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SECTION I

INTRODUCTION AND REVIEW OF LITERATURE

Clascification of the hookworms

The hookworms, originally so described on account of a dorgad flexion
of their anterior end, are parasites of nmammals boing most frequent in
primates, carnivores and ungulates with a feur species iu other proups
including two agquatic mammals, With few oxceptions, hookworms are
equatorial, tropical or sub~tropileal in thelr natural distribution, this
dlstribution being determined primacily by the temperature vequirvements for
developuent of their free-~living stages. As with most zoological
classifications there has beon congiderable discussion ovey specific
nomenclature (Loose, 1911; Lane, 1916, 1917; Blocca & Le Roux, 1957;
Rep, 1963, 1966) and frequent changes have been proposed in theo specific
nanes, avrengement and groupings of the species. A vecent veview (Rep,
1963) proposed that the family Ancylostomidae comprised two sub-families
Ancylostominae and Bunostominae. The presence of a welledevaloped huccal
cavity armed with either teeth and/or cutting plates and the posscession of
a well-~developed muscular cesophagus characterises these woimas,

All four hookworms of dogs, Ancylostoma caninum (Evcolani, 1839),
Ancylostoma byaziliense (De Farla, 1910), Ancylostoma ceylanicum (Looss,




1911) and Uncinaria stecocephala (Railliet, 1884) have been clasaified in the

Ancylostominae (Rep, 1963). The morphological details of these four hookworms
and their host lists are described in most of the standard text books (Yorke

& Maplestone, 1926; Monnig, 1947; Cameron, 1951; Chandler, 19533; Lapage,
1956; Faust & Russell, 1964; Soulshy, 1965) and in the originsl descriptions
and subsequent descriptive publications (Lane, 1916, 1917; Bioceca, 1951;
Biocca & Le Roux, 1957; Rep, 1963, 1964).

Significance of the hookworms

Hookworm disease, affecting man (Stoll, 1962) and his dog is onec of the
major scourges of the humid tropical and subwtropical areas of the world
(Erhardt & Schulze, 19613 Faust & Russell, 1964; Soulsby, 1963),

In the dog the 3 specles, A, caninum, A, brazilionge and U. stenocephala,

have usually been considered and discussed together withoui differentiating
their relative pathogencais (Monnig, 1947; Hateh, 1961; Soulsby, 1965;
Bailey ot al., 1968); differentiation has been made only on the matter of
geographical distribution. The pathogencais of all 3 gpecles in dogs have
woually been considered to be the pmee, although this hes vecently been
disproven in that the most pathogenic species 1a A, caninum (Miller, 1968).
This is also the most widely distributed specics (Bailey gt al., 1968).

A, braziliense is also widely distributed in doga and cats in tropical areas,

but with its relatively low incidence of fnfection and dlscontinuous distribution




(Rep, 1963; DBeaver, 1966) and low pathogenieity to dogs (Miller, 1966) it

is of velatively ninor importance. U. atenocephala, the fox or European

dog hookworm, has a very different geographical distribution, being found
in temporate areas to the novih and south of the troplcal hookwerm helt

(Soulshy, 1965; Dailley ot al., 1963), and like A, hrasilicnse is of velatively

minor pathogenic significance to doge compared with A. caminem (Millex, 1968).

The important speecles afﬁemtiﬂg man are Ancylostoms duodenale (Dubind,

1843) and Hecator amevicenus {(Stiles, 1902), smuekimes tewmed respectively

the "old" and ‘new" world hookworms, althongh both species are widely dige
tributed and in nany tropical aveas mixed infections awe relatively common

(Faust: & Russell, 1964). A third heokwoim of wans b. ceylenicum, the

gpeclfie diffeventiation of whieh from A, brazilicnse has baen the subject

of prolonged contention (Yane, 1922: Darling, 1%24; Blocca, 1951; BRlocca
& Le Roux, 19383 Rep, 1963, 1966), appears to have a wather restricted and
discontinuous distyibution in man and carnivores (Darling, 1924; Yoshida
et al,, 1968), this is the only hookworm which parasitiees and completes

its development in both man and hig dogs and cats. A, braziliense, although

thought to be iucapable of reaching matuwity in man (Beaver, 1966), has a

conslderable nulsance value in man. Creeplong evuption oy dermal lorva migrans,

caysed by the wandering of 3xd stage hookvorm larvac (paxticularly A, bragiliense),
the path of which wigration is exhibited by inflammatory and allergic reactions,

is a well deseribed condition (Dove, 1932; Beaver, 1959, 1966).




The association between anaemia and infection of man with "abdominal
worms" (probably hookworms) was reported approximately 3,500 years sgo
(Ebers Papyrus, translated in 1873 and dated about 1,500 B.C., as quoted hy
Watson, 1960). Although there has been no doubt that infections with
certain specles of hookworm fu man and dogs induce ansemia, the mechanism
by whichk the hookworms fnduce disease has been the centre of considerable
controversy, since the various spectra of opinions cmbrace intestinal
haemorrhage (Huart, 1929; Foster & Landuberg, 1934), intxavascular haemolysis
(Liefmann, 1905; Whipple, 1909; Schwartz, 1921: Fulleborn & Rikuth, 1929),
myelotoxins with depressed exythropolesis (Gentile, 1956), malabsorption
(Sheehy ot al., 1962), intoxications from worm metabolic products (De Langen,
1922; Hall, 1925) and from secondary microbial invasion of the walls of the
alimentary canal, Only in the last 10 years has incontrovertible evidence
been obtained to show that only one of these factors {(l.e., intestinal
haemorrhage) merits description as a primary pathogenic mechanism in the
induction of hookworm anaemia in man (Roche ot al., 1957; TFoy gt al., 1958;
Gilles et al., 1964) and in dogs (Clark cr al., 1961). Other factors such
as absorption and intoxication by metabolic products of the hookworm may
have some importance in the genesis of many of the other primary signs and
symptoms seen in man (e.g., upper respiratory catarrh, dyspepsia, abdominal
pain), It is, however, difficult to determine whether such symptoms oceur
in the dog, and consideration of hookworn pathogenesis in this host species

has therefore been confined principally to eigns associated with anaemia



(ilvare, 1929; Sarles, 1929b; Cort, 1933; Poster & Landshexg, 1934;
Landsherg & Ovoss, 1935; Landeberg, 1937, 1939; Rubin & Butlex, 1951;
Balley gt al., 1968)., Nor have distinctions been drawn between the cone
sequences of infection with the different specles of hookworm in 2 given
host speeies. Signs and symptoms asscciated in man with monospecific
infections of A, dupdenale (Brumpt, 1932, 1958) have been extrapolated
freely to those oceurving during infection with N, apericanun. As a
general principle it has been assumed thet the pathogenesis and signs of
&, caninum infection in the dog ave applicable to all hookworm infections
of the dog (Hall, 1925; Monnig, 1947; Hatch, 1961; Soulsby, 1965;
Bailey et al., 1968), Thus nmany of the more expansive and liberal entras

pelations arve subject to serious criticism.

Life cyele of the hookworms

The life cyele of all epecles of hovkworm ip direct. There is no
intermediate host and the first two freesliving larval stages, dexived from
worm ova in the hest's faecces, give risc to a thind free-living but infective
stage in the environment of the best. Fnvirommental temperature and hamidity
eontrol the sueccess and the rate of development of the free«living ctages
{atiles, 1921; Okoshi, 1967a) end hence determine the peographical distribution
of the parasite. Different species of hookworm have different temperature

requirements in thelr free-living etages (Foster & Dacnsgsvang, 1932; Gibbs &



Gibbs, 1959; Okoshi, 1967a) and through this factor potential distributions
of fndividual apecies ave further rvestrioted,

The third larval stage commonly infects the host by active skin penetration
followed by somatic migration and vascular and lymphatic tvausport to the lungs
(Looss, 1911), whence the larvae veach the intestines via traches and oesophagus.
The third moult (let pavasitic moult) usually occurs after the lazvac leave
the lungs, fourth stage lavvae belug found in the intestine. fThe fourth, ox
second parasitic moult, occurs in the intestine in which the £ifth, or adult
stage, remains for the vest of ite life. For some hookworme in their propew
hoste, certainly A, caninum in the dog (Foster & Cross, 1934; Mateusaki,

1950), A. tubacformze in the cat (Okoshi, 1967b), U, stenogephala in the dog

(Pulleborn, 1929) and probably for the othexs, the lung wmigration is not
essential and maturation m Bitu In the alimentary tract way follow oral
infection. In the case of U. stepocephala it has been suggested that the
noymal and certainly the most successful voute of infection is per os since
few larvae reach tho intestine after pevcutaneous infection (Gibbe, 1958).

Necator amexicanus in man appesrs to require to undergo somatic migration

since oral infection has been shown to be singularly unsuccessful. In an
.abnoml hoat (i.e., not proper for that species of hookworm), the great
majority of larvae undergo lung migration irrvespective of the route of
adninistration, and subsequent worm development is slight or absent.
Whether percutaneous or oral infection is the more ¢ommon route undetr

natural conditlons of exposure is not known. It would seem to be a veasonable
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supposition that where both oral and percutaneous experimental infection have
been guccessful natural infectfons will oceur by both routes, the zelative
importance of each route being determined by host behaviour patterns and
envivonmental influences.

The life aycle of A, caninum in dogs wae investigated intensively by
Matsusaki (1950) and was found to conform to the general syatem as illustrated
above (Fig. 1), Infection of pups can be achieved by administering 3rd stage
larvae wrally by pipetting larvae into the mouth of the pup, by enclosing the
larvae in gelatin capsules and adminlstering in this fashion, or by means of
a stomach tube., Infection can also be sstablished by fnoculating larvae
subcutaneously. When infeetive larvae are placed on the unbroken gkin of
pups, the larvae ponetxate the epitheliwn and subsequently reach the intestine
to establish an infection.

Matsusaki (1950) showed that after infective larvae were administered by
placing them on the unbroken skin of susceptible pupa, Ird stage larvae could
be racovered from the lungs, larynx and pharynx for the f£irst 24 houvs,

The 3rd moult (lst parasitic moult) then took place in the lungas, larynz and
pharynx and moulting 3rd gtage larvae were demonstrated in these orgens from
44 vo 48 hours after infection. Fourth stage larvae were then seen in the
trachea, larynz, pharynx, oesophagus and intestine from 64 ta 72 hours.
Fourth stage larvae, in numbers representing & large proportion of the total
doae of larvae glven, were then recovered from the intestine at 4 days.

The fourth moult (2nd parasitic moult) occurred in the fntestine and all the



hookworms recovered from the intestine by the 6th day were immature adult
hookworms. Development of the reproductive systems of these adult hookworms
commenced on the 12th day and by the 17¢h day all worme were mature.  Hookworm

eggs can usually be demonstrated in the faeces of pups from the 14th day onwards.

