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Abstract:

Congenitally athymic (nude) mice were incapable of expelling Nippostrongylus brasiliensis while
normal littermates (NLM) of nude mice eliminated their worm burdens by day 9-11
post-larval-inoculation. Nude mouse recipients of either dispersed thymus cells or thymus gland
implants were, however, capable of eliminating their infections. Thymus competence of nude mice
receiving thymus cells or glands was confirmed by skin allograft rejection and plaque-forming cell
responses to sheep erythrocytes. Expulsion of N. brasiliensis from mice was thus determined to be a
thymus dependent phenomenon.

The thymus dependency of the proposed inductive (worm damaging) and effector (worm elimination)
steps in expulsion of N. brasiliensis from mice was studied. Adult worms, obtained from a 13 or 14 day
infection of rats (damaged worms) and transferred via laparotomy into nude mice or NLM, were not
expelled from nude mice but were rapidly eliminated from NLM. Seven-day rat worms (normal
worms) were expelled from NLM 3 days later than were 14-day rat worms; thus, the data suggest the
effector step in expulsion of N. brasiliensis from mice is thymus dependent.

The thymus dependency of the inductive step of worm elimination was determined by evaluating
fecundity of female worms, morphological changes in the intestinal cells of the worms, and
reestablishment and kinetics of infection following worm transfer into a normal host. The number of
eggs per female (EPF) N. brasiliensis was significantly reduced (P < 0.01) in 9-day mouse worms
(damaged worms) and 14-day rat worms (damaged worms) compared with 7-day rat worms (normal
worms). Conversely, the mean EPF of nude mouse worms was not reduced for at least 81 days of
infection and, furthermore, was not significantly different (P > 0.05) from that of 7-day rat worms
(normal worms). In transverse sections of N. brasiliensis obtained from 14-day rat or 8-day NLM
infections, the worm intestinal cells were highly vacuolated. In contrast, 15-day nude mouse worms
were not vacuolated. Furthermore, although limited, the data suggest that worms obtained from 9-day
infections of NLM and transferred into rats are more rapidly eliminated from rats than are 6-day NLM
or 15-day nude mouse worms. Collectively, these data suggest that the inductive step of N. brasiliensis
expulsion from mice is thymus dependent.

Immunosuppression of BALB/c mice by treatment from birth with heterologous anti-p serum resulted
in abrogation of antibody production potential. Anti-p treatment did not, however, reduce the capacity
of mice to expel N. brasiliensis. Passive immunization of nude mice with massive amounts (5 ml/20
gms body weight) of homologous immune serum resulted in worms which, upon transfer into normal
Sprague-Dawley rats, were expelled more rapdily than were worms obtained from mice similarly
treated with normal mouse serum. The passive immunization' experiments suggest that immune serum
does contain a factor which is detrimental to the worms resulting in their accelerated expulsion
following transfer into normal rats; however, results of the anti-pu experiment suggest that the protective
factor may not be antibody.
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Congenitally athymic: (nude) mice were incapable of expelling
Nippostrongylus brasiliensis while normal littermates (NLM) of nude mice
eliminated their worm burdens by day 9-11 post-larval-inoculation. Nude
mouse recipients of either dispersed thymus cells or thymus gland im-
plants were, however, capable of eliminating their infections. Thymus
competence of nude mice receiving thymus cells or glands was confirmed
by skin allograft rejection and plaque-forming cell responses to sheep
erythrocytes. Expuls1on of N. brasiliensis from mice was thus de-
termined to be a thymus dependent phenomenon.

The thymus dependency of the proposed inductive (worm- damaging)
and effector (worm elimination) steps in expulsion of N. brasiliensis -
from mice was studied. Adult worms, obtained from a 13 or 14 day in-
fection of rats (damaged worms) and transferred via laparotomy into
nude mice or NLM, were not expelled from nude mice but were rapidly
eliminated from NLM. Seven-day rat worms (normal worms) were expelled -
from NLM 3 days later than were l4-day rat worms; thus, the data
suggest the effector step in expu151on of N. brasiliensis from mice
is thymus dependent. :

The thymus dependency of the inductive step of worm elimination
was determined by evaluating fecundity of female worms, morphological
changes in the intestinal cells of the worms, and reestablishment and-.
kinetics of infection following worm transfer into a normal host. The
number of eggs per female (EPF) N. brasiliensis was significantly re-
duced (P<£0.01) in 9-day mouse worms (damaged worms) and l4-day rat
worms (damaged worms) compared with 7-day rat worms (normal worms).
Conversely, the mean EPF of nude mouse worms was not reduced for at
least 81 days of infection and, furthermore, was not significantly
different (Pz 0.05) from that of 7-day rat worms (normal worms). In
transverse sections of N. brasiliensis obtained from l4-day rat or
" 8-day NLM infections, the worm intestinal cells were highly vacuolated..
In contrast, 15-day nude mouse worms were not vacuolated. Furthermore,
although limited, the data suggest that worms obtained from 9-day
infections of NLM and transferred into rats are more rapidly eliminated
from rats than are 6-day NLM or 15-day nude mouse worms. Collectively,
these data suggest that the inductive step of N. bra5111en51s ex~
pulsion from mice is thymus dependent.

Tmmunosuppression of BALB/c mice by treatment from birth with
heterologous anti-p serum resulted in abrogation of antibody production
potential. Anti-p treatment did not, however, reduce the capacity of.
mice to expel N. brasiliensis. Passive immunization of nude mice with
massive amounts (5 ml/20 gms body weight) of homologous immune serum
resulted in worms which, upon transfer into normal Sprague-Dawley rats,
were expelled more rapdily than were worms obtained from mice similarly
treated with normal mouse serum. The passive immunization experiments




suggest that immune serum does contain a factor which is detrimental
to the worms resulting in their accelerated expulsion following
transfer into normal rats; however, results of the anti-p experiment
suggest that the protective factor may not be antibody.




INTRODUCTION .

Although many observations have been-made on immunological
phenomena in a variety of host-parasite systems (1-5), there are re-
latively few éystems for which in-depth studies have been conducted on
_méchanisms of immunity té helminthic infections. The number and com-
plexity of antigens of individual hélminths, the 1ack of adequate in
&itro co?relates and the complexity of helminth life cycles all have
coﬂtributed‘to the paucity of knowledge concerning the hos£ immuno—
logical response té helminthic infections.

One host-parasite relationship which has been the subject of many
immunolbgical investigations is'thé rodent—Nippostrongglus brasiliensis
(Travassos, 1914) systém in which ipfgctéd rodents develop a strong
immunity (6, 7). Background information on the-systema?ics, parasitic
development, kinetics of worm egg production, worm population dynamics,

physiology of the worm, and the pathologic effects of the worm én the

host have been adequately reviewed (8) and will not be repeated here.

Many attempts have been made to confer to rats protective immunity -

against infections of N. brasiliensis by passive transfer of immune
serum (9~ 20). Protection conferred has been extremely‘variéble énd
has seldom been comparable to that developed in rats experiencing an
active infection. Fractions of antiserum.pools-which mostffrequently
afforded protection ‘against N. brasiliens;s contained predominately
I9Gq (19, 22). However, IgG, and "occasionally otherlimmunoglobulin

classes" may be protective (19). Very high levels of reaginic antibody

| I | N — 4
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(detected by a 72—hr. passive cutaneous anaphylaxis reaction) in-
variably accompany4infections of N. brasiliensisfin'rats (23, 24),
but its role, if any, in proteétive immunity to_helminthiciinfections
remains obscure. It has been suggested, however, that adult N.
brasiliensis.are damaged by protective antibodies (25) resulting in
severe gut cell degeneration (26, 27) and changes in the isgenzyme
patﬁerns of acetylcholinesterase aﬁd acid phosphatase of the worms
(28). The mechanism of this proposed action of antibody remains
undefined. |

Other studies have been conducted to determine the role Qf cellular
compoﬁents in worm expulsion. Immunity conferred by adoptive transfer

of lymphoid cells (20) was recently confirmed (29) but limited to act-

" ivity of only mesenteric lyniph node cells (MINC). Subsequently, it

was shown that MLNC obtained only from immune donors caused worm eg—
pulsion in both irradiated (400 rads) and non-irradiated s&ngeneic
recipient rats (30). Recently, iﬁ.was observed that a thirdf radio-
sensitive (750 rads), bone-marrow derived component is réquired for
worm expulsion (31, 32). Although this third ceilular'component ré—.
mains unidentified, it is thought to be of myeloid origin (32).

