does not play a signif-
icant role in the expulsion of H. diminuta from mice. Studies involving
the powerful yet very specific immunosuppressant, heterologous anti-IgM,
have indicated (Tab}e IX) that mice incapable of producing antibody: _
(Tab]e X) are still able to expel H. diminuta within 21 days. Simi]arlw
the inability to transfer .worm expulsion pbtentia1 to nude mice with
sefum from hyperimmune NLM mice (Tables XII and XIV) coupled with the
inability to decrease tﬁe infectivity of cysticercoids incubated invitro

with serum from immune NLM mice p]us‘comp1ement (Table XIII) provides
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supplementary evidence that antibody blays no significant ro]é in
expulsion of HA. diminuta from mice.

Studies reported here on the role of antibody in the expu]sion'of
H. nana and immunity to reinfection have brovided support for the con-
cept that antibody'may be involved in expe]iing adult, 1qmen-dwe11ing'
H. nana from infected mice. Mice incapable of making antibody failed
to expel theif worms as rapidly as did éontro1 mice‘treafed with PBS
or NRS (Tables XV and XVII). Results presented here which implicate
antibody 1h the exbu1sion'of H. nana from mfce support thé passive -
transfer e*periments of Hearin (27) who concluded that antfbddy is
involved in immunity to H. nana in mice because passive transfer of
serum fromlimmune mice to naive mice signfficant]y reduced egg devel-
opment in recipient mice compared with naive recipients treated wifh
normal mouse serum.

Interestingly, work with anti-IgM presented here would 3uggest that
while humoral antibody is involved in the expulsion of H. nana from mice,
it does not éppear to be involved in immunity to reinfection since micg
incapable of producing aﬁtibpdy fai]ed'to'suffer natural reinfection, as
evidenced by the lack of infected villi in such mice (Tables XV and
XVII). -

The'identity-of the thymus-dependent cell type(s) required for the

" expulsion of H. diminuta was not totally within the scope of this study.

The ability of anti-IgM suppressed mice to expel worms suggéété-that the
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absence of thymus-derived helper cells is not the critical factor respon-

~ sible for the inability of nude mice to expel H. diminuta. Other cell

types such as the thymus-derived 1ymbhocytes responsible for de]ayed.
type hypersensitivity reactions (44) or for the rejection of skin allo-

grafts -(40,42) or xenografts (43) are also absent in nudes. It-is quite

. possible that the failure of nude mice to expel H. diminuta may be due

to théir inability to make thymus-dependent cell-mediated immune
fesponses because they Tack the thymus-derived lymphocytes responsible
for these immune phenomena. In addition, no evidencé has been presented
here or in past Titerature which would implicate the eosinophil in the
expulsion of H. diminuta from mice. Because of the frequent eosinophilia
seen in other parasitic infections (77), coupled with the observations
made on the thymus-dependency of eosinophilia (78), investigation into

the role of this cell type in the expulsion of H. diminuta from mice may

~yield valuable information concerning the immunology of tapeworm infec-

tions.
Similarly, the identification of specific thymus-dependent cells

required for the expulsion of H. nana and the subsequent immunity to

. nana was not entirely within the scope of these studies. It is quite -

possible that helper T cells are required in the production of antibody '
to a thymus-dependent worm antigen. Nork presented here with anti-IgM
suppressed mice suggests the involvement of antibody in expulsion but

does not characterize the relevant worm antigens as being thymus-


