Tmund ey in A, canfmm fnfection of dogs

Approximately 40 years have passed sinee the first experiments, which
showed that dogs could develbp resistance to reinfection with A, caninum,
were veported (Herrieck, 1928). In the subsequent 10 years there were a
number of publications on the stimulation of registance in dogs against
infection with A. caninum (Sarles, 1929a; McCoy, 1931; TFostew, 1935; Otto
& Kerr, 1939; Otto, 1941). This work was veviewed in 1940 by Cort and
Otto, and again in 1948 by Otto. In these experiments, various degress of
reslatance were stimulated by administeving, usually over a prolonged period
of time, infective larvae of A. caninum. Resistance was then demonstrated
by reduced worbldity and/or mortality of a potentially severe challenge
infection and by reduced worm establishment f£rom larvae of the challenge
inocula. In some cases worm egg outputs f£rom the challenge hookworms were
also wecorded as being diminished. In most of the expeviments (Sarlea,
1929a; MecCoy, 1931; Foster, 1935; Otto & Kerr, 1939) at least 100 days,
between fiwvst vaccinating infection and inoculation of the challenge infection,

was allowed for the development of a satisfactory resistance and periods of




up to 7 monthe (Fostey, 1935; Otte & Rerr, 1939) and even 2 yeavs (Sarles,
1929a) wewe allowed to clapse between commencement ©of vaccinagion and
administracion of challenge inoculations,

Unfortunately, many of the wveporis describe experiments in which
stray or "pound" dogs of unknown age weve used after acquisition from
hookwormwenzootic areas. Resistance shown to challenge infection in these,
often unconivolled, caperimenty ascribed by the author to be a result of
either age or acquired fmmunity now appear to have been a combination of
both manifestations of resiatance., Therefore, factors such as previous
expogsure to hookworm, unkncwn.age and absence of control dogs tend to render
unreliable many of the conclusions drawn by some of the earvlier authovs.

It has bheen shown that the stimulation of protectlve immunity againet
nematode infectdon 1s moat efficiently obtailned by infection with live
layvae, Aukigens devived from woim somatde material or from worm metabolic
products may stimulate the elaboration of antibodies (Stewart, 1950) ond
some degree of vesistance (Uvguhavi gk ales 1962), but thic rvesistance 1s
usually only significant statistically and is not sufficiently marked as
to be of any practical significance in the protection of snimals ageinst

morbidity and moztality associated with severe challenge infections,

Vaccination with,irxa&iat@d infective lavvae

The dsmaging effect of ioniging radiation on helminth parasites was

first digeovered about 50 yeavs ago (Tyzzer & Honedj, 1916) but only in the
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last 15 years has this discovery been extemsively exploited. The impetus

to recent expansion of knowledge in the field of irrvadiated helminth vaccines
was provided by the obsexrvation that vaccination of calves with Xeirvradiated
larvae of Dictyocaulng viviparus stimulated a high degree of resistance to
severe challenge infection. This discovery then laed to the development of
an effective lrradiated vaceine for cattle (Jarrett ot al., 1961b), and its
subsequent commercial use in the United Ringdom (Poynter, 1964) and Western
Europe, An irradiated vaceine for a related parasite of shoep, Dictyocaulus
£ilaria, has been used in Yugoslavia for several years (Sokolic, 1964).

Many other hostwparasite gystems of veterinary interest have also been
exaningd to determine the feasibility of wvaccination with irradiated larvae.
These include Hgemonchus contortus (Jarvett gg al., 1959, 1961a) and
Ixichostrongylus colubriformis in lambs (Jarrett gt al., 1960a), Haemonchus
plaget in cattle (Ross et al., 1959), Ixichinells spirelis in pigs (Cabrera
& Gould, 1964), Ascaridia galll in chickens (Varga, 1964b) and Syngamus

traches in chickens and pheasants (Varga, 1968), The use of X-irradiation

to attenuate helminth larvae and of these attenuated laxvae to stimulate

immunity in varioug experimental hostehelmicth systems have also bheen investigated.
These inelude Trichostrongylus axol in the vabbit (Clordia & Bizzell, 1560),

(Levin & Evans, 1942; Gould gt ml., 1955) and Nippostrongylus

bragilionsis in yats (Prochazka & Mulligan, 1965), Schistosoma mangoni in mice

(Brickson, 1964) and in rhesus monkeys (Bmithers, 1962; Sadun et al., 1964),
Schistosoms japonicum in rhesus monkeys (Hsu gt al., 1963) and Fasciola hepatica
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in the vag (Thoxpe & Broome, 1962) have beon investipated as hosistrematode
syatems, In the cestodes, the systems iuvestigated have been those of the
intoxediate stage of Tapnis taeniseformis in rate (Dow gt al., 1962), ond
Taenia saginots in calves (Urquhazt gt al., 1963). Among the parasitic
protozea, lonising radiation has been used uq‘amtendate Plasmodium berghed
for infection of mice (Corradetti et al., 1966) and Coccidia in chickens
{(Waxlev, 1941}, The first esperiments in which Xeirradfation was used to
attenuate hovkworms were those reported by Dow gk al. (1959, i%6l) in wiich
suneessful vaceination with Xeirvadiated Uncinaris stenoceplala was described
with single (1959) and double (1961) vaccination schedules.

Most of the work in this field has been vestricted to parasites of
vetewinary rather than medical significance. The reagsons for this emphasis
arve nainly that acute expeviments involving slaughter and recovery of worm
buzdens axe possible using famm and oxpeviuentsl sniuais and that the
progressive intensification of agricultural pragtice has resulted in certain
parvasitic diseases becoming more ua#icaabia and ecomomically move important.
The absence ox scarcity of experimental animale as sultable alternative
hostg for the helminths that produce disease in man have in most cases
presented an insuimountable barrier. However, s considerable volume of
information has been acoumulated on infeciions uﬁ rodents and subehuman
primates with irrediated schistosomes and irradiated Irichinelia infections

of vodents (gee phbove for specific reoferences).
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Pour sources of loalsing wadiation have been cuployed in vhis type of
investigation., The orviginal sovrce was the radiwm needle (Tyzzer & Ionell,
1916). Tha most comnonly used source has been the radiothervapy machine,
or a compavable industrial ﬁnit producing 100-250 kv X-rays. Havder or
more energetie radiations such as those produced by the radiovactive isotope
%0, obale (1.1 = 1.3 Me V) and by the linear accelerator {4 Me V), have also
been used, Comparison of the relative blological effectiveness (RBE) of
Xmrays And v-vayc have given varipble results. Sometimes Xevays were mora
damaging to the pavasite (Gould gk al., 1957; Villella gt al., 1958;
Kassal gt al., 1966), while in another experviment the xeverse was shown
(Jovanovic, 1964). Haevd radiation (4 Me V) from cthe linear accelerator
has not been uged sufficlently to he certain of fta RBE, although the
resulte obtained by Fitzpatrick (pexsonal communication) suggest thai it
is not very difforvent from Xevays and y-vays.

Physical factovs, such as the peometry of the powrce of vadiation
related Go position, enviromment, and substruce of the dish containing
larvae, filtration employed to zemove low cnexgy radiation from X-rays,
depth of ifquid in the radiation dish, and mechod of calibration of
vadiation output, have impovtant influences on the apparent effect of |
irradiation, These factors should be kopt constant to achieve a standurd
doge effect, and should be exactly specifled in veports of expeviments
(Mulligan, 19G64). The concentiation of larvae in the medium during

jrrvadiation (Jeoniupgs et al., 1963), tempeyature (Fitzpakrick, personal
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coamunication), and ilafectivity of the rew material (x;e.. wnirradiated
laywae) aze alase lwpovtans end muat be specified. Most biological aystems
ave more sensitive to radiastion in the presence of oxygen, although the
pignificance of an oxygen effect has yeb to be investigated in the pre~
paration of lrradiated helminth vaccines. Within certain limite,
vadlation dose vate has been shown not to be an important factor in the
efficacy of inactivation (Jennings et al., 1963; Fitepatrick, peveonal
communication) . |

Biologleal factors comcemning the parasite, such as its soological
cladgedfication (L.0., phylum, e.g., #rotozos or Metazoa; ©lass, Q.g.,
Platyhielminthes or Nemathelminthes; order, €.8., Trematoda or Cestoda;
and family, Gefie, %::mxgylmae, Ancylostomidae, Metastrongylidae or
Ascarididae) appear to have an :meaxzmmé influence on radiosensitivity,
The stage of the pavasite that is subjected to irvadiation has a bearing
on the affect produced by, and on the optimal attensating dose of wadiation.
Trematode cevcariae and metgcercariae vequire radiation doses in the range
of 2 = 3 kilovoentgens (kr) of X-vays or y-rays to achiesve gultable
attenuation (Villelia gk al., 1961; MHsu et al., 1962; Smithevs, 1962;
Thorpe & Broome, 3962; Ewrickeon, 1964; Sadun gt al., 1964; Perlowagoras
Somlowics, 1966); while vadiacion doses in excess of 5 kv were lethal
(ive.y vendored uninfective) o K, heopatica (Thoxpe & Broome, 1962) and to
Schistosoma mansond (Villella gg al., 1961) and moxe than 24 kr proved lethal
to Opisthovchils motacercaviay encysted in fish weat (Mitrokhin, 1959).



14

Thind stapge infective nematoda lavvae of the Trichostronpylidas,
Metastrongylidae and docylostomidae have been found to be attenuated by
vadiation doses iu the vange of 40 ~ 60 kr of Serays or yeraye (Dow gt al.,
1959, 1961, 1962; Jarvett ok al., 1959, 1960a, 1960h, 196ln, 1961h;

Cordon gt al., 1980; Prochazka & Mulligan, 1905; Sokolic ot al., 1965),
while doses near or in excose of 100 kr were required te wender the nematode
lazvae non-infective in that adult wowne could nok be wecovered from thetr
proper locacion (Giordia & Biszell, 1960; Gordon e al., 1960; Prochazka
& HMulligen, 1965). However, not sld nematode infective stages have the
pane susceptibility bto vadlation. Indective opge of Asearis ovam lave

been shown to vequire about 100 kr of y-vadistion to veduce their pathogenesis
during Jung migretion in guines pigs (Villella et al., 31958) while a closely
related pavasite, Agcaridig gagiig was shown to be suitably attenuated by
only 1/5¢h to 1/10th of chin radiation dose (Varga, 1964a). Pneysted
Trichinae in muscle have been shovm to be atienvated by & wide range of
vadlation doses £yom 1.2 to 12 kx (Semvad, 1937; Zaiman gt al., 1961).
Voriation in the vecults obtained by diffevent workers using the sanc
species of parasite and hoest (Sewrad, 1937; Zalwan gk _al., 1961) may be
atitributable to %ha different sources of xadiation used (i.e,, Hevays or
BQGQ) although, with few excoptions, veports of most espeviments uveing this
or onthor parasites have not included suffledent dats on ¢he technlques of
irecadiation to permlt more than a guass av the souree of varfabilicy in the

repuita.
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BRCTION 1T

STATIMENT OF FROBLIM

In spite of the many deficiencies in the rveports describing euperiments
in which Goounity te canine hookworm inflection was investipgatod and claimed,
ags veviewed above, theve ip a considergble volume of evidence that an
asequived vesistance to reinfection occurs in dogs afteyr previous infection
with A, caninum, ond that this gsequired fmnuniby or resistance may protect
dogo apgainut gevere and peotentially lethal challenge infections (Otto, 1941).
Similaxly, theve is a lorge emount of data which shows chot after exposure
to X-irvadistion, ncematode and other helminth larvae retain their fmmunogenic
potency while theiy pathopenicity e usunlly diminished and their weproductive
fecundity efther diminished or aboliched (Upqubart gt al., 1062). ‘ive em
periments veported by Dow et al. (1959, 1961) showed that larvae of the

European hookworm of carnivores, U, stenocephala, could be attenuated by
cxposure to 40 kr of X-rays and that single (1959) and double vaccination
{1961) with such X~ray-attenvated larvac conferved paptial protection on pups
against the establishment of a subsequent challenge infection of normal

U, gtenocephala, These cbsexrvations and the success wvecoxded in the wide-

spread practical use of sn iyradiated Dictyocaulus wiviparus vaccine (Poynter,

1964) stimulated the initiation of a regearch project to investigate the
poasibllities of astenuating the larvae of A, ceuinum, and of using Xeray-
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attenuated A. caninun larvae as an 1mmuﬁia1ng‘agaﬁt againat ﬁhé canine
hookworm disease caused by infection with this hookworm.
The principal questions, and their sequential arrangement, to which

answers were sought were:i-

1.  1s the infectivity of lervae glven orvally the same as when given by
subcutaneovs inoculation?