In addition éo lymphocytes, 6ther specific cell type; have either
been implicated or tentatively consideréd nonfunctional in worm reg-
ulation. Although the data are limited, it has been suggestéd thét

macrophages are excluded from a role in the worm expulsion mechanism
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(33). Further investigations are nécessary to test the validity of this
suggegtion.‘ Eosinophilia invariably accompanies many paraéitic in-
fections (34)} The functional role, if any, of eosinophilla which
develops during infections of N. brasiliensis (35; 36) has nét been
assessed. Although the induction of the eosinophilie response
apparently has aﬁtigenic specificity (37), the imﬁunologic function
of eosinophilia remains obscure aéidoes its rolé in immunopéﬁhological
processes. A highly significant increase in the numbers of mast cells
occurs in the intestinal mucosa of rats infected with N. brasiliensis
(38 -40). The kinetics of £he mast cell response and functioﬁal role
of this cell type in worm expulsion is not defined apd remains a
controversial subject (8, 22, 38).’

Two diametrically opposed hypotheses emerge. in the literéture,

each of which attempts to explain the expulsioﬁ of N. brasiliensis

from the rat host. In the first of these hypotheses (see review 38),
it is suggested that reaginic antibody developed in response to the
wormsAreacts with mast cells and worm antigen resultin§ in amine re-
lease (41, 42) Which is responsible'for'an increase in gut mucosal
permeability (43) allowing for translocétion pf circulating antiworm
antibody whiéh in turn leads to worm expulsion (38, 44, 4%). Based on
a variety of observations, others have indicated that the‘réaginfmast
cell interaction may not be required for éffécting worm elimination

(23, 35, 46).
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In the second hypothesis of worm expulsion, antibbdies and cells
act cooperatively in a sequence of events which, ultimatelé, results
in worm expulsion (see review 47). Briefly, expulsion of v.
brasiliensis from the rat host is thought to require at least two
separate and sequential steps (8, 25). In step 1, worms are damaged
by protective'anﬁibody (25) as described above. Step 2 is lymphocyte
dependent (30, 33) and, according to the hypotheéié, occurs:only after
the worms have been damaged by antibody (25, 48). The means whe?eby
the sensitized lymphocytes cause equlsion of worms is, however, un-
known. Furthermore; the role of a propésed'radiosensitive myeloid
component (descxibed above) remains undefined.

Althéugh the inmmune response of. rodents to N. brasiliensis has
prébably been studied as intensively as that of any hos£—helminth
system, knowledge ‘of the immune mechanism ié both fragmentary and
' incomplete. The system has been plagﬁed with variability, often
making interpretation of results controversial. This variability
has been observed in: ‘l) passive or adoptive immunization studies
(19, 20, 29), 2) determination of the élass(es) of protecfive anti-
body (19), 3) effects of neonatal fhymectomy, antilymphocyte serum
(ALS) and antithymocyte serum (ATS) treatments (49, 50, 51), 4) the
kinetics of mast cell proliferation and amine release in infeécted rats .
(review 38 vs. reviews 8 and'22), and 5) the degree and significance

of reaginic antibody production by intact rats (23). In addition, due
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to the rapid onset of active immunity, it has been difficuit'to
separate the effects of passively administered immune serum,ana.cells
from active immunity generated by recipient rats in responsé to a
challenge infection (20). Finally, it has beén necegsary to empléy
both physical and chemical immunosuépressanf tréatments as aids in
understanding the worm expulsion mechanism. Such immunosuppressants
often have effects on organs and tiséues other than those towaid which
the treatment isldireEted (2), thus possibly creating an unfavorable
habitat for worm developmént and maiptenanqe. Furthermore, the effects
of immunosuppressant treatments often are incomplete, és in neonatal
thymectomy (49 - 51). |

Rats are considered the normal hos; of N. brasiliensis; However,
because of the extensive background information available on mouse
immunobiology, ﬁheré are many advantages iﬁ using the mouse-helminth
model_for studies on host immune responses to parasitic infections.
It has been shown that the rat strain of N. brasiliensis Will infect
.labo;atory mice but at a reduced rate compared with infections in rats
(52, 53) and may result in unpredictablé numbers of adult worms (54).
A more recent study,'howeverq has confirmed that the response oﬁ‘mice

to rat strain N. brasiliensis parallels that of rats with only minor

differences in the kinetics of the responses (55). Furthermore, these

objections have been overcome through adaptation of a rat strain of - .

N. brasiliensis to mice by serial passage of the parasite through over




—-6=
400 worm geherations in mice (56, 57, & R. B. Wescott, personal
communicatiohs). Mice develop a strong active immunity to the mouse-
adapted strain and the immune response is very gimilar té tﬁat of rats
(55, 58, 59). .

Because humoral responses to fhymus—dependent antigens ‘and cell-
mediated responses ére severely impaired in congenitallf athymic (nude)
mice‘(60, 61), we concluded that the nude may have potential as.a ﬁsefui
tool.in experiments designed to clarify Fhe role of cellular and hpmoral‘
factors réquired for regulation of helminthic'infections ;f rodents.
Previous work with Trichinella spiralis and the mouse pinworms,
Aspicﬁluris tetraptera and Syphacia obvelata, in nude mice (62, 63)
have confirmed this prediction. “

In an attempf to define the mechanism of immune elimination of
N. brasiliensis'from rodents, it has been my approach to characterize
the host response to N. brasiliensis through use of nude mice and their
phenofypically normal thymus—bearing 1ittermates (NLM) . fhe effects of
‘various humoral.ahd cellular facto?s were analyzed in experiments de-
signed either to'recgns£itute the worm expulsion capability of nude
mice or té eliminate a épecific factor required for éhe.worm‘expulsion

.mechanism.which occurs in thymus-bearing mice.




MATERIALS AND METHODS

Animals

Mice used in most experiments were either BALB/c or ébngenitally
thymus-deficient (nude; nu/nu) mice and their normal thymus-bearing'
littermates (NLMi. Nude micé crossed-on a BALB/c geﬁétic background
were obtained from breeding stock heterozygouS'fér the nude tréit.
Such breedeis were not coﬁéénie and-their progeny were .used in most
of the experiments. In:cell transfer experiments, however, nude ﬁice
which served as-géll recipients were congenic hith BALB/é donor mice
(crdssedéintercréssed;véenération 9).

BALB/c, normal littermates of nude mice and CFW mice wére used as
maintenance hosts for the mouse adapted stain of N. brasiliensis.
In wérm transfer étudies, rats of the Lewis stréin, nude mice and their
normal littermates served as donors of adult worms whilé rats of the
Lewis:or.Sprague Dawley strains, nude mice and their normal Iitte;-
mates were used as‘reéipients of worms.

All animals were mainta%ned on autoclaved 5010C.Purina Mouse Chow
and aéidified—chlorinated water. Bed@ing was routinely éteriliéed be-
fore use. No medication was administered to experimenﬁal mice except

in some worm transfer procedures as .outlined below.
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.Parasites

The‘mouée—adapted strain of N. ﬁrésiliensis used in tﬁese studies
-was obtained from Dr. R.B. Wescott, Washington State Uﬁiversity, Puilman,
WA. This strain was originally derived from rats and has been passaged
serially thréugh over 400 worm generations in mice (56, 57 and R.B;
Wescott, personal communications). In our laboratory, this strain:
has been maintained by subcutaneous_inoculation'of normal lit£ermates
of nude miée, BALB/c; or-CFW source mice with infecti&e larvae approx-
imately on a weekiy,schedule,accordiné\to'tebhniques previbusly.de-
scribed (56).

Fecal material was obtained frqm source mice on days 6 and 7 post-—
larval-inoculation (PLI). The feces containing worm eggs was mixed
with moist granular animal bone charcoal (VWR Scientific, Sah fréncisco,
CA.) at.a V/Q ratio of about 1 to 4 and incubated at room temperatﬁre
(25 - 27 C) for 5 days or more before use of the resultant infecﬁive

larvae (IL).

Fecal Examinations
The modified McMaster technique of Whitlock (65) was further
altered for use in estimating the ﬁumber.of worm eggs per gram of feces
(EPG) . One gram of fecal material was comminuted in 30 cc of saturated
NaCl solution (sp. gr.&r 1.20). An aliquot of this suspension was

rapidly transferred to a fecal egg counting chaﬁber'(Cutler—Haﬁer-
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Lockhart Laboratories, Shawnee Mission, KS.). Counts of eggs- from both -
grids of the chamber were averaged and corrected by a dilution factor

of 200 to arrive at the EPG count.