2, What ig the effect of various doses of Xerays on the infective larvae
of A, ceninum, particularly with regeyd to the pathogenesis of the hookworms
which develop in the intestive of pups after infection with dyradiated larvae?
3. How effective ls a sinple infection of N-irrvadiated larvae in preventing
establislment of adelt hookworms from 4 subsequent challenge infection of
nozmal larvec?

4. Is there an advantage to be gained in giving pups more than one
vaceluation with X-irradiated larvae?

5. Since 4, condoun can establish infeetion after oubcutaneous inoculation
and after oral administration of larvae, are there differences in safety or
efficacy batween oral and pubcutaneous vacoinatfon?

6. Bince there 1s alrecady a large volume of evidence that infection with
normal A. caninum larvae can stimulate a gtrong immunity, what advautages
may be gained by using Zeirradiated rather than nommal larvae as vaccine?

7. Since enmootic canine ancylostominsis is primarily a disease of the
young pup, how early can imuunity be stimulated in pups and what are the

comparative efficacles of vaccinating pups and dogs at different ages?
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8. Although 1¢ is uniikely that pups in hookworm=enzootic areas would
aescape infeption and veinfeotion for any appreciable length of time, it would
be uscful te koow how long immundity perpiste after vaccination.

9. To what oxtent ig the fmmunity following veccination enhanced by repeated
low gvade infoction?
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SPETION 117

MATERIALS AND METHODS

Pogs of mixed and usually unidentifiable ancostry were purchased £rom
dealors an nevly weaned lttern ot the ape of 6 weeks., Pups o be used on
long=teom esperimento {i.e., oxtending bevond 3 weeks) were Lmediately
isolated in small groups, each group consiobing of at most 3 Litters pr 20
pups. Pups to be used on shork expertments (i.e., vaccine radiation.
attenuation controls and other controls to detexmine infectiviiy of noimal
latvan) were placed in the exparimental kennels immediately agter puxchace
and thercafier were used for oxpevinents within 5-7 dava.

Inolation premises wreve distont from the coentres of dog population
(1.e., on isolated farme or smallholdings).  Isolation was continued until
the pups were approximately J-monthseold.s Durdng isolation the pups were
vaceinated apainot conine distemper, contaglous canine hepatitis, and
leptospiroses canicola and fcterchaemorrhagle (eanilep(g) » (laxc bLaboratoriea
Ltd., Greenford, England). The usual procedure for vaccination was to
inoculate the mixed hepatitis/leptospira vaccine £irst when the pups were
between 8 and Y-weeks~old, and to towplete the vaccination schedule using the

txdvalent vaccine (i.e., including canine distemper) when lleweckseold., During
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the isolation poviod, the pups were also breated twilce with piperazine
adipate (Coopone * . Goopew, Hebougsll & Robertaon Ltd., Berkhamsted,
Ingland)} to remove ascarids (Tomecara and Texascaris).

Bramination of the facces of the pups after purchase and prier to
antheluiniic modication demonstrated the sbsence of hookworm egge, and
henee pirecluded current infectlon with hookworm (Including U. etenocephalal.

Since neither A, eaninum ner A. brazilience have been shown to occur

vaturally Ix imdigenmué dogs in Beotlend snd since the ¢limete, partieularly
with yvespeet o envivommental temperature, is geneyally shauitable fow
development of the free-living stoges of these 2 pavasites, it was confidently
assumed thay ageidental pﬁavinus or Inter-cuirent infections were entremely
mlikely, 'This was further confirmed by the chpervation that at no time did
uninfected and susceptible pups become aceidentally infocted with any hook-

swovm (including U. stonccepbala) while in the fselation prenises or experimental

kennelg. The poaggdbility of prioy Infoction with U. astenocephale, the

indigenone canine hookworwm of the United Kingdom, was also excluded since at
ne time wore unibweated pups found to be exeveting hookworm ova, and it was
congddeved unlikely thai this hookworm would have been acquired snd then
natuvally expelled within the £ivst G or 8 wecks of life (L.e., before

puwchuse of the pups).
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Ia the isolation premises, the pups were maintalned in loose-boxes
or shads with conerete o stone fleors and with adequate light and veatilation,
The floows weve littered with elesn straw or wood shavings. In winter,
artificial heat was provided by means of suspended area heating lampa.

In the espewivental kennels, the cages wove dncovporated in the
structure of the huilding and were constvueted of galvanisad gheet mesal
partitions with weldwmesh door and roof, and with an inmpervious composition
aaphale £loow 1aidd onm conczete. The cages wede cleaned, scrubbed, and
scalded with hot water daily, and wewe thoroughly scrubbed, disinfected and
lofe to duy between cach experviment. The pups were confined in the cages
in specific experimentsd groups, the nunber of pups in each cage being
detesained by the age and size of tho pups and by the experimenial segregation,
The pups were ewewcised in open couctete peas, each pen deing resorved for
pups on 8 particular experimental treatment. The exercise pens were cleoned

and hoged daily.

Nutrition

While under experiment, the pups wewa fed once daily md 1ib. with
solid food consisting of a mixtuve of compounded dehydrated dog biscuilt

containing sone dehydrated meat (Digestive feryier meal, Bterling Foods Ltd.,
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Qamémmahwi;l«a, Mngland) and caoned cooked meat (Vealox, Warrington Canneries
Ld,, Wm::ﬁingtzan, ngland).  The solid diet, in the propovtions offeved,
had the approumlmate composition expressed as percentage of tho dry matter of:
1% fibve, 43% puotedn (based on Kjeldohl nicrogen cetimation), and 19% ofl.
Cod liver oil (1»2 ml per pup per dey) and sterilised bone flour (2-3 g per
pup pex duy) were added to this fdcad. fizch pup, depending on ocige, was
alse offered 0.5 to 1 piat of reconstituted full cream dried milk (Glaxo

Laboratories Lid.).

Hookworm species and stiatn

The pulture of A, caninum was obtained from the Wellcome Vetevinavy
Research Laboratories, Tunbridge Wells, Eogland, wherce it had been main-
tained by subculture in dogs since impurtation to the United Kingdom
following isolation {n 1960 ac the Welleome Vetexinavy Repeaveh Laboracories,
Nairobi, Kenya, Bast Afvica (W.H.0., 1966). On repeated microscopic
exsmination of aduli worme of this culture, their specific morphological
statistics were found to conform to that descwibed firat by Ercolani (1859),

ag repeated by Rep (1963).
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Oulturs technigue

Bach hookwosm culture was maintained in previougly wninfected pups
by ﬁeana bf heavy, yet sub-iethal, infections. The pups wore aged 12 %o
14 weeks when first infected and were often reinfected when 5 or Gwmonthas~
alﬁ‘ta enauﬁa eontinued high worm egg outpuis in their faeces, The usual
primary culture infection was 1,000 larvae with aubaaqueﬁt reinfection of
2;009 larvae, lLamvae were injected by subcutaneous incculation., Faeces
were calleoted from approximately the 20th day aftey Inoeulation of lazvae,
by which time worm egg counts had wsually reached suitable levels to permit
culturing for infective larvae (e,g., more than 5,000 e,p.g.).

faecos were culturved in the dark at 26 or 30°C for 8 or 5 days,
respectively, using » wodification of the method of Barakat (1951) ae
described by Jennings gt al. (i@ﬁa). Approximately 0.5 g of faeces wero
spread on & 4 om dismeter avea in the centre of a dry 7 om Whatman No, 1
£1lter papey, This was then placed on top of a plece of soft wet plastic
foam sheeting, which formed a platform on the base of & 10 cm plastic
diaposable Petyl dish. The dismeter of the plastic foam disc wds approximately
5 om. 'The filter paper was then molstened by spraying with water, the 14d
wags placed on the Petri &ish and the dishes were stacked and bound together

by cellulose adhesive tape.
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Harveat of Zawge

To harvest the infective larvae, the contents of the Petri dishes
(L.0., paper and plastic discs) and the bases of the dishes were inmersed
and then rinsed in tepid water (at about 30°C). This £luid was then
filtered through a sieve (20 meshes/cm) to ramove coarse particulate material.
The £luid was then held in tall glass oylinders and the larvae pexmitted to
sediment, after which the supernatant was removed and ¢lean water added.
Larvae were washed several times by this method of sedimentation and
decantation before being further cleaned by subjecting then to Baermann
£iltration (Baexmann, 1937; Cort et al,, 1922). The filter 4u the
Baexmann treatwment was again a 20-mesh aleve but this was covered by a
thin layer of cellulose tissue (Kleenes Medical Wipes ®. Rinborly-Clazrk,
Fagland), ‘'the Baermann funnel was £illed to the level of the sieve with
water at about 26-307C and the concentrated suspension of washed larvae
poured carvefully onto the surface of the celluloge. About 2«4 hours later,
clean larvae were collected as & concentrated suspension from the outlet of
the funnel. (The nwnber of laxrvee that were recovered temminally was
equivalent to hetween 10 and 20% of the numbar of eggs which had been
cultured). During the washing and f£ilcration procedures, the preparation
of larvae had been subjected to dilution factors of the vehicle in excess
of 1012,
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Counting of laryan

The larval sucpension was agltated by pouring several times from one
beaker to another and small semples taken inmediately. Ropoat smapleo
were taken after wepeated agitation. The samples wove taken with auto-
mero pipettes of capacities in the wange of 0.02«0.1 ul., Samplen wene
epread immediately on miaroscope slides and the laxvae counted using 10 X
magnification theough a projection microscope (Projectina Co., Heevbrugg,
Switzmerland). Motlle and non-motile (dead) lamvae were counted geparvately.
Sampling was vepeatod until abt least: 400 motdle lavvae had been counted.