Adult Worm Transfers

Although tr%nsfer of adult worms from donor to recipient rats
via laparotomy has-been accomplished repeatedly by others (16), the
technique required modification for use in mice. Adult worms were
harvested from donor rats {pre%iously infected with 3 or 5.x 103 IiL)
or mice (previously infected with 0.5 or 1 x 103 IL) according to the
technique described by Ogilvie and Hockley (26). They were counted
under a dissecting microscope and allotted to aiiquots of 300 worms
each. A 3 mm Qentro—medial incision just caudal to the xiphoid process
of the sternum was made in mice anesthetized with sodium»pentobarbitai
(66). The stomach and proximal portion of the duodéﬁum were ex—.
teriorized and a pﬁrse—string suture of 6-0 silk was placed in the
serosa of the greater curvature of the stomach about 3 mm from the
pylorus. A puncture was made into the lumen of the stomach within
the 4 mm? area circumscribed by’fhe purse-string suture. A Paséeur
pipette containing approximately 300 adult worms was introduced through
thg opening in thé stomach wall, on through the‘pylorus and foi a
distance of 1-2 cm into the duodenum where the worms were deéositeé(

After withdrawal of the pipette, the purse—string suture was drawn
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" and tied, thus closing the opening into the stomach. Attempts to in-
troduce the worms directl? into the lumén of the intestine generally
resulted in peritonitis and death of the mouse due to .failure of the
suturing pfocedﬁre in the fragile duodenal mucosa. In somé—experiments
l;parotomized mice were given 5000 uniés of penicillin and 5000 nug
streptomycin intraperitoneally (Grand Island Biological Co., Grand
Island, N.Y.) on each of 3 conseéutive days beginning on the day of

surgery.

Imhunosﬁppressive Treatment

In order to produqe mice deficiéntlin humoral immunoglobulin pro-
duction potential, a portion of each of several'litters 6f BALB/c mice
was injected intraperitoneally with rabbit anti-mouse IgM heavy ghain
(anti-u) serum. The remaining littermates were‘a;lotted tb groups
similarly injected either.with normal rabbit serum (NRS) or phoéphate
buffered saline. Mice recéived injections on the day of birth (0.05.
ml/mouse) and every second day thereafter (to a maximum individual dose
of 0.15 ml at any given injection) until termination of the experiment.
The an£i—u_serum was produced and provided by Dr. D.D. Manning,
University of WisConsiﬁ Medical Schoo;, Madisoﬁ, WI. The technigue
for anti-p serum production has been'described elsewhere (67,68) and

its‘effects reviewed (69).
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Thymus Gland and Thymus Cell Transfer
In experiments aesigned to impért thymus function capability to

nude mice, thymus élands or dispersed thymus cells were given to sﬁch.
micé.. Neonatal BALB/c mice served as donors of:thymus glands which
were implanted surgical;y in the subcutaneoﬁs.tiséues of the axiliary
régioﬁ of congenic 4-week-old nude mouse recipients. Dispersed thymus
cells were obtaiped ffom thymus’glands of 27Week—old donof mice by
mincing the glands over 80-mesh screens in chilled phosphate buffered
saline iﬁ 1% normal moﬁse.serum. The cells were enumerated and assayed
for viability by a trypan blue exclusion test (70); subsequently, 1..25°

5 . .

x 107 to 1.34 x 108 viable cells were inoculated intravenously into

each recipient mouse.

Immunization
Mice subjected to immunosuppressive (anti-u) treatments and in-

fected with N. brasiliensis, or infected nude mice given thymus cells

"or thymus élands were immunized by intraperitoneal injections of sheep

erythrocytes (SE). From 5 x 108 to 7.2 x 108 SE were given either to
nude mice and their NILM controls as a single injection 5 days prior to
necropsy, or to anti-u suppressed mice and their controls on days 16,

10 and 6 prior to necropsy.
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Antibody Assays

Mice were tested for their antibody response to SE by a slide

- modification of the hemolysis-in-gel (Jerne Plaque).techniqﬁe (71).

_Assays for both direct (IgM) and indirect (IgG) plaque formation were

conducted in the immunosuppressive treatment experiments, whereas only
direct plaque formation was determined in all other experiments. Rapbit
anti~ﬁouse immunoglobulin was used to facilitaée indirect plaque for-
mation; Counts of indirect plaques were,recdrded as the difference
between the number of direct and facilitated plaques.

Serum from anti-u-treéted mice and their éontrols was tested for
the presence of cla;s-specific IgM, IgGy, IgGy; apd Iga ﬁsing mono-
specific antisera.‘ In addition, antibody titérs against NRS and re-
sidual anti-u ievelé were determined. All assays were done semi-
quantitatively by the serial dilution Ouchferloqy gel diffusion
technique of Arnason et al. (72). These tests were conducted, as
part of a collaborative study, by Dr. D.D. Mannihglat the University

of Wisconsin Medical School, Madison, WI.

Cellular Immunological Assay
To determine'if cell-mediated immune competence had been generated
in nude mice given BALB/c thymus glands or thymus cells, nude mice and
their BALB/c controls were graftéd with CBA skin allografts. Tﬁe

technique used was that of Billingham (73). cGraft rejection time was




~13-
calculated as the number of days post-grafting at which the skin graft

was 1ds£.

Necropsy Procedures

For recovery of N. brasiliensis-from‘mice, the entire small in-
testine was excised from euthanatized animals. The inéesta were flushed
from the in£act intestiﬁe with.tap water under pressure; The resultant
material containing the worms was then washed over a 200-mesh -screehn
to remove soluble and fine particulate debris. The worms, retained on
the screen, were backwashed into petri dishes‘and éounted under a
dissecting microscope. The intestiﬁal tissue Qas preésed'between glass
plates and examined microscopically for the presence of adherent wofms

not recovered by the flushing procedure. In most experiments, male

and'female worms were enumerated separately.

Histopathology

Adult N. brasiliensis obtained from rats and mice on various days
post-larval-inoculation were examingd histélogically for alteration of
worm intestinal cell morphology. Worms were harvested from the ex-
cised small intestine of rats or mice by baermannization in warm PSS.
The worms were promptly transferred to Carnoy's fixative and stored in
70% alcohol. To.facilitate manipulation of ‘the warms during preparation
for sectioning, they were placed into a 1% agar matrix. The worms were

sectioned at 6 microns and stained in hematoxylin-eosin.




RESULTS

N. brasiliensis Infection-in Congenitally
Athymic (nude) and Normal Mice

The initial experiments were designed to determine the kinetics
of infection in the nﬁde mouse~N. brasiliensis host-parasite system.
In the first experiment, 7 seven-week-old nude mice on a BALB/c genetic
background and 7 NLM each were inoculated subcutaneously wifh 300
infective larvaé'of N..braéiliensis. Group fecal worm egg counts
were initiated on day‘7 (161 hours) post*lérval—inoculation (PLI)
and thereafter were continued on virtually a daily schedule until the
last nude mouse died on day 51 PLI. Thg rééults (Figure 1) revealed
that fecal worm egg coﬁnts for the nude mouse gréup reméinedlat high
levels throughout the experiment and averaged 10,760 + 488 (standard
error) eggs per gram of feces (EPG). The NLM group, however, ghowed
. a peak EPG count at the first fecal examination on day 7 PLI;. There-
after, NLM egg counts d?opped rapidly and fluctuated below 1000 EPG
until day 31 of the experiment when £hey became negative. |

‘Individual nude.mice died and eqﬁal numbers of NLM were sacrificed
at intervals between days 17 and 52 PLI (Figure 1). At necropsy; the
mean number. of adult N. brasiliensis recovered from nude mice was
45 + 7. In_m;rked contrast, only 3 of 7 NLM were'positive at necropsy
for N. brasiliensis and only one worm was rgco&ered from each of the

positive NLM mice.
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Because the prepatent period was not determined in the first
-experiment, the_work was repeated and fecal examinations wére'initiated
on day'4 (100 houréﬁ PLI instead of-day 7. Five nude and ‘5 NLM mice
each were inoculated with 300 infective larvae (IL) of N. brasiliensis.
Worm eggs were first deﬁected in the feces of both nude and NLM on day
6 PLI (Figure 2). As in the first experiment, worms in the nude mouse
group maintained a high level of egg production for the duration of the
experiment:. The average of all positive EPGIcounts'for ‘the nude mouse
gfoup during.a 49 day observation period was 19,930 + 1150. In con-
trast, EPG counts for NLM reached a maximum of 9800 on .day 7 PLI and
.dropped to O on day 11. All subsequent NLM fecal examinations remained
negative for N. brasiliensis ova. The average EPG count during patency
“of NLM was 5270 1_1803.. Tﬂe mean worm burden in nude mice was 61 +
12.9. No Qorms were found in any of the NLM mice. |
A similar experiment was then conducted to determine whether nudé

mice derived from a line crossed onto the outbred CFW stain would re-
spond to N. brasiliensis in a manner similar to nude mice on a BALB/c
genetic background. Thus, 5 six-week-éld CFW-nude mice and 5 of their
NLM weré inoculated with 300‘IL and fecal worm egg counts were made
according to the protocol outlined for the preceding exéeriments.