The coucentration of the suspension of larvee was then adjusted to desired
values by elther adding move fluid ox by semoving aupernatani aftew
sedimentation. Aftar the fivet count, adjustment in concentrzation was

made where required to permit repoatition of the counk on the propavation at
which time the concentration of kive lawxvae had becn set to about 1,000 per
my (900-1,1007. From the wepults of this finak count, furthor readjustmonts
of the volume of wehicle were made to glve the desired £inal preparation and
coneentration.

Foxr irrvadiatiom, the concentwation was set in the wange of 10,000 to
56,000 neottle lavvae per ml of delonised water, while for infeetion the
concentration was ysuakly set in the range of 500 to 1,500 wotile lanvae per
ml, in physiological galine for subcutaneous inoculatfion, or in water for

orval adninistration.
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Tryadiation

The (:ecimiqué of X-lrrvadiation has been described by Jennings et al.
(1963) and Mulligan (1964). | The radiation source was a Silemens Stabilipan
(Siemeng Relniger-Werke, A.G., Erlangen, W. Gexmmy)‘ operated at 140 kv and
20 ma with external filtraﬁitm of 0.1 mm copper and 1 mm aluminium producing
Xwrays of half value layer B‘mm aluminiun after filtration. The geme'tfiéal
ayvangementsof the irmd&at:iaﬁ dish containing larvae and the Xeray beam
were similay to that described by Mulligan (1964} and were on ald cccasions
the game, During frradiation the larvae were at a concentration of between
10,006 ard 50,000 1ive 1ar-vaé per mi of deflonised watex. The temporature
during irradiation was tzﬁe sane ag the environmental laboratory temperature
(range 18+23°¢). K~ray dose rate was noted and was always within the wange
of 65%750 roengtens per minute, |

Before commencing irradiation the output of the X-ray unit was calibrated
as described elsewhere (Mulligan, 1964) using a Baldwin-Favmer gubstandard
dose meter (Baldwin Instrument Co., Dartford, Fngland), and the time of

exposure calculated for the desired total dose of X-rays.

ftorase, prepavacion and inoeulation of larvaa

Larvae were inoculated subcutancously, usvally at a site behind the

gshoulder, or were admninistered orally. Oral adninlstration somprised the
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expulaion of the dose of larvae in I to 2 ml of water, from a syringe to
the antecior pharynx of the dog, followed by a few ml (i,e., less than 5)
of water to gtimulate further swallowing.

During storvage and irrvadiastion, the lavvae were mainteined as far as
possible at room tempevature (i.e., in the range of 18+23°C) and all ine
fections were performed with larvae lecss then lOwdays-old (i.,e., since

harvest fxom culture).

Faecal sxomination

Spuples of faeces were collected fxom the floor of the cages and were
examined by a salt (saturated sodium chloride) flotation method based on
the "Mcliaster" technique (Goxden & Whitlock, 1939). When hookworm ogge
weve detected by this method, a& modified McMaster technique (Armour, 1967)
'~ was used to count the mumber of hookworm eggs per gram of faeces., In
this latter method, samples of the £luid preparation were taken immediately
after agitating the suspension in which the eggs would be vandomly dige
tributed, while in the £lotation method the suaspension of filtered faecal
materisl in saturated salt solution was allowed to stand for § minutes,
after which the surface layer of fluid containing the eggs was removed for

examingtion,
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- Blood ganples were obtalned by puncture of the eephalic vein with a
20 gauge needle, after shaviog the haly and disinfectiag the skin with
tingtura of cetuimide, b.P. (ﬁet&vln&? Iuperial Chemical Iudustwies, Choshire,
Fagland)., Blood was coklected in glass tubes which contained dianinosethans
tetva-acetic acid (di-potassiun salt) ap anticoagulant. Packed cell volume
i microhacmatogrit was measuved aftew centuifugiog capillavy tubes of
blood at 12,000 6. for O ninvtes in a wlero-hawmatocrit centvifuge (Hawksley,
London) by a siandard techuique (Dacie & Lewis, 1966).  Haanoglobin counw
cenvration wag messuved colovineryically (Bvans Electroselenium, Harlow,
fngland) after converting Lo oxyhaemoglobin by & 1 In 200 dilusion with
0.04% aomeniun bhydvozide solution (Dacle & Lewis, 1966). Light absezpilon
was weaswred at a wavelength of sppiogimately 545 mp using an Thford 625
bluewgreen £ilter. The coloriumeter was fivst calibrated by the cyavmagw
haemoglobin method (Dacie & Lewis, 1960) wsing a commereial cyannethacmeglobin
stendand solution (Q. Davis Keelex, Londen, Ingland), For this calibration
8 geries of dilubione of blood in saline weve prepsred. The haemoglobin
concentrations of theae dilubions were messured by both alkaline haematin and
cyanmethacnoglobin motheds. A graph was then prepaved, Ixom which the
haemoglobin concentrations, corresponding to optical density of alkaline

haematin could be measured.
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After determining haematocrit and hasmoglobin levels, the remaining
blood sample wag centyifuged at approximately 4,000 r.pa. for 10 to 15
minutes. Plama camples were then weed to measuve total plasma proteln
concentyatlon by the Blurel maeihod wiih colorinetric meassrement (Weischelbaun,

1946) .

and recovery of hookworms

Pups were killed by intravenous injection of pentobarbitone sodiua
(3 gr/ml). The ingestine was wemoved fyom pylorus to cawdal recitum,
opened into a bueket and cooled dn a refriperator for at least 30 minutes
before waghing with water. The gui weog discanded after caveful cxzamination
for the complete wemoval of all macwoscopic hookworms, and the contonte of
the bucket were washed over 2 P0«mesh cleve, The debrils vemainiog on the
sieve was examined in emall aliquots over o black background using a head-
band stereoscople magniffer (X 2), and vhe woms were sexed and cownted,
All worms were aleo oxenined at a magnifilcatlon of at least 10 ¥ to determine
the stage of davelopment of malap and femalen and fewtility of the female
hovkworm population. No attempt was made to wecovaer miervoscopie (f.c., 3wvd
stage) hovkworms, since the pups were killed uok less than 14 days after
infection Dy which time A, canimum developa to the adult stage in susceptible
pups (Matsusaki, 1950),
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Measurements, terminology and statistical analyses

The following tewms wove used to facilitate comparisons in vesults
between difforent exporiments and between different pups and different

groupa of pups in each etperiment.
Percent toke of lavvae inoeulated measuvaed the infectivity of the lavvae
and was calculated as,

No, of adult worms wecovered
. . % 100

No. of motile laxﬁgeA&negﬁiated

Relative infectivity of irvadiated lavrvae measured the degree of attenuation

of these larvae compaved with normal or wnirrsdieted larvae, the infectivity
of the latter being taken as equivalent to 100%. It was calculated as,
% wake of ifvvadinted lavvae

, : e - x 100
% take of wnireadiated famwvan ‘

Protection (%} meosured the efficacy of vaccination by comparing worm bhurdene
in vaccinated and control pups after challenge of immunity. It was caleulsted

a4,

% take in controls -« % take in vaccinates

n 100
% take in controls
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Growth rates
Bince bread and ancestyy of the exporimental pups were indeterminable,

the welght data of the pups when the experiments were commenced spread over
4 wide range. The heavier pups had a potential for realising greater ine
creases of bodyweight in absolute {e.g., 1ba/unit time) although not in
relative values (L.e., % increasa in bodyweight/unit time). Therefore,
the pups in cach axperiment in which weight changes weve to he recorded
were allocated to experimental groups such that mean group weipghts were
comparable at the start of the experiment (see Appendix III). However,
further analysis of the experimental vesults on the basis of mean group
weights failed in most cases to show aignificant treatment-associated effects.
This was a conseguence partly of the lavge rauge of weights in each group
which resulted in excvessive standard deviations of the means. In addition,
at the individual level the deleterious effects of a standard challenge
within groups of pups having widely varying welghts was weightwrelated.
This latter factor further extended the renge of the group weight data,
Accordingly, couparioona based on mean weights (4 etandard deviation) were
utilised only for ensuring uniformity of experimental groups at the start
of each experiment, while growth rates were utilised for statiscical analysis
to determine the canaacmeme. of the experimental treatment.

Growth rates of individual pups were caloulated as the difference in

wolghts (gain or loss) over a period cxpressed as percent of the pup's weight
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at the beginning of the pexriod. Mean group growth vates (& standaxrd
deviation) were then caleulsted by the algebraic eumai;mn of the ine
ddvidual pereent chanpe in weight over the appmpriat:é petiod,

Statistical analyses weve bmsed on Student's Mg test (Snedecor &
Cochrane, 1967). |
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SECTION IV

INFECTIVITY OF A, CANINUM AND EFFECT OF ROUTE OF INFECTION ON THE SUCCESS OF
FSTABLISIMENT OF THIE HOOKWORM

Introduction

Many of the hookworms van establish fnfoction by elther the pevcutaneous
or oral routes., Iu absence of exact dquantitative data on the velative
succens of ostablishment of the larvas of A, caninun comparving infection by
oral administration and subcutaneous inoculation, a preliminavy experiment

was designad to supply this dnformation,

Experimental Design

Ten uwninfected pups were rantdomiced into 2 groups when Swyockswold
and wers each infected with 350 normal A, caninun lawvae., To the 5 pups
in one group, larvae sugpended in physioloplesl saline were inoculated
suboutanecusly, while ko the § pups dn ¢he other group, larvec from the
samp propavation were administeved oxally. Ninetigen days afitex infection,

the pups were killed and necropsy worm hurdens epumerated.




33

Results

The success with which the lavvae established infection was high
(60-~80%) and waa similar dn the 2 groups of pups (‘Table 1. There was
no é&gn&fiuam: difference between the infections when group mean persent

takes (% standard deviation) were compared by Student's “"t" test (B> 0.4).

Biseusnion

In spite of the differences in bohaviowr of larvme, with respect to
migration in the body of the dog (l.e., between those given paventerally and
oralily) the succegs with which the laxvae resched the intestine and maturity
whs similar., Although this finding has been anticipatied by implication in
the general statements of the standand textbooks, it has not been properly
teated heretofore.

The infectivity of the larvac in this experiment was sinmilar to
(Okada, 1931; Okoshi & Muratm, 1968}, or was at the upper extreme of
veported limits (Foster & Coxt, 1937; Otto, 1940, 1941), or was prenter
(Hexrick, 1928; Sarvles, 1929b; Scotg, 1929; Foster & Daensvang, 1932;
Foster & Cross, 1934; Krupp, 1961) than that found by provious workers
who investigated infections wich A, capivum in dogs.  The esplanation of
the lower infeotivity of lavvae s reported in the prior iiterature may,

ag aoted above (Section 1), be velated to the prior infection with hookworm



Tablo 1. Infectivity, as measured by the number of adult hookworms in the
intestine, of A. caninum larvae given by subcutaneous inovculation end oral
adninistration to B«weckswold pups. Iach pup was given 350 lavvae and worm

burdens were enumerated 19 days sfter infection.

-

No., of Route of | No. of Mean % take
pups infection - Worms % s.d.