Over a 50 day observation period, the profile of daily EPG counts
paralleled that observed in the two experiments described above, i.e.,

CFW nude mice remained infected while their NIM eliminated their worm
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burdens by about day 11 PLI. Therefore, the lack of worm expulsion
capability is épparently attributabie to the thymus~-deficient nature
of nude mice rather than the genetic béckground into wﬁich tﬁe nude

trait is placed; at least with respect to the BALB/c and CFW stains.
Generation of Worm Expulsion Potential in Nude Mice

Nude mice have abnormalities in addition to thymus deficiency
(74, 75). As a prerequisite éo studies aimed at defining host imﬁune
factors required to élicit worm elimination, it was, tﬁerefore, nec—
essary to e#amine N. brasiliensis infections in nude mice with thymus
competence. In a pilot study five 6-month-e@ld nude mice,preﬁiously
éiven either thymus glanas or thymus cells and proven thymus com-
petent baséed on.skin allograft rejection capability, each were in;
oculated with 300 IL of N. brasiliensis. Because no littermates.of
these mice were available, age matched BALB/c control mice were
similarly inoculated. The worms in both groups of mice had a prepatent
period of 6 days and apparently were eliminated from all mice within
about 13 days PLI as determined by worm egg production (Figure 3).
Because the data suggested that nude mice with thymus competence were
capable of worm expulsion, three additiénal experiments were conducted

to assess the vélidity of this observation.
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In the first of these éxperiments, mice 4-6 weeks of age were
randomized and placed into 3 experimental groups. Six pude mice
each weré,given an intravenous (i.v.) inocuiation of 1.59 x 108
thymus cells (TC) obtained from 2-week=old BALB/c donSr mice.
Appro#imately six hours later, these ﬁice, 7 nude littermates and
8 NLM each were inoculated with 300 infective larvae of N. brasiliensis.
Mice in all groups became'patent on day 6 PLI. The NLM rapidly
eliminated their worms whereas the untreated nude mouse éroup re-
mained infected for the duration of the experiment (Figure 4). The
precipitous fall in EPG counts which generalif appears between 7 and
10 days of an NLM infection did not occur in TC nude mice until. be-
tween days 19 and 24 PLI. Thereafter, the TC nude group egg counts
fluctuated between 500.and 2250 EPG until day 47 PLI when they be-
came negative. This fluctuation in EPG counts was subsequently
clarified upon necropsy of TC nude No. 4 which died'on'day 47 of the
experiment. This mouse: experienced the wasting sYpdrome.characteristic
of untreated nude mice and at necropsy, 37 adult N. brasiliensis were
recovered. Furthermore the negative EPG count of the TC nude group on
day 47 PLI was based on feces from mice exclusive of TC nude No. 4
feces. Collectively, these data suggest that this mouse was probably
responsible for the long duration of positive EPG counts in the TC

"nude group and because it wasted, was probably thymus incompetent.
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TC nude mouse No. 6 was accidentally killed by an anesthetic over-
dose during skin grafting.(see below) on day 41 PLI. 1In contrast to
TC nude No. 4, this mouse was negative for N. brasiliensis at necropsy.

In order to assess thymic function in TC nude mice; the response
to allografts of CBA skin was determinedrfor 4 TC.ngde mice (TC ﬁude
mice Nos. 4 and 6 haé died - see above), the 4 surviving nude mice and
3 of the NLM. Allograft rejection'timé averaged 14 and 13 days fér
all TC nude and NLM mice, respecti?ely. None of tﬁe untreated nude
mice rejected their skin.grafts.

In addition to the 2 TC nude mice previously described, necropsy
data are available for only 5 of 6 nude mice. These mice which died
between days 34 and 81 of the experiment had an average of 31 + 4.3
worms. Although the NLM and TC nude mice were not hecropsiéd, the egg
count dgta for these groups on days 52 and 55 suggested that these mice
were negative for N. brasiliensis upon termination of the exﬁeriment.

Because a lag period occurs between inoculation of T cells and
establishment of T cell populations in peripheral lymphatic tissues of
nude mice, we hypothesized that the interval between larval inoculation
and worm elimination would be reduced if T cells were administefed to
nude mice prior to inoculation with N. brasiliensis. Thus, the ex-
periment was repeated. In addition to nude mice which received‘T
cells on day O, another group of nude mice recéived T cells 3 weeks

prior to larval inoculation. The design of this experiment is




23
outlined in Table I. The results indicated that indeed the interval
between larval inoculation and worm elimination was reduced in nude e
mice given T cells 3 weeks prior to infection (Figure 5).

It is interesting to note that nude mouse No. 8 was experiencing
the wasting syndrome ae early as aay 11 PLI even though it had received
T cells about 4% weeks prior to that'eime. Thie mouse died on day 15
PLI and was heavily infected with N. brasiliensis (Table I). Like-
wise, mice Nos.'13 and 15 from group II had not eliﬁinated their worms
at the time they died (24 and 50'da§e, respectively,‘after T cell ad-
ministration). fhe lack of worm expulsion capability may indicafe a
concurrent lack of thymus eompetence. In marked contrast, all TC nude
mice which survived until ﬁermination of the experiment had greatly‘
reduced worm counts and clearly had developed Ehymus competence as
deterﬁined by their skin alloéraft rejection eepabilitf and plague
forming cell responses to SE (Table I). Collectively, data from these
two-experiments indicated'that generation owaorm expulsion potential
may be accomplished in nude mice which have been inoculated intra-
venously with dispersed thymus cells.

Because some of the nude mice given thymus cells i.v. in the
preeeding two experiments apparently failed to develop thfmus function,
we postulated thaﬁ thymus gland implantation may'be a more efficient
means of generating thymus competence in nude mice. Accordingly, ©

nude mice were given thymus gland implants {TG nude mice) 30 days prior
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Table I. Generation of worm expulsion potential .in congenltally
athymic (nude) mi¢ce injected with thymus cells.

Day PLI No, N.
of death brasiliensis Graft
Mouse® or recovered at rejection PFC/e
Group No. sacrifice - necropsy ' time (days) 106
I Nude mice; 1 6l 0 16 -193
T-cells 2 61 0’ 16 22
given day 3 6l 0 16 5
~21 or -22% 4 6l il 14 138
6 61 0 15 138
7 61 0 14 84
8 15 129 M.D. - M.p.7
° 20 0. M.D. M.D.
II Nude mice; 11 61 2 15 . 104
T-cells .12 61 0 15 : 83
given day O <13 24 130 M.D. M.D.
14 . 60 2 15 : 338
15 50 103 M.D. M.D.
, : £ =
IIT Nude mice- 16 51 103 N.R. M.D.
17 59 3. N.R. M.D.
18 44 98 M.D. M.D.
19 58 : 47 " N.R. M.D.
20 34 ‘ 118 M.D. M.D.
IV NLM 21 61 0 14 335
22 61 0 14 237
23 61 (0} 14. 504
24 61 0 14 150

2 1.25 x 108 viable T-cells inoculated into each mouse i.v.

b 1.34 x 108 viable T-cells inoculated ‘into each mouse i.v. ]
All mice inoculated with 300 infective larvae of N. brasiliensis on
day O.

All surviving mice given CBA skin allografts on day 41 PLI.

All surviving mice inoculated with sheep erythrocytes (SE) on day 56
PLI and assayed for anti-SE responses on day 61 PLI.

N.R. - skin allograft not rejected. :

M.D. - mouse died prior to assay.
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to larval inoculation (Table II). These mice, 5 nude mice and 5
NLM all were inoculated with 300 infectivé larvae of N. brasilieﬁsis
on day O. The results of daily EPG counts (Figure 6) indicated that
NLM rejécted their worm burdens by about da? 9 PLI and infections in
nude mice persisted until termination of the experiment. The TG nude
mice did show a preéipitous fall in EPG counts similar to that of NLM
with_the exception éhat the phenomenon was delayed by about 5-6 dafs.

At necropsy, an average_of l.7_i;1.2 worms was recé&éred from TG
nude ﬁice as compared with a burden of 69_i_24 worms from nude mice.
No worms were found in any ﬁLM. To confirm generation of thymic
function in TG nudes, skin aliografts were made on all mice on da& 15.
Five days after grafting, healing in was accomélishéd in all mice.
The grafts of NLM and TG nudes had become induraﬁed and inflamed by
day lQ post-grafting and by days 12-13 rejection was éomplete. At no
time did‘grafts on nudé mice show signs 6f rejection and the grafts
remained healthy for the lifetime of the’recipient. Oﬁ day 28 PLI,
all of the mice were injected with SE. On day 33, the plaque forming. .
cell (PFC) responsé of nude mice and NLM was 34 + 12 and 517 + 139
PFC/106 spleen cells, respectively. Thymus—implanted nude mice re-
sponded with 280 + 157 PFC/106 spleen cells.