173
246
8 Suhoutanecous 248 8.1 # 10,7
262
7263

214
| 237
5 oral 265 73,4 % 3.9
281
288
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of pups and young dogs obtained fvom engootic areds, and to the indeterminate
age of many of these expevinantal gubjcets. In one case (Krupp, 1961) and
probably also in othors, a delay 4a the tiwe of temination of che‘ experiment
(i.0., move than 50 days) compared with che present procedure (d.c., 19 days)
may also have been respomsille for appadently lower infectivity £igures in

the previous 1iteraturs,

The infectivity of nommal A. caviaun lavvae, ae neasured by necropay
worn burdens of adult hookworma on the 19th day after infection, was high
(60-80%),  There was no significent difference in the lnfectivitien of

larvae hetween those given elther oxally o by subeutaneous inopculation.
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SECTION V

oy

INVESTIGATION OF THE EFFRCT OF T-TRRADIATION ON THE (NFECTIVE LARVAE OF
A, CANINUM TO ENABLE SEL SIEON OF A SUITABLE AYTTENUATING DOSE OF RADTATION
- TOR VAGCINE PREPARATION

Introduction

The fivst atep in such investigations is that of determining the affects
of varioys dosey of Xerays on the infectivity, pathogenicity and fecundity
of the pavasire. With consideration o the type of pavasite and its life
eycle and by analopgy with avallable dakta from esporiwments with other nematode
paragites (pee review of thmmhfe}, o series of vadiation doges was
arbitrally selected,

Tn each vf 3 cxporiments, infeotive larvae from the same cultures ware
subjected to frradiation while keeping all othey physical and biologicnld
factovs congtant. In this, physicel faectors were constant within the range
that was known, from other scurvees (Jonmings gt al., 1963); likely to he
compatible with wdformity of results, It was intended that the only wericble
betweon differvent batches of Lrvadiated lasvae within each experiment would
be that of toval dose of Xeways.

In the fivst 2 of the 3 expewimento, ivradiated and normal larvac were
aduinistered by 2 routes (i.o., subentaneously or orally) to confimm tha

findings of the previous section (Scetion IV) and to determine $f there was
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any diffevence in infoctivity of irradiated larvae when given by elther route.

In the third esperiment, only the subcutancous rowte of infection was suployed,

Brperimental Desimy

Fifey-five wminfccted pups vandpmisced into 13 groups were infocted ovally
or by subcutaneous inoculation in 3 separate experiments (Table 2) with A.
candnun dnfeciive larvae after onposurs to Xerays at & difforent dose levels
(Lettey 20, 20, 40 ond 60 Kr), In coch owperiment pups iu conkzol groups
were infected gither owally or by subcutaneous inoculation with univrvadiated
larvae to detomuine Che normal infectivity of the laxvae i cach bageh before
exposure to vadiation. In 81l 3 expevimente the pups were 3wmonths-old at
the boginndng. They were infected with 1,000 larvae and neoropsy woms burdens
were enumexated 2436 days latew, Suples of blood and faeces were obkainaed
during thie tine and thelr eclinical appeavances were also obsorved.

The assosenent of Xeray attenudtion was made primavily by comparing
uecropsy worm burdens, the wepults of hacwmatologic, coprelogile and clinical

esaninetione belng repavded ag confimmatory deta.

Rosults

- Data on necropsy worm burdens sre wecorded in Tables 3; & and 5, while

mean growp haematologlce changes ave shovn in Pig. 3, and mean group faccal




Table 2. Plan of 3 consecutive experiments to investigase the

offacts of

various doses of X-rays on the infective lavvae of A. caninum and to enmable

the selection of 4 suitable rttenusting doge for vaceine preparvation

4 0 Subcutanecus
4 0 Oral
% 20 Subsutanencus
1 3 20 Oral
4 30 Suboutaneaus
4 30 Dral
4 &y Ozal
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- B 0 Subcutaneous
2 o - Czal
2 5 40 Suhoutancous
& “ Oral
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e &
3 7

& o

Wows e e e we

Subcutancous
fuboutoneous

Al infectiome wore made with 1,000 lazvae.




Table 3, The effect of irradiating A. caninum larvae with 20 - 40 kr of
f~vays and of route of infection on the infectivity of the larvae measured
by the number of hookworms which developed in 3J-monthswold pups. Necropsy

worm burdens were cnumerated 24 to 30 days after ianfection.

FIRST FRPERIMENT

' Relative
R S TR eED
o Subcutanaous 4 37.6 £ 3.7 100
0 Oral A 48.2 % 23.2 100
20 Subeutaneous 4 29.3 ¢ 1.4 78
20 Oral 3 20,3 % 2.4 43
30 Subcutaneous 4 15.5 & 4.2 4l
10 Oral | 4 18.0 # 3.1 a7
40 Oral 4 6.7 % 1.9 14

Individual necropay worm buwrdens are given in Appendix XX, Tahle 39.




Table &  The effect of Lrradieting A, canimum larvae with 40 kr of Z-rays
and of route of infection on the infectivity of the larvae measured by the
nunber of hookworms which developed in 3-months-old pups. Necropsy worm

burdens were enumerated 24 to 30 days after infection.

SECOND ERPIRIMENT

Radiation Route of No. of Mean % take N ﬁiéi;ﬁ%
dose (kr) infection pups # a.d. )

0 Subiutancous 6 64,2 %+ 10.1 100

¢ Oral 2 70.2 -

& Subgutaneous 5 16,2 * 5.0 25

& Oiratd, 4 16,2 & 4.7 23

Individual nacropay worm burdena are given in Appendix %I, Table 40.



Pable 5. The effect of 60 kr Xelrradiation of A, gaoingn infective larvae

on their fofectivity measured by subsequent establishment of adult worms in

3smonthseold pups.  Tach pup was given 1,000 larvae by subcutanecus

inoculation and necropoy worm hurdens were enuaerated 25 days after infection.

TEIRD EXPURIMENT

o | o N Relative
Radiation No. of Mean: % take
dose (kr) pups ® 8.4, infe?§§vity
) 4 82.9 % 12.3 100
& 7 4,7 2 1.9 6

Individual necropsy worm burdens are given in Appendix IX, Table 41,
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egg counts are listed in Table 6. The results of the 3 experiments reported

under subwheadings wereiw

Routa of‘infection

Comparison of the necropsy worm burdens between the pups that were infected
orally or by subcutaﬁeuus inoculation in each experiment showed that, with one
exception, there was no significant Jifference between these two routes (P> 0.1).
The excgpcian. and this was based on a marginal number of only 3 observations
in one of the 2 comparable groupsa, was in the first esperiment (Table 3) in the

burdens of pups given 20 kreirradiated lavvae (2 < 0,01).

Level of irradiation and worm burdens

As the total dose of X-rays to which the larvae wero exposed increased,
the size of the necropsy hookworm burdens and the figures for percent take
were progregsively reduced, When percent take figures were corr&cced Lo
compensate for variation in normal infectivity of unirradiated larvae between
the 3 experiments {i.e., to give a figure for relative infectivity) there
was apparently a dirvect relationship between total X«ray dose and infectivity
throughout all three experiments, The mean infectivity (relative) of
unirradiated larvae was taken as 100 (for reason see Scetion III) and this
figure was progressively reduced to approgimately 60, 40, 20 and 6 as total

dose of X-rays was increased through 20, 30, 40 and 60 kr, respectively.




Table G.

Y~drrvadisted A, candnug larvae (experiments 1, 2 and 3).

Mean group worm egg cownts in the fasces of pups infected with

Flotation test positive

Mean faecal epg county l(thousaudsfg)

Radiation

dose (kr) =~ days after infection 15 20 25 97
0 14 1.8 16 30 %0
20 20 o 0.05 0.18 0.2
30 24 - - 0.15 0.15
40 " - - - -
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Dose of vadiation and fertility of worm burdens

Male larvae were more sensitive to radiation than were fewale larvae,

and this disparity between the sexes waa progressively accentusted at higher
levels of radiation (Appendix II, Tables 39=41). After 6 kr-irvadiation of
larvae, very few irradiated male worms were recovered at necropsy. At
radiation doses of 4) kv and greater the female worms in the resulting
population were invariably sterile (Fig. 2). Some sterile female worms were
also noted in worm populations from larvae irradiated with 20 and 30 kr of
Xwrays, while all the female hookworms recovered from the control pups in-
fected with normal larvae were fexrtile and mature (Fig. 2).

Faeces were collected from the pups at 14, 15, 20, 25 and 27 daye after
infection., The results of these examinations (Table 6) illustrated the
reduced fertility of frvadiated worms mnd the sterility of all female hook~
worms that had developed from larvae irradlated with 40 and 60 kr of X-rays.
Deapite the recovery of a considerable number of fertile female worms at
necropsy of pups given 20 and 30 kr-irrvadiated larvae, the reproductive
capacity of these worms appear to have been considerably reduced and the
length of their pre-patent period, as measured by first detection of hook-

worm eggs, was extended,

Haematology and clinical signs

Mean group haematocrit and haemoglobin levels (¥ig. 3) showed that the

pathogenicity of the infections was diminished as the level of irradiation was




FIGURE 2. The normal mature fertile A. ceainf female compared with the female

worm sterlllaed by prior irradiation of the larvae with 40 kr of Z-raye. (The
fertile worm ie in the superior position)
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FIGURE 3, Pathogenicity, as measured by mean group haematocrit and
haemoglobin values, of the worm burdens established following infection

of pups, aged 3 to 4 months, with 1,000 A, caninum larvae exposed te
various doses of X~rays. '
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incxeased, When pups were infected with larvae ixradiated at 20 kr, the
haemal;alog:f.c values showed that such hookworms were as pathogenic as were
normal hookworts. The pathogenic effects of the worms in pups given 40
and 60 kr-irradiated larvae were mild, being reflected in only negligible
reductions in haematocrit and haemoglobin values.

It was extremely difficult to detect adverse changes in appearance,
activity and health of the pups infected with larvae irradiated at 40 and
60 kr. Only 3 of 4 pups given oral infections with 20 kr~irradiated larvae
survived to the end of the experiment and all the pups infected with 20 kr-
irradiated and those infected with normal larvae were peverely affected and
exhibited the signs of severa scute hookworm disemse. These were loss of
walght, lassitude, intemmittent to continuous blood-stained liquid or
semi~liquid diarrhoea, and an estreme pallor of the visible buccal and

conjunctival epithelia.

Digcussion

The progressive reduction in the success of satablishment of the
infection, as mensured by adult worm burdens, with increase in the dose of
Xwrays to which the larvae were exposed, was to be expected and was in line
with prior veports in the Literature (Jarvett et al., 1939, 1968;& Ciordia
& Bimzell, 1960; Gordon gt si., 1960; Dow gt al., 1961; Villella et al.,
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1961; Hau ok al., 1963; Vanga, 1064c; Prochazkn & Mullipan, 1065;
Kessal gt al., 1966),  Although the chofee of Xeray dose for the attenvatien
of larvae for vaceine preparation depends principally on the maducﬁinn in
number of adult worms whish would develop, in 8 parasite such as A, caninum
where the prinary pathmgmﬁim affect 15 the bloodwnuelking activity of adult
worma, hoematologle and alinical maqsurves musht also be consldered In this
cholgo.  The gbove vesults dndleate vthat thie choice should includ: 40 by,
60 kr and poasibly even granter quantiiles of Xerays, olnce rmadiation
treatment with 40 ky and 80 ky of Yeways reduced the size of zhe vesultant
hoolwraem burdens o appasently safe ond satisfactory levels.