These data, coupled with those of the TC nude mouse expgriments,

present direct evidence that 1) nude mice are incapable of expelling
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Table II. Generation of worm expulsion potential in congenitally
athymic (nude) mice given thymus gland implants

No. worms

Mouse recovered Graft rejection
Group No.® at necropsy® timed PFC/106¢
I T-gland@ 1 0 12 213
nude mice 2 1 12 401
3 0 12 225
4 1 13 138
5 0 r.F. T 163
6 0 13 538
II Nude mice 7 83 N.R. Y 66
S 8 157 N.R. 0
9 49 N.R. 38
10 29 N.R. 48
11 28 N.R 16
IIT IM 12 0 12 383
13 0 13 ‘ 910
14 0 12 168
15 0 13 498
16 0 12 ‘ 276
2 Given thymus gland implants: subcutaneously 30 days prior to larval
-inoculation. )
b All mice inoculated with 300 infective larvae of N. brasiliensis on
day O. )
© Mice necropsied on day 33 PLI.
d All mice skin grafted on day 15 PLI.
; All mice given 0.2 ml of a 20% suspension of SE on day 28 PLI
Technical failure.
9 N.R. - skin graft not rejected.
h Not included in determination of mean PFC response. Probably a low

response because of improper inoculation of SE antigen.
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N. brasiliensis, at least for more than 50 days PLI, and 2) worm
expulsion is é thymus dépendent pheﬁomenon;
Thymus Dependence of the Effector Step in
’ ‘Expulsion of N. brasiliensis

With establishmént of the thymus dependence of N. brasiliensis
expulsion from mice, we then proceeded to determine'whether the pro;
ﬁoséd inductive step (éntibody—mediated worm damage), the effector
step (worm elimination) or both reguire thymus function for éheir
elicitation in mice. It has been shown by others (26) that adult
worms in rats are not damaged either histologically or functionally
by 6-9 days PLI; such worms are called "normal". By days.lo—l4 PLI,
however} both étructural and functional worm damage is ;pparent (26) .
Functional damage~has been detected by measuring comparative worm ex-
pulsion times following transfer of.adult normal or damaged worms via
laparotomy into.normal recipient rats. Damaged adult worms are
elimiﬁated by about day 5-6‘while normal worms are not expelled until
day 9-11 after transfer (47). The technique of adult .worm transfer
via laparotomy was thus used to determine the fhymus dependence of
the effector step in worm elimination. Adult N. brasiliensis were
hafvested from Lewis rats which had been inoculated with 3 x 103 or
5 x 103 IL 14 or 15 days previously. Three hundred of these worms

were transferred into the duodenum of each of 8 nude and 8 NLM~
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recipient mice. Beginning on the day after worm transfer, daily EPG
counts were made. for each group.

Results indicatgd (Figure 7) £hat NLM rapidly elimiﬁated their
worm burdens while nude mice were incapable of expelling thgir ﬁorms
over either a 30 or 42 day observation period. Four NLM were sacri-
ficed on days 15 ana 42 post-worm~transfer. All but 1 NLM were nega-
tive for N. brasiliensis at necropsy. The positivé NLM, from thé group
sacrificed on day 15, harbored 5 worms. 1In coqt;ast, nude mice which
died at various intervals following worm transfer (Figure 7) had an
average worm burden of 190 + 29.6. These results appear to suggest
that the effector of worm expulsion is thymus dependent. Such a con-
clusion rests on the assumption that 13 or l4-day rat wérms were damaged
prior to transfer into NLM and that the NLM expulsion of normal WOrms
(both inductive and effector steps required) is distinguishable from
NLM expulsion of damaééd worns (effector step only required). If ex-
pulsion of damaged and normal worms from NLM controls is not distinguish-
able, then one cannot.clearly ascertain which step (inductive or
effector) is thymus depeﬁdent in the previous experiment (Figure 7).
Therefore, 7-day (normal) and 13 or 1l4-day (damaged) rat worms were
transferred into NLM and their expulsion fimes deterﬁined.

Based on fecal egg counts (Figure 8), 13 or l4-day rat worms were

rapidly expelled from NLM while expulsion of 7-day rat worms from NLM
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was delayed for about 3 days. Furthermore, histological sections of
13 or 1l4-day rat worms confirmed the conclusion of others (26) that
such worms have vacudiated intestinal cells and are definitely damaged.
Collectively, these data support the conclusion of others that the
efféctor step in thé N. brasiliensis expulsion'pfocess.is a thymus
dependent phenomenon.

~ Thymus Dependence of the Inductive

Step in- Expulsion of N. brasiliensis

Included in‘the criteria used to define a damaged worm populatioﬁ

are: a) redﬁction in reproductive capacity,‘b) reestablishment and
: kineticé of elimination when transferred into a normal host (8), and
¢) structural changes in the cellular morphology of individual WOYTS
(26). The thymus dependence of the worm aémaging process'(inductive‘
step) has not been estéblished and, therefore, was thé basis for the
following series of experiments.

a) - Reduction in Reproductivé Capacity. Figures 1, 2, 4-8 present

evidence £hat N. brasiliensis in nude mice maintain a high level of egg
production virtﬁally for the lifetime of fhe host. A more direct.
ﬁéasure of w&fm réproductive capacity is a determination of the number
of eggs in the uteri of individual feméle worms (eggs/female; EPF).
Thus, the EPF was determined for a total of 597 worms derived from nude

mice, their NLM or Lewis rats which had been infected for varying

L
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lengths of tiﬁe with ﬁ. brasiliensis. The data (Table III) indicate
that worms derived from nude mice infected for 17 to 81 days had an
average EPf of 34.45 1 1.13 which was not signifiééntly different
(P>0.01) than that of nude mice infected for 7 -to 12 days (EPF‘of
31.54 + 0.99). Furthermore, worms, obtained from nudes, regardless
of duration of infection, had an average‘ﬁPF which Qés not significantly
different (P % 0.05) from that of "normal" worms derived from a 7 or
8-day infection of -rats (EPF of 31.93 + 0.43).

Conversely, female worms obtained frqm a l4-day infection of
rats (EPF of 7.34 + 0.48) or a 9~day inféction of NLM (EPF of 14.93 +
0.56) had a highly significant reduction in EPF compared with worms
derived from nude mice (P< 0.0l1). These data clearly indicate that
nude mice are incapable of causing worin -damage as determined by the
criterion of worm egg production capaéity.

b) Worm Reestablishment and Kinetics gg_Expuléion Following

Transfer into a Normal Host. Differential rates of expulsion of adult

worm infections have been used to determine if worms are normal or
damaged. Rats which are recipients of normal adult worms expel them by
about day 10-11 after transfer. Conversely, rats given damaged adult
worms expel their worm.burdens within about 6 days of worm transfer (47?.
In a series oﬁ 8 experiments the technique of adult worm transfer was
used to determine whether the inductive step in worm expulsion is thymus

dependent. In all but one of these experiments worms were derived from
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Table ITII. An analysis of the number of eggs per female N.
brasiliensis as a function of duration of infection.
Duration of No.
infection worms Avg. . T—

Group (days) examined EPF S.E.€ Max.-Min, Statistic

Nude 17-81 - 97 34,45%  1.13 68-15 30.46
mice ' ‘

Nude 7-12 50 31.54%  0.99 47-22 31.86
mice

Normal 6 100 23.21b 0.73 51-6 15.95
- litter—~
mates

Normal JR: 100 22.01%  0.55 53-13 41.97
litter- ' ’
mates

Normal 9 100 14.93° 0.56 32-1 26.70
litter-
mates

Lewis rats 7-8 150 31.93%  0.43 46-21 73.97

. d
Lewis rats 14 100 7.43 0.48 33-0 15.31

a,b,c,d

Duncan's multiple range test (Reference 21). Any two means

not having the same letter superscript are significantly

e

different (P<€ 0.01).
Standard error of the mean.
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normal donor mice on day 6 or day 8 PLI according to a protocol es;'
tablished using rat strain N. brasiliensis in mice (55). In all cases,
worms transferred from normal to nude mice, regardless of duration
of infection in donor mice, were not expelled_from recipient nude
mice. : ’