The relative pathogenesis of infections with frradiated A, caninua, as

meaguzed by changes in haenatoerls aad haemoglobin values, wos diminished

ag the total Xsray doae waa incereased above 20 Ly in step with the corresponding

reduetions in worn burdess. Neglizible weductlons in hamatocrit and

haenoglobin values were vecorded in pups given 40 and 50 hwwlirvadiated larvae

so that a suitable level of zadiatlon selected by these eritewia would also

be 40 ky or greatew. The clinlcal cobsewvations furthar supported this choice.
Lavvae leradiated with 40 kv and greater doses of Xepays gave visgoe only

to sterile femsle worwms o that such a product pould be safely used without

the possibility of the geographic dissemination of hookwoum infection by pups

after incculation with these larvae as vaceine. Yrom the standpoint of

practical usage and acceptibility this cafety factor is of prime iuportance.
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Bexval sterillity of adult worm populations derived from infections with
irradiated laxvae has beon wvecorded previously (Semvad, 1937; FEvans of al.,
1941; Ratz, 1960; Rick & Kelth, 1960; Mulligan et al., 1961; Varga, 1964c;
Sokolic et al., 1965; RKassai et al,, 1966), althongh the stentlising dose of
vadlation has been found to vary from one parasite to another depending on
speclies and the radiosensitive or radiaﬁiohﬁtréateﬁ gtage in the ilife cycle.
The increased rﬂdioaensiﬁivity of male lawvae compaved with female larvae
noted in the present vesults has also been recorded in other systems (Clovdia
& Bizzell, 1960; Kate, 1960; Mullipan et al., 196)%; Ruff er al., 1965;
Sokolic gt al., 1965).

Results, pevhaps more closely velated to the present experiments, which
Dow et _al. veported {1959, 1961) with U. stenocephala showed that this hook-
worm of dogs was similavly susceptible to Xelrradiation as has beon demonstrated
above in the case of A, canimuwm, OSimilar veductions in worm establishment
figures at vadiation doges of 20 and 40 kr were xeﬁorted although the

sterilising cffect of 40 kr of radiation was not obsexrved,

Kwirradiation of the infective larvae of A, caninum reduced the ine
feotivity of the larvae, as measured by subscquent intestinal establishment
of adult hookworms. As the dose of rvadlation was increased, the infectivity

of the larvae was decreased and the pathogenicity to the host of the resulting
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buxden of lvradiated hookworms was wreduced, as exhibited in the haematologic
meagurements and clinteal findings, Male lavvae weve move gensitive to the
effect of Xwirradiation than wern female larvee, particularly at the higher
levels of vadintion., At vadiation deses of 40 kr and greater, the fenale
worms in the resulting populatifon wers iuvariably sterile. From thesa
resulis it was concluded that lawvae ivrvadiared with 40 ke ox nveatar doses

of Xeraye would be more suitable for vaccination experimenta,
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SECTION VI

THE BYFECT OF SINGLE VACCINATION OF FUPS IN CONFERRING PROTEGTION AGAINST
CHALLENGE Or DMMUNITY

Introduction

Having determined what dose of Xerays would be likely to induce such a
degree of attenuation that pathogenicity during vaccination would be acceptable,
a single vaccination expeviment was then conducted. This experiment was
dogigned to determine the rvesistance of singly-vaccinated pups against a

severe challenge of immunity.

Experimental Design

8ix 3emonths~old uninfected pups were vaccinated by subcutancous
inoculation with 1,000 40 kreirradiated A. caninum larvae. ‘Twenty-eight
days later thelr immunity was challenged by subeutanecus inoculation of
1,100 normal A, caninum larvae., At the same time, the infectivity and
pathogenicity of the larvae used for challenge were determined by eube
cutaneous inoculation of 1,100 larvae to 12 uninfected and unvaccinated
eontrol pups.

To control infectivity and degree of radiation attenuation of the

irradiated larvae used for vaceination, nine 6 to B-weeks«old pups in two
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groups were inoculated subcutanecously with either irrvadiated ox normal
larvae at the time that irradiated larvae were inoculated to the vaccinates,
Five pups in cne group were inoculated with 1,000 irradiated larvae while
the remaining four pups weceived 500 nowmal larvae, The reason for using
differvent numbers of larvae to infeoct the pups in these 2 groups was that
1,000 irrvadiated larvae of diminished infectivity weve naceseary to pernit
recovery of suffleieont stewile worms for eccurate asseosnent of attenuation;
- while 1,000 unirradiated larzvae of nommeal infectivity constituted a lethal
infection for & to Bewecks~old pups. These nine pups were killed 21 days
after infection and thelr necropsy worm burdens recovded,

Vaceinated and control pups were observed clinically and their
haematocrit and haemoglobin values determined throughont the experiment.
Plasma protein values were also wvecorded. At suitable intervals after
inoculation of challenge larvae, samplen of faecces were obtaloned from
vaceinated and control pups and were oxamined fivstly by the f£lotation
methed, When hookworn eggs wexe found, the number of hookworm eggs were
then counted by the McMaster method, The welghts of the vacoinated and
control pups wera recorded at the time that frradiated larvae were inogulated
to the vaccinates, when challenge larvae ware inoculated ta the pups of both
groups and when the vaccinated and surviving control pups were killed at the
end of the experiment, or at earlier death of unvaccinated centrol pups
(Appendix ILT, Table 53). Measn group growth rates of vaccinated and control

pups over each pericd of the experiment were calculated, as specified in
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Materisls and Methoeds, and the significance of appavent differences in growth

rates were gscertained.

“Raesults

Attenuacion

- Infeetivity and radiation-attenuation contrvel figures {Appendisn 1,
Table 34), caleulated f£rom the necvopsy worn burdens {Appendix 1T, Table
42), showed that exprsvre to 40 kr of Xerays suitably attenvated the larvae
vwhichk congtituted the vaceine (mesn takes of wormal and irradiated larvae
were 48 and 4%, respectively, equivalent to & velagive infectivity of the
vaccine of 6%). Ivery female hookworm recovered from the eontrol pups
that had been infected with irradiaced larvae was aterile, and hookwonu
eggs were not detected in the factes of vaccinated pups at auny time before

inoculation of the challeage infection.

Bingle vaccination conferred a highly siguificent protection (E < 0.001)
o the vaccinated pups when measured by thedv ability to resist establiahment
and development of adult heoolworms froem the challenge inoculun of normal
A, ceninum (Table 7). At necropuy the 6 wvaccinated pups were found to
harbour 596 % 164 worms while the 12 controls had 951 % 97 worms, As a

residue frem the single vaceine inceula, a total of 106 sterile irradiated




Table 7. Single subcutanepus vaccination of J-montha-old pups with 1,000
40 kr-irradiated A, caninum larvae with challenge of immunity of the

vaceinated and of unvaccinated control pups by subgutaneous fpoculation of
1,100 normal A, caninum larvae 28 daye later. Necropsy worm burdens were

enmerated 22 days after inoculation of the ckallenge larvae.

| | | Vaécine
Treatment No. of pups M?gns?dfgke pxog;gtimn
Control 12 86.5 £ 8.8 0
Vaceinated 6 4.2 & 4.9 37

Individual necropsy worm burdens are given in Appendix IX, Table 43,
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hoskworms persisted in the intentine of vaccinated pups wntil the time of

neCLOpsY.

Hacwatology

After wacelnation, the wacclnated pups ouffered slight depressions of
haematoorit and haecwoplobdn values cowpared with the, as yei wmdnfected,
comtyols (Fig. 4). 'These depressions showed an an interruption of the
normal growth vize in heematologle waluce wather than an abasolute depression
and, compaved with mean contemporary control values, were ecquivalent to
about 107 of the vormal values. After dvoeulacion of the challenge larvae,
the values of the vaceinates showed further deprensions equivalent to 20%
of the levels at the time of inceulation of the challenmge. This depreseion
was £ivet appavent In the haematologic values of sanples taken at 10 days
after challenge lufection, Dy comparison, contrel usnvaceinated pups
suffored zevere depressions of haematocrit and hacueglobin walues, the
reductions creeeding 50% of the meagurement at the time of chollenge ine

fection.

Bochentstry

The plasma protein values also changed during the experiment, with
depressions aftexr challenge in the walues of both waccingted and control
pups bhefng of similar sine and proporidon to the haematologic changes

(Fig. 5).
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A3 & consoguence of the sovere pathogenesis of the challenge, 5 of the
12 control pups died between the 12th and 220d days after lufection. The
gurviving control pups and thoge which died wewe thus sevevely affecied by
the challenge infection end showed gevere clinical aigﬁa of meuke aucylostoniasis.
In contvast, all the vaceinated pupe suvvived, They were ¢linieally uie
affected before challenge infection and theweaftor the only sign of
ancylostoniasie was that of occasionsl diavvhees eince thedir velatively wild

snaemia wes undetecitable in their clinical appeavances,

Welght changas

At the start of the expeviment, there was wno significent difference in
the group body welghte of the pups batween pups that were to be wacclinated
and the contiols (Appendix IIX, Table 53). A significant difference was
apparent between the growth rates of vaccinated and contvol pups only aftor
Inoculation of the challeuge (Table 8). The waceination procedure, involving
the presence in the vaceinates of 2 swall nunher of sterile hockworms, did
not adversely affoct the growth of these pups compared with the mainfected
control pups. After inoculation of the challenge infection, the growth rate
of the vacoinated pups was peduced conpared with their growth rate before
challenge, although their post-challenge growth rate was algnificancly and
highly favourable compaved with that eof ¢he uvovaccingted conkrol pups. The
pupz in this latter group either failed to grow or lost weight in association

with their acute ancylostomfasis.




Table 8. Mean group growth rates of single-vaccimaied and of conirol pups

¥
weve calewlaced a9 poveent incresse or decvease da welght ovey each period

of the egperiment. Statistical analyses of the appavent diffevences between

vaceinated ond contvol pups weve by Studeni's "t test; the probabilities

(®) rafor to couparisons of daca jumedistely abova and below each stakement.

Growth rata (% % a.d,) from-

No. of ?ﬂaciﬁdtlml {ﬂmiienge- £O
pups to challenge termination
Controls 12 75 % 47 *arm
0,3<2 B < 0.02
Veacinates (2 . B3 %16 | 24+ 9

Loss of weight




Faecal epg counts

Mesn group hookworm egg counts showed large and disproportionate
reductions (i.e., conpared with relative challenge worm burdens) in the
faeces of vaccinated couwpared with unvaccinated control pups (Table 9).
While protection against the establisbment of challenge hookworms in
vaccinated compaved with the control pups was equivalent to 37% (Table 7),

relative or per cent reduction in worm egg count was of the order of 60-90%,

Biscussion

By all criteria of measurement, it was showm that single vaceination
of 3e-montha-old pups by subcutaneous inoculation of 1,000 40 kr-irrvadiated
larvae conferred on the waccinated pups a satisfactory resistance to a
severe challenge of immunity. The most styiking consequence of their
regiatance was the protection against potential morbidity and mortality of
the challenge infoction which proved to be an LD 4o t© the controls.

FPariier work, in which the immmity of pups was challenged with normal
U, stenocephala after single vaccination with 40 kreirradiated U. stenocephala
larvae (Dow gt al., 1959), furnished results showing a greater level of
resistance to establishment and maturation of challenge hookworms than did

the present experiment of single vaceination and challenge with A, caninum,

However, the challenge of immunity in the Uncinaria experiment was delayed

until 4 months after single vaccination, compared with a delay of only 1 month




Table 9. Mesn group hookworm egg counts (thougands per gram) in the faeces

of siazgienvacciuamd and of contwol pups akter challenge infection.

Bays afiey 3 11 16

challenge 21

Controls 0 0 4,6 123

Vaccinates G 0 1.7 11
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in the present experiment., In viow of the epizootiology of canine
ancylogtomiasia, early experimental challenge was considered to be essential
in the present investigation. Cliniecal sncylostomiasis, including death,
1g & common problem in young pups so that a pyime nequireﬁxem: for any |
vaceination schedule is that dmouniity be ecstablished at an early mge and
that this lomwaity be effective as soon after waccinatlon as possible.

In addition to the preseni results and those of Dow et al. (1959),
single vacclnation with irvadisted helminth lexrvae has been previously shown
to be effective in provoking fmmunity against subsequent challenge infection
with normal larvae in some experiments (Jaxrett et al., 1959, 1960b; Poynter
et al,, 1960; Villella et al., 1961; Cabrera & Gould, 1964; Sokolic et al.,
1965) but not in others (Smithevs, 1962; Miller, 1963).

Summary

A single suboutanecus vaccination of pups when 3-nonths~old with 1,000
40 kreirradiated A. caninom larvae conferred a highly significant iesistance
against the establishument as aduwlt hookworms of normal laxvae from a challenge
infection glven when 4emonthe-old, Vaceination conferred highly satisfactory
vesistance also to the potential morbidity and mortality of such a challenge,
when messured in terms of haematologic and clinical findings. The most
gpectacular aspect of the resistance conferred by waccinatlon was in protecting

vaccinated pups against the lethality of the challenge since 5 of the 12




wvaceinated control pups died, while all vaccinated pups survived and

were ralatively unaffiected by their challenge infectdon,

50
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SEGTION  VIZ

THE FFFECT OF DOUSLE VACCINATION AND OF ROUTE OF VACCINATION AND CPALLINGE
INFEGTTION IN CONFERRING FROTRGTION AGAINST CHALLENGE OF TMUNITY

gptggﬂumtiuq

Having showm (Section VI) that single vaccination of pups by subeutaneous
inoculartion of Xeirradfated A, eanivuum laxvae was successful in conferring
protection agatnst the potential moxhidity and mortality of a severe challenge
infection, the next lopteal step was to inveatigate the efficacy of double
vacelnation schedvoles, Since A, coninum larvvae can establish infeetion
equally by the subeutaneous and oral routes and since it wan considered
almost imposeible to remove micrpbial vontamination of faeeal oxigin frem the
larvae bofors subsutanaous inoculatilon, it would be preferable that irvradiated
larvae should be given hy the oval voute. Also, veatriction of the method
of challenge infection to the subcutsneous woute to tha exslusion of the
oral route mipht be considered to be upnmatural sfince the route of challenge
under natural conditions is probably hoth percutaneous and oral., Thus the
following 2 experiments were deplgned primarily to detemmine the efficacy of
a double vaccination achadule by subcutancous inoculation of ixradiated larvae
against subgsaquent subcutaneous challenge of immunity; and secondarily to
compare subeutaneous and oval vaceination agalnst challeages of lomunity in
which lavvae were given by eithey zoute (l.e., these 2 routes of vaccination

and challenge Infection ware pevmutated in 4 ways).
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Experimental design

This scction contains vesultas of two separate experviments in which 1,000
40 krwivwvadiated A, ¢an§num‘1arvae were ingculated subcuhaneously ar were
administered ovally in double waccination schedules to pups when 3 and 4emonths-
old, When the vaccinated pups weve Semoathseold, theiv lmnunities were
challenged by infectlon, cither subcutaneously or ovally, with 1,000 nozmal
As caninun lacvae. To contwol the challenge in each experiment, S-montheeold
unvaccinated pups weve alae infectad wich 1,000 nomal larvae administered by
the dppropriste method., Owxal infection wae accomplished by the method doge
cxibed previously (Seetion XTI},  The plan of the exporiments 18 chown in
Table 10,

00 edch occasion that vacciune vas propaved, the infectlvities of the
noumsal and of irradiaped lavvee were determined by eowmevation of worm
burdens 21 days aftey infectlon of 3e~months~pld pups by subcutaneous
inoculation of 1,000 lazvae.

In both expeviments, haematolopgic values (i.e., haemdtocrit and
hacmoglobin) of thoe vaccinated pups were vecovded at inborvals throughout
e expavinents while those of the unvaceinated control pups wera wecovded
after adminiatracion of the challengs infection., The ecliuical appeavances
of the pups were also ebservad throughout hoth experinents. AflLep aubw
eutaneous Inoculation of the challenge infection in the fimot swporvinent,
elinteal obseyvaiions aleo included daily messuvement of pules vate over
the femoral artevies of pups vaccinated by the subcutoneous route and of

their respective contirols.




Table 10, Plan of experiments to determine the efficacy of a double
vaccinetion schedule by subcutaneousz incculation of 40 kr-iyvadisted
A, ganinum layvae against subcutaneous challenge of Immunity; and fo
compare the subsutaneous and oral routes of double veccination when the

challenge of fmmunity was hy elther route.

No. of | Pirst Second

pups vacelnation vaceination Challenge
EXPERIMENT 1
6 8le sfe sfe
3 oxal Oral Oral
6 " - s/
6 - - Oval
EXPERIMENT 2
5 a/e 8le B/e
3 s/e 8le Oral
6 Oral Oxal sle
3 - - oral
3

" - Qh:

e, |

874 = by subcutaneous inoculation

Oral = larvae admivistered by pipette to the anterior pharyax, as specified
in Materials and Methods (Scetion 1I1),
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In the fivet emperiment, the welights of vaceinated and of contvel pups
were recorded ab the timo of administeving the fivst dose of veceine, vhen
challenge lotvae were given, sud £inally when the experiment was torminated
(Appendizn TI1, Tabie 54).  As previously, prowih rates were analysed over
the periods from £irst vaccination to chsllenge and from challenge to
termination, end the significance of apparent differences were determined,
Semples of facces from vaceinated and from control pups were collected ot
various times after £ivot vaccination, and after challenge, respectively,
and were examined by the £lotation and quantitative techniques described
ecarliex. Viccinated and unvaccinated control pups were killed on the 25th
day after administering the challenge infections, necropsies performed and
thelr intestinal infections with adult hookworms enumerated, Student's
"e! test was employed to detexmina the significance of appavent differences

in worm burdens (expressed as % take of challenge larvae) between the various

treatnents.
ﬁqgu}.m
Attenuation

The necropsy worm burdens of the vaccine radiatfone-attenuation control
pups (Appendiz XX, Table 44) showed that the lavvae used to prepare vaccine
for both exwperiments were of high infeectivity (mean group percent takaes of

59 w 847%) before gzposure to Xerays (Appendix I, Tabla 35), After irradiation
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with 40 kr of Rerays, their infectivities were veduced to that proviously
angooiated with fvzadiation at this Level (15 « L7% mosn group talkes,
equivalent to 18 » 27% relative lafectivify), egcopt for the larvae used

for fizat waccination in the second expeximent (367 mean group take cauivaient
to 55% zedatdve iﬁﬁamhivity). The renson for tha greator wesiotanne of
these larvas to the offects of radiation was not at that time apparent but
oy have heen related to the soncentzation of the larval suspension ({.e.,
mumber of larvae/ml) during the period of exposure to ¥erays. The apparently
radiation resistant larvee (velative iufeckivity 55%) weve iveadisted at a
concentration of 45,000 larvae per ml of suepending £flutd, vhile previouws
frrvadiation procedures were performed on larvae at concentratione of 21,009 -
35,000/ml. Irreopoctive of the relative infectiviiies of diffevent batches
of izvadiated larwae (l.e., 18 ~ 55%), all fomale woxms recoverad at necrxopsy
on the 2ist day after Infectlon were sterile and at no time were hookworm

eggs seen in the faeces of vaceineted pups before oxpiyy of the normal

prepatent period afier challenge infection with nowmal laxrvae (Table 15).

Birst cuperiment: Proteetion apainot infection

All wvaccinated pups eshibited siguificant protection apeinst challenge
infection compared with the respective unvaceinated contxols (P < 0.01).
Comparison of the necropsy worm burdens of vaceinated pups, expressed as
pexcent take (Table 11), showed that suboutaneous vacnination protected pups

nore effectively against asvhbentaneous challenge of immunity (88% protection)



Table 11, Fleot experiment to compare subcutaneous vaeccination and
challenge with oval veccivation and challenge. The pups woro vaccinated
whenr 3 and dgemonths~old w;l,#h 1,000 40 ku-irradisted A, candnum lavvae.
Challenge of dmaunities of the vaccinated end of wnvaccinated contrel pups
voe by infection wich ;?;.000‘ normal A, condmum larvae when they were S-monthe-
old, Peotection from vacednation was measured By necropoy woxm burdens

which were enumerated 2% days afier challenge infection,

unta OF gdmini,&tr@tim No. of

pups M?an&ffw "Ezg%zi‘m
Vacelue Ghallenge °‘
Control 5/e 6 77.9 £ 9.7 0
sfe s/e 6 9,7 & 6,0 88
Control Oral ] 86 7.9 0
Oral Oxal 5 33.6 % 22.1 61

Individual necropsy worn burdens are given in Appendix 1X, Table 45,
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than did ora} vaccination against oral challenge (61% protection). This
difference in challenge worm burdene between these 2 groups of pups was
statistically sigaificent (2 € 0.08), while there was ne difference in
challonge worm burdens dn wnvaccinated control pups between subcutaneous
and oral infeciion (2 < 0.1).