In order to establish more firmly that nude miée are unable
to genera#ef the inductive step, it was necessary to éhow the induc-
tive step does‘not take place by day‘6 PLT in donor mice, thus ren-
dgring the wormg damaged prior to transfer. Although the experiment
was attempted repeatedly, our data indicate'thét no difference waslde—
tectable in time of worm expulsion following transfer of either 6 or 8-
day worms into NILM or rats. Therefore, we elected td transfer 9-day :
mouse worms into rats to compare their time of expulsion with 6-day
normal mouse worms or l1l5-day nude mouse worms. Based on fécal egg
counts, (Figure 9) there was a 1-3 day feduction in expulsion timé in
recipiénts of 9-day versus 6~-day worms derived from normal mice.
Although the rats receiving nude mouse worms did not expel their worms
for an extended period (Figure 9) their EPG counts are not strictly
comparable with those of the other groups of mice due to differences in
thé number of wofms transferred. At bést, the data are merely sugges-
tive that theAinductive-step can be differentiated from the effector
steé by the teéhnique of adult mouse worm transfer into rats. Clearly,

further studies are needed to'clarify this point.
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In all cases, mouse worms were transferred via laparotomy into rats on

day-0.
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¢. Structural Changes in Cellular Morphology of Worms. 1In
transverse sections of N. brasiliensis, a varying worphology of the
worm intestinal cells has been correlated with the different steps
in the worm-expulsion process (26). Briefly,.in light microscope
sections, intestinal cells of normal worms derived from 7-day rat in-
fections stain densely with hematoxyiin. Con&ersely, the intestinal
cells of damaged worms obtained from l4-day infections of rats are
markedly vacuolated. Studies using the electron microscope have re-
veaied that densély staihing ribosomes of normal worms are replaced
by large vacuoles containing material of low electron degsity (26) .-

If the inductive step of worm expulsion (worﬁ damaging process)
is thymus dépendent, it follows that nude mice should be incapable
of evoking worm damage. Accordingiy, N. brasiliensis adults were
collected from the intestines of NIM which had been iqfected for'
6 or 8 days, from nude mice infected 15 days, ana from Lewis rats
infected either 7 or 14 days. We observed that intestinal cells of

worms obtained from 7-day infections of rats were not vacuolated and

these were considered normal (Figure 10). In contrast, the dense stain-

ing intestinal cell cytoplasm of the 7-day rat worms was repléced by
large vacuoles in l4-day rat worms. In contrast, worms derived from
15-day infections of nude mice appeared as normal worms.

Slides of.eitﬁer 6 or 8-day NLM worms had some sections of worms

which appeared nearly normal with oﬁly slight cell vacuolation, and
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Figure 10.

Intestinal cell morphology of Nippostrongylus brasiliensis
obtained from infections of varying duration in mice or rats.
A) Normal Rat Worms (7-day infection); B) Damaged Rat Worms
(l4-day infection); C) Nude Mouse Worms (l5-day infection) ;
D) 6-day normal littermate mouse (NLM) worms (normal); E) 6-
day NLM worms (damaged); F) 8-day NLM worms (damaged). Arrow
indicates worm intestinal cell. All sections are 400X magni-

fication.
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other sections in which gut cells were severely vacuolated, regard-
less of worm age. No clear pattefn‘of-aamage emerged in 6 or 8 day
NLM worms.

Although the temporal sequence of the worm damaging process in
NLM remains uhclear, these data suppért fhe conc;ﬁsion that nude mice
are incapéble of inducing_worm damage, at least through 15 dayé of an
infection.

Effect of Immuanuppression by Heterologous Anti-p
Serum on N. brasiliensis Expulsion from Mice

It has been concluded by others (see review 47) that antibody is
required to el;cit worm damage and additionally, worm damage is the
first anq necessary prerequisite in ﬁhe sequence of steps leading to
worm expulsion. Without worm damage%Ano expulsion will occur (47). We
postulated, therefore, that ébrogation of antibody production potential.
would curtail N. brasiliensis expulsion from mice. Accordingly, indivi-
dual BALB/c mice from 5 litters were randomized among 3 experimental
groups. Each of 7 mice in the first group received intraperitoneal in-
jections of rabbit anti-mouse n chain antiserum (anti-n) on their day
of birth and every second day thereafter according to the following
schedule: days 0 (day of birth) and 2, 0.05 ml; day 4, 0.7 ml; day 6,
0.8 ml; days 10 through 20, 0.10 ml; days 22 through 2 days prior to

necropsy, 0.15 ml. Seven mice each received normal rabbit serum (NRS)
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and 8 mice each received prhosphate buffered saline (PBS) in equal
amounts and on the same schedule as outlined for enti-p'treated mice.
Mice in these groups, in addition to 6 untreated BAILB/c and 6 nude
mice, each were inoculated with 300 IL of N. brasiliensis on day 33
'of the experiment (because of varying birth éates, mice were 27-33
.days old on day 33 of.the experiment).

Based on daily group EPG counts, mice treated with NRSiof PBS.
and their untreated BALB/c controls eliminated their worm burdens as.
expected (Figure 11; egg counts of PBS-treeted mice not plotted). Sur-

.'prisingly,'mice treated‘with anti-u also expelled N. brasiliensis vir-
tually within the same time period as the controls. Nude mice, however,
remained infected throughout the experiment.

To determine the anamnestic responsi&eness of anti-p~treated

mice, all but the nude mice were given a challenge of 300 infective

N. brasiliensis larvae 17 days after the initial infection (Figure 11).

Nude mice had either died or were wastipg and thus were not challeﬁged.

Two additional coetrol groups, one consisting of 6 nude and the other

- comprised of 6 NLM, were infected with N. brasiliensis on the dey

challenge infections were given to NRS, PBS and anti-p mice. The lower

EPG counts following a second infection suggest that mice treated with

anti-u were .able to muster a secondary response to N. brasilieneis.
The immunoglobulin production potential of mice treated with

anti-j1, NRS or PBS and untreated BALB/c controls was déetermined by PFC




105:
ha
= v
A '\.
= \/.\ @,
” 0’.\0/ \.
104: = A #* Anti-u Mice
= § ® NRS Mice
@ * o
o 5 © BALB/c Mice (I)
0 — E
2 - J ® Nude Mice (I)
§ = *i o BALB/c Mice (II)
@ VNude Mice (II)
o 103-4 Q
= E B Composite of m%o
- o
- ]
- (o]
.
2
10 “_ * Challenge
= ;9 &
0 ‘i —xa--H-H [ | [ =l — = OB -OB
R S T R T [ R B B S L T T, e B T [ S R e A e e
5 10 15 20 25 30

Days Post-Larval-Inoculation

Figure 11. The effect of anti-u serum on expulsion of Nippostrongylus brasiliensis
from normal mice.
Anti-p Mice; treated with anti-u at birth and every second day thereafter.
All mice inoculated with 300 IL N. brasiliensis on day 0 (exclusive of group
II Mice) and challenged with 300 homologous IL on day 17 (all but Nude I mice).
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responses to SE and by determination qf class-specific Ig levels in
their serum.  The data (Table IV) indicate that anti-p-treated mice
were virtually incapable of responding to'SE. The low reséonse of
mice treated with NRS‘was probably due to antigenic competition be-
tween the massive amount of NRS and SE.

Analysis of Ig levels revealed that Ig ptoduction'potential was
virtually asrogated in anti-p-treated mice (Table V). IgM was not

detectable in serum of anti-p~treated mice and IgGl, IgG2 and Iga

levels were in every case below control group levels. It is significant

that circulating anti-p was detectable in anti-p-treated mice, indi-
cating that sufficiept quantities of the immunosuppressant were ad;
ministered. | |

Because our supply of anti-p was exhausted, the éxperiment was
terminated prior to compiete elimination of the second infection of
N; brasiliensis.‘ Necropsy data indicated ﬁhat nude mouse control
group I kcontrol on initial infection) and nude mouse Eontrbl group
IT (control on challenge infection) ‘both remained infeéted during
the experimenf (average worm bur&ens = 77 + 14 and 100 + 24 worms,
rgspectivel&, for the two ‘groups). The anti-p mice, in contrast,
harbored oﬁly 8.4 + 2.6 woxrms. An average of 0.4 + 0.3 and 1.8 *+ 0.8
worms were recpvered from PBS and BALB/c control mice, respectively.
'No woims were found. in NRS controls.l Except for those feco%ered from

nude~mice, all worms including those recovered from éntirp treated
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Table Iv. “Effect of anti-p treatment on plaque forming cell (PFC)
responses of mice.*

No. Direct PFC Indirect PFC
Group Mice PFC/Spleen PFC/106 PFC/Spleen ~ PFC/106
. L xS . s ' '
Anti~n 6 50 ' 0.6 14 0.1
NRS 7 813 . 4.6 . 1,281 8
PBS 7 5,469 22 170,469 651
BALB/c : 8 5,417 22 221,875 937

* All mice infected with 300 IL of N. brasiliensis at 4 weeks of age

and injected with 0.2 ml of a 10% suspension of sheep erythrocytes
on days 16, 10 and 6 prior to necropsy.

Anti-n treatment initiated on day of birth and thereafter, every
second day until termination of the experiment.

k%
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Table V. Effect of anti-p antiserum on serum immunoglobulin levels

of BALB/c mice.

Mean Serum Level*"

Normal Phosphate
Anti-u Rabbit buffered Untreated
treated Serum saline BALB/c
mice Control’ control control
* Immunoglobulin
Detected
IgM 0 32 40 43
IgGy 139 1664 480 469
I9G, 28 192 128 192
IgA ‘ 6 16 12 16
Normal Rabbit 4 272 0 0
Serum
Free anti-p 5 - - -

* Numerical average of highest individual reciprocal serum dilutions

producing precipitin bands in Ouchterlony gel diffusion.
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animals, were stunted and malformed; only one of 24 female worms re-—
covéreé from anti-pu-treated mice had eggs.in‘its uterus.
Effegt of Passive Immunization of Nude Mice on Worms
Subsequently Transferred Into Rats

Because it appeared that abrogation of antibody éroduction po-
tential via anti-p treatment did not impair the ability of BALB/c mice
to expel N. brasiliensis (Figure il), we questioned whether immune
serum would have an effect on this parasite in mice. Thus, BALB/c or
normal littermates of nude mice each were inoculatéd with 900 IL and
exsanguinated on days 16, 17 or 18 PLI; the serum (hereafter designated
immune serum) was collected and stored at -20 C until use. After thaw-
ing and prior to'ipoculation into recipient miée, the serum was centri-
fuged a£ 7500 G for 25 minutes and subsequently passed througﬁ a milli-
pore filter of pore size 0.45 microns (Millipore Corp., Bedford, MA.).
Normal mouse serum (NMS) was obtained froﬁ BALB/c donors and treated
as outlined for immune serum.

On day -1 of the experiment, 12 nude mice each were inoculated
intraperitoneally (i.p;) with 2 ml immune serum; iikeWise, 11 addition-
al nude mice each received 2 ml NMS. On day 0; all serum~injected nudes
in addition to 5 untreated nude and 8 NLM control mice each were in-
oculated Qith 300 IL of N. brasiliensis. -On day 2 PLI, a second in-

jection of immune or normal mouse serum was given i.p. -to mice which
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on day -1 had received the same type of serum. The volume of this’
second serum dose was adjusted so -that individual mice received, in
the two injectioﬁs, a total of 5 ml of serum/20 gm body weight.

The results of daily fecal worm-ggg counts indicated that worms
became established in treated and control mice; all three groups of
nude mice maintained their infections and the NLM controls expelled
théir worms as expected., On day ;4 PLI, nude mice from the imﬁune
serum.and NMS groups were sacrificed énd their worms transferred via
laparotomy into ll-week-old Sprague Dawley'female rats. Each of 3
rats received 250 adult worms from the immune-serum—treated nude
mouse group; likewise, an additional 3 rats were given 250 worms de-
rived from NMS-treated nude mice. EPG counts of these two groups of
.rats were made for 6 consecutive days following worm transfer. Based
on the criteria of others (20), the antiseruﬁ was considered protective
only if there‘was a'significant reduétion in worm burden 6 days after
worms had been transferred into rats. Thus, all rats were sacrificed
late on'day'6 post-worm-transfer.

The group EPG and individual rat worm counts (Table VI)'indicated.
-that, indeed, worms derived from immuné-serum—treated nude mice were
eliminated more rapidly from their rat host than were worms derived

from NMS-treated nude mice.
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Table VI. Effect of passive immunization of nude mice on N.
brasiliensis.”*

Days post-adult- Recipient of Recipients of
worm-transfer ’ worms from worms from

from donor mice NMS-treated- immune-serum-

to rats nude mice treated nude mice

Daily EPG Counts of Recipient Rats

1 | 10,100 ‘ 10,025
2 | 15,800 . 12,950
_ 27,300 14,050
4 | 15,300 - 9,500
5 22,100 . 1,300

6 ' 14,300 : 200
Average Worm Burden

6 84 + 42.7*%* 25 + 9.3

*  Worms subjected to antiserum in nude mice were transferred on day

0 via laparotomy into ll-week-old Sprague Dawley rats.
One of 3 rats was negative for N. brasiliensis; remaining 2 rats
had worm burdens of 112 and 140, respectively.

* %
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DISCUSSION .

Our daté present direct evidence for the thymus dependency of
N. brgsiliensis expulsion from mice (Figures 1-6; Tables I and II).
Others (50) héve observed'that neonatal fhymectomy of rats delays worm
expulsion but only by several days.‘ Furthermoré, the results of num-
erous experiments (51) indicated that the fesponse of inqividual
neonatally thymectomized rats was extremely Vériab;e. Kelly (49)
found that N. brasiliensis in neonataliy thymectomized rats main-
tained a significantly higher level of egg production than did sham-
operated controls during a 26-day infection éeriod. Significantly,
howevei, thé EPG counts of thymectomized aﬁimals drépped about 33
fold aﬂd worm burdens were reduced during'the 20 déys of patency.
These studies indicated that worm expulsion was at least in part a
thymﬁs dependent éhenomenon. Iﬁ contrast, the inability of nude mice
in our studies to eliminate N. brasiliensis fo¥ at least 81 days and
the generation of worm‘expulsion pétential in thymus cell (Figures-
4 and 5; Table I) 6r thymus gland (Figure 6; fable II) treated nude
mice not only proved the thymus depepdency of the worm expulsion process
but also suggested the potential usefulness of the nude mouse for
immunohelminthological studies.

Based on the high degree of host.specificity attributable to a

majority of parasites, it is .probable'that the physiological.
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requirements for establishment and maintenence of a parasite species

in a host are very specific. Therefore, the use_of chemical or
physical immunosuppressant treatments, such as drugs or irradiation,
may alter host physiology to the extent thaf the normal habitation of
the parasite becomes untenable. For studies on mecﬁanisms 6f immunity
" to helminthic infectioﬁé, we have shown that nqde mice may offer an
excellent al;ernative for use in experimental designs requiring immuno-
suppressed hﬁsts.

It has been shown (26) that worm senescence.is not responsible for
changes in worms obtained from rats at the end of a primary infection
(26). TIn the nude mouse system, wé observed that worms maintained ip
healfhy‘nude mice for period§ in excess of 3 times the duration of NLM
infections were still apparently normal 5ased on morphological and
functional parameters (Table III; Figure 2). The changes that occur
in worms during an inféctién of mice are, therefore, dependent upon
thymus competence for their elicitation and are not attributable to.
Wworm senescence.

A phenomenon comméh to immunodeficient animals is a wasting process
which'ultimately resul£s in their death. Nude mice, not held under
germ ffee é? specific pathogen free conditions may exhibit tﬁis |
phenomenon as they age. Although no gquantitative -data are available
for assessment of which mice wasted in our experiments, it was observed_

that periodically some individuals infecfed.with N. brasiliensis
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had symptoms of wasting for extended'periods (2-4 weeks) prior to
déaﬁh.' Invariaply these mice had Qery low worm burdens compared with
 other healthy nude mice 'in the samé group. This observatioh‘sﬁggests'
that possibly, due to an altered physiology or a change.in intestinal
flora a;soci;ted with the nude mouse wasfing syndrome, the gut habitat
becomes unsuitable for worm maintenance. In support of this suggestion
it has been observed by others (53) that fewer adult‘worms were re-
covered from germ free rats compared_with'conventional controls.

The thymus is appérently hecessarf for develoément of immunity
to ali helminths studied so far (reviewed in 22). It has been demon-
strated that the effector step in expuision of N. brasiliensis from
rats is thymus dependent (33).l Our experiments confirm and e#tend
this_observation;:in mice the effector of N. brasiliensis elimination
is also thymus dependent.(Figures 7, and 8). There is no information
linking thymus dependency with the inductive (antibody mediated) step
of wprﬁ expulsion in the rat-N. brasiliensis system. Our work with
_nude mice, however, ‘suggests that the inductive (worm damaging) step
is indeed thymus dependent fTable III, Figures 9 & 10) but concludes
nothing about the requiremént for antibody in this gtep.

Obviously, the thyﬁus dependence of immunity to helminths does not
clarify the role of cell mediated or humoral factors in mechanisms of
helminth immunitf. In.the rat-N. brasiliensis system, a number of

studies (reviewed in 22) havéwihdicated that rats can be passively
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immunized with antisera from immune donors. There has, however, Been
a considerable amoﬁnt'of variation in the capacity of antiserum pools
to evoke worm expulsion.(20). In one study using 48 antiserum pools,
only 1 in 3 was protective (20). Furthermore,extremely large volumes
of ahtiserum'are requir;d to efféct a response in the rgcipient'rat..
Although worm damage (26, 27) observed in the inductife step of rat
worm expulsion has been attributed to antibody, an array‘of at leas£ 3
antibody classes, whiéh were predominant in v;rious antiserum pools,
have been idéntified-as protective (19).‘ The' variability in potency of
antiserum pools, thellarge amounts 6f antiserum required, the
variety of predominant antibody classes in various protective antiserum
pools and the lack of correlation between hyperimmunization of donors
and protectivity.of their antisera all defy satisfacfory explanations
relative £o the‘role'of antibody as the sole éffector in the worm
damaging process.' An equally pérpléxing observatiqn indicated that
via an immunofluorescence techniqué, huﬁoral antibody of the classes
IgG, IgM or IgA wére not deteétable in sections of adult N. brasiliensis
until days 10, 11 and 12 of mouse infections (21). Worm rejection
occurred during days 10-12 but IgG was not‘detectable in peripheral
circulation until.day 15 PLI. Finally, protective antibodf to N.
brasiliensis in rats can not be detected in the serum until aay 17

'PLI (;9) which is after the worms have been expelled. The data

generally have been'ihterpreted, however, that antibody is the factor
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in immune serum which evokes worm damage, a .process which must precede
worm expulsion (reviewed in 47)-.

We postulated that possibly factors in antiserum pools other
than antibody were responsible for the inductive step (worm daméging
step) in N. brésiliensig expulsion. Consequently, we employed the
powerful immﬁnosuppressant of mouse iﬁmunoglobulin.production (69)
heterologous.anti-heavy chain antiserum (anti~u) in an attempt to
determine if worm expulsion could be‘precluded by abrogating antibody.
production. | In anti-p-treated mice, although direct and indirect
plaque formihg cell responses to sheep erythrocytes were virtually '
abolished and immunoglobulip levels were well below control levels
(Tables IV and V), surprisingly, worms were expelled from these-
mice in a manner similar to control infections (Figﬁre‘ll). One might
argue that antibody production was only depressed in anti-p~treated
mice, thus allowing antibody-mediated worm damage to occur in spite
of anti-u treatment. If true, this"argument would be difficult to
reconéile with the variability intrinsic in passive ;ransfer studies,
especially with regard to 1) the amounts of antiserum required, 2) thé_
lack of potency of ﬁany antiserum pools, and 3) the lack of correlation
between hyperimmunization of serum donors and protectiVeness‘of their

serum.
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Because the results obtained in the anti-n exPefiment suggest
that mice eliminate N. brasiliensis by a mechanism which may not re-
quire antibody, we examined the éffect of passive immunization of nude
mice on the worms. Massive aﬁounts of homologous‘antiseruﬁ_wereAin—
jectgd into nude mice one day préceding'and 2 days after a larval in-
fection of N. brasiliensis. On day 14 PLI, adult worms weré traﬁs—
ferred into-recipient rats. According‘to criteria of others (20)
daily EPG counts'and worm burdens in fats on day 6 post-worm-transfer
(Table VI) indicated-the antiserumlwas protective. ‘Although limited,
our data suégést that a factor was breéent in antiéérum'which caused
worm damage resulting in an acceleratéd expulsion of damaged worms
from rgts. There is nothing in’thesé data to suggest whether antibody
or other serum factors canstitute tﬁg worm damaging factor. However,
if intexpreted in conjunction with the anti-p experiment, the data
suggest that the protective factor is present in antiserum but may
not be antibody.

The two-step mechanism of worm expulsion described for rats has
been difficult to define in mice infected with rat strain N.
brasiliensis. Ogilvie (54) concluded, by transélant of damaged rat
wofms into mice, that the second step of expulsion is not generated in
mice. In subsequent studies, Iove (55) indicated that cells‘and‘anti—
"serum do Eollaborate in two sequential steps in mice resulting in

worm expulsion. Using the mouse-adapted strain of N. brasiliensis,




55

we have repeatedly atteﬁpted, without success, to detect a differential
expulsion time in either mouse or rat recipients of 8-day or 6—éay mouse
WOYms (normél and damaged worms,.respectively, by criteria of Love; 55).
This apparent similarity in 6 and 8~day mouée worms was also reflected
in the reproduétive capacity and morphological charactefistiés of these
‘worms. No significant differénce was observed in the number of éggs/
female worm (EPF) when comparisons were‘madé betwee£ worms derived from
6 and 8~day infections of NLM mice (Table III). Ingerestiﬁgly, how-
ever, the EPF of worms derived from either 6 or 8-day NLM infections®
was significantly 16wer than the EPF of worms obtained from nude mice.
This observation suggests that thymus dependent host factors have a
detrimental effect on reproductive capacity of worms, as- early as the
first day of patency (day 6). In support of this éoncept, mofphological
damage to intestinal cells of N. brasiliensis was commoniy observed

in transverse sections of worms derived from 6~aay mouse infections
(Figure 10). Collectively, these data suggest that initiation of the
inductive step occurs several days earlier in mice than in rats and
thus, may be responsible for the more fapid expulsion of N. brasiliensis
from mice. ‘

The identity of thqus.dependent cell type(s) or cell products

* required in the expulsion of N. brasiliensis ﬁés not within thé scope
of the present study and will be the subject of future investigations.

Immunity has been conferred to heavily irradiated (750 rads) rats by
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adoptive trénsfer of sepsitized mesenteric lymph node cells and a
bome marrow—de;ived cellular component thought to be of myeloid origin
(3i, 47) . With currént knowledge, however, one can only speculate
about which thymus dependent cell types are required for deneration
of worm expulsion.” It is possible that helper T'cells are required
for induction of protective antibody pfquction. However, if antibody
is precluded as a requirement for effecting worm damage, possibly one
of the products elaborated from sensitized T cells is the inaucer of
worm damage or the effector of expulsion of p;eviously damaged'worms.

Eosinophilia is a hailmark of most parasitic infections; however,
its immunologic function remains obscure as does its role in immuno-
pathologic processes. ﬁith the devélopment of the technique for
production of anti-eosinophil serum.(7§), studies may now be conducted
on this cell type. Furthermore, with the mounting evidence (77,
78) of the thymus dependence of eosinophilia, the role of this enig-
matic cell type which accompanies N. brasiliensis infections (35)
warrants further investigation. |

Tﬂere are several recent studies on the temporal relationship of

mast cell infiltration into the lamina bropria of the intestine and
worm expulsion (reviewed in 38), énd on reaginic antibody production
in response to N. brasiliensis infections (51, 79). An attractive
hypotﬁesis states that reaginic antibody, producéd in response to

infec¢tions of N. brasiliensis, is recruited to the surface of an
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increasing number of mast cells, and react with worm allergen resulting
in degranulation of mast cells and subsequent release of amines into
the environment: of the wérm. The amines, according to the hypothesis,
are either difectly antagonistic to the worms or make the environment
of the worms unsﬁitable;fesulting in worm éxpulsion.' Because‘greatly
increased IgE produqtioh-and mast cell proliferation almost invaiiably
occur in response to N. brasiliensis (8), the possible rblé of each
in worm expulsioﬁ needs clarification. It has been shown that anti-

"serum devoid of passive‘cuténeous anaphylaxis activity can evdke worm
damage in recipient.;ats (19). Therefore, an ;xclusive role ofAIgE

' as a worm-damaging immunoglubulin.in the inductive step of the ex-

pulsion mechanism seemsiérecluded. However, its possible role as a

mediator of mast cell degranulation, under. the previously stated hy-

. pothesis, has not been excluded. Experiméntation has been hampered
by the.non-availability of anfi-IgE serum for use in eliminating IgE
responses in vivo. in preliminary studies, Manning and‘Reed.(unpub-
lished) have 6bservg§ that anti-p treatment of mice suppresses their
IgE production capabilify. If confirmed, this observafion coupled
with our studies on anti-ﬁ suppression,would suggest that IgE is

_precluded as a requirement for expulsion of N. brasiliensis from mice.

In conclusion, the data gatherea in this study have indicated
that both the inductive and effector step of worm expulsion in

mice are thymus dependent. We have also seen thét interpretation of
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data is ﬁade less difficult when using the nude mouse host because of
its complete inability to muster a protective immune response against
the parasites. Our stﬁdies with anti-p serum may have raised more
questions than they‘have answered; However, they do provide the baéis
for a plausible hypothesis which may assist in clérifying the aétual
role of antibody in the worm expulsion process.

Because of its defect in immune capacity, the nude mouse haé
provided a valuable tool for usé in the pursuit of an understanding
of-the host immune response (or lack of it) to parasitic infections.
Possibly only through use of.such unique model systems will we be
able to determine.the basis of immunoprophylaxis against parasitic

infections.
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