It is worth neoting also that in the pups of the auboutancouse
vaccinationwaud~chalienge group all challenge wonn burdens weve small
(97 £ 60 womms), and hence protection assoclated with this procedure was
uniform and of a high order. In contrast (Appendiz 1I, Table 45), the
aumbers of challenge hookworms (336 % 221 woims) in vaccinated pups of the
oralwvaccination-and-challenge group varied widely since only 2 of these
5 vaccinated pups harbourved small pumbers of hookworms, while the other 3
had lavge challenge worm burdens (i.@., wowm burdens that were individually
equivalent to laess than 50% protection). Oral vaccination thua confewred
a significantiy inferionw level of iwmuunity ageinst oral challenge and thie

tmounity varied widely between individual orally-vaccivated pups,

The haematologic vesults (Fig. 6) showed that mlthough pups of both
groups exhibited vaviations in mean haematocrit and haemopglobin Levols
afrer flvat vacelnation, veducetions in these values wave ewall. Afier
ehauen{gca the hacmatologle values of the coutwol pups, with a mean worm

burden of 820 nommal hookworme, were veduced to less than half thelr
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FIGURE 6. Mean group haematologic values during vaccination and challenge
of double vaccinated pups (routes of administration of larvae shown), and
of unvaceinated controls after challenge of immunity in the firat experiment,
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previous levels. After challenge the pups o0f the subiutaneous vaccine

group, with means of 97 nommal and 18 sterile hookworms, cxpenienced a rise

in haematologic values while pups of the oval vaccine group, with means of

336 normal and 16 sterile hookworms, experienced only slight and insignificant
reductions in their haematologic values (less than 10% of at-challenge levels).
Thus while unvaccinated pups in the control groups were severely affected by |

their infection, as roflected in the hammatologie results, the vaccinated

pupa were for all practical purposes unaffected. FEven pups that were

vaceinated and to which challenge larvae were given by the oral route, and
vhich harboured lavge challenge worm burdens, suffered only mild and dis~

proportionate veductions in haematocrit and haemoglobin values.

The clinical £indings of the vaccinated pups during the period from
first vaccination £ inoculation of the challenge did not deviate from
normal except for the passage ufv‘m occasional semi-£iuid stool, the
significance of which évent was not apparent although it may have been
associated with the presence 6f frradiated hookworms. After challenge
infeation, clinical differences betwoen vaceinated and control pups were
striking, as exemplified by the data in Table 12, The control pups had
signe of severe acute ancylostomiasis, whereaé the vaccinated pups were

practically unaffected.



Tabie 12.

Clinical findings after subcutaneous inoculation of the challenge Infection to
double-vaccinated and unvaccinated control pups of the first experiment.

{Only vaccinates
that received irradfated larvae by subcutanczous inoculation were incliuded.)

g ¥ 2 3 a
Activity  lassitude Diarrhoea Dysentery ﬁmvwﬁnrbwwh Pulse rate at rest

(mean % s.d.}
Frofound Severe,  Severe from
Controls Depresged  from i0th fludd ioth day White 138 * 12.7
day
Vaccinates  Normal - ocoasional Pink 118 = 3.6

* Fpithelial colour observed in conjunctival and in unpigmented buccal areas (gums, excluding tongue).

* Calculstion based on twice daily measurements of pulse rate st rest during the period 10-20 days
after challenge.




8%

As rogarde pulse vate measurements taken at rest, the vaceinated and
control pups in these experiwents ﬁara-uaaﬂ algo in an lyotope experiment
and quichkly became accustomed to dwily withdrawal of blood semples in
connection with isotope measurements, In these circumstances and dve to
frequent handling of the pups, counts of pulse #aee aover the femoral artery
could ba made with reasonable vepeatability of vesult.  Although these
mgasuraﬁanﬁs in the controls were taken over the 10«20th day, inttial
measurcments were closer to normal, becoming increasingly erratic, with the
rate asccelevating sowards the end of this time as their anacmia developed,

In epite of thoe severe signs of oneylostomiasis in the 5 to Gemonths-0ld
unvaceinated controls, all these pups suxvived to the end of the erperiment,

Alchough many of the orally~vaccinated pups were found at necropay to
ba harbouring much larger worm buidens from thelr orally-administered challenge
larvee, there was no appreciable divergence in clinical findings between
these pups and those that were vaccinated and to which challenge larvae were
given by suboutaneows inoculation. Thus the haematologic findings following
challenge of vaccinated pups in these 2 groups were reflected in the clinical
data, although the detalled clinical measurements (Table 12) were derived

from observation of only the subcutaneously-vaccinated pups.

eight chan

Growth vates weve calculated for esch period of the experiment

{4.0., from £irst vaccination to challenge, from chellenge to termination)




Table 13. Mean group growth rates of double vaccinated and of congrol pups
in the £irast experiment which compared the efficacies of subeutancous
vaceination and challenge with oral vaccination and challenge, Growth rates
were ealeulated ao pewcent increase or dacmmmﬂ in welght over each period
of the experiment, Statistical analysio of spparent differences wore by
Student's "&" test; the pm!:nbﬂmxea (B} refer to cmparj.a;ms of data
immediately above and below cach statement.

Route of infection | No. of Growth race (4 # s.d. ) £rom

sk Galloge TP Pimcudwdon  dwos o
Contxal sle 6 111 & 4 8 & 21
0.5¢p | 0.6< P

gle slc 6 67 % 48 19 % 13
0342 - 0,05 < 2

oral Oral 5 . 98 % 49 %3 %20
o S R RS T 0,6< P
Contxol Oral L] 131 & W04 8 %213
0.6<8 0.4< P

Contsol B/ € 1L # 41 g & 21

% Loss of weight

Yor casc of comparison the £irvst group of s:esulta have been vepeated at the
foot of the table.
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snd the nignificance of appavent differences were determined (Table 13),
There We's:é no significant differences fn growth rates betweon any of the
groups,  Thus vaccination did not interfore with growth; while the
challenge infection, in gpite of inducing velatively severe depressionc
in haematologic values and advexse clinical sisns, failled to zeduce the

growth rates of the controls.

in the second experiment in which woutes of waceination and challenge
were permubated batween subcuteneous and oral iufection thers were no
significant differences either in necropsy worn Bm:deim (Table 14, 2> 0.1),
in haematologice findings (Fig. 7), ox in clinical obsepvations batween any
of the 3 groups of vaccinated pups. The normal larvae uaed fou clmllénge»
infegetion wore not of such high infectivity as in the flrst expeviment, and
there was no gignificant difference in infectivity betweon larvac glven by
either rowte to the control pups (2 > 0.9)., The differences between challeage
worm bhurdens in tlhie vaccinated pups of all theea groups (mean group worm
burdune of 15 - 88) and those in the appropriste contyol pups (539 « 549 mean
worm burndens) wera highly signifficant (R £ 0.001), Protectfons within each
of the 3 proups of vaccinated pupa wore alco guite wniform, even within the
grovp in which the pups were vagcinated orally and ivmunity was challenged
by subcuiancous Inoculacion.

Fven though the infectivity of the challenge lauvae was diminished,

the reductions in haematologic values of the uwivaceinated control pups were




Table 14. Second experiment to compare vaccination and challenge by

B

permutations of the orval and subcutaneous routes of infection,

The pups

wore double vaccinated when 3 and demonthowold with 1,000 40 kreirradiated
A, caninum larvae., Ohsllenge of fmmunity of the wvaccinated and of
unvaccinated control pups was by infection with 1,000 nomal A, caninum

larvae when they were S<months-old.

Protection from waccination was

medsured by necropay worn burdens which were envmeraved 25 days after

challenge infection,

Route of administyation

s ‘ e Wo, of Mesn % take Pg‘;‘ézi"é; on
Vaceine Challenge pups (2 8.d.3 (%)
Control 8/a 3 54,9 & 1.6 0
8/e sl 5 4.1 % 4.8 23
Oral s/a 6 8.8 % 9.8 84
Control Oral a 53.9 % 13.3 0
8le Oral 5 1.5 £ 0.5 97

Individual necropsy worm burdens are listed in Appendix II, Table 46.
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FIGURE 7. Mean group baematologic values during vaceination and challenge
of double vaceinated pups (voutes of administration of lavvae shown), and
of wnvaccinated controls after challenge in the second experiment.
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eongiderable (Fip. 7) and were associatad with cliniesl signs of acute
ancylostoniasie, while the vaccinated pups of all three groups were
unaffacted in both hasmatologic values snd in ¢linical appearances.

The welghte of the pups were not vecovded dn this oxperiment.

Both exporiments:  Faecal epg counts
In both experimonts the results of faccal examinations (Table 15)

ghowed {hat mean group hookwown egg counts refiected, in an appronimate
fashlon, the numbers of fervile hoolwowms in pups of each grown, The
onset of patoncy (l.e., firse deteciion of hookworm egus in ihe facces)
in vaccinated pups of the second cxperlnent was délayad.' In the second
experiment oggs were not detacted (even by the £1a:ahi6n method) at any
time in the Faeces £rom pups thst had been vaccinated by the subcutancous

route and then challenged ovally, although thaese pups each havbourved 15

(nean) nommal mature A, captnun, of which 10 (mean) were feviile female
WOLrnG .

Discuseion
Attenuation

A mmber of the observations vecorded above raquire discugsion to a
fullar degree thon given to them so far. One of these is variation in the

degree of ruadiationeinduced attenvation of lacvae, particularly the high




Igble 15, Mean group hookworm egg counts (thousands per gram) in the faeces

of vaccinated and of control pups after challenge iufectlon,

Bays aftgﬁ whallenge b 14 19 25

EEPERIMENT T

Ghallenge noukrvols ~ S/o 0 0 17.2 24.7
Challenge controis - Oral Y] 4 4,9 4.4
8/c vacetna ~ $/c challenge 0 0 3.2 0.9
Oral vaccline - oral challenge 0 0 0.7 9.0
i : ENE 2

Challenge controls » combined 0 0 2 40
8/ vaceine » 5/¢ shallenge ¢} 0 Q | 3.7
8/¢ vaccing = Oxal challeige 0 0 0 0
Oral vageine » 8/¢ challenge 0 0 0 2.4
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infectivity of the laxvae used for fivst vaccination in the second experiment.
It seenmed possible that the low attenuvation ovr high infectivity of these
irradiated larvae was assoclated with the concentration ag which they were
angpended in water during the time that they weve exposed to X-»ays, since
larval concentration is likely to influence oxygen tension and the laiter
has been shown to be important in determining vadiosengitivity of biological
tissues (Bacq & Alexander, 1961). Thus at higher larval conecentrations the
snount of available oxygen in solution is likely to be diminished so vedueing
the susceptibility of the larvae to the offects of fonising vadiation. Tne-
crease in tempevature, pweswunably by increasing the respiratory function in
polkilothermic nematede larvae and by depleting the availlable oxygen, has 2
similar cffect. These factors would serve to irercase the infectivity of
attenuated nematode larvae (Fitzpatrick, personal communication),

Jennings et al. (1963) showed that variation in larval concentration

did not affect radiosensitivity of N, brasilicnsis larvae until the cone
centvation of larvae was reduced below 1,500 per ml. They also ghowed

that at concentrations between 9,000 and 50,000 per ml a wuniform attenuation
was produced by a standard dose of Xerays., Therefore in the present series
of experiments with A, canimm, in absence of more exact information at the
time that the exporiments were planned and executed, this range of 9,000 to
50,000 was selected in expectation that standard attenuation would be achieved.

Bowever, it seemed that the findings from experiments with N, brasiliensis

larvae may not be extrapolated freely to A, caninum larvae, This has been
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further confirmed and retwvospective esplanations sre now available from
work done subsequent to the series of experiments rvepoxted in this
dlesertation (Miller, unpublished data) to account for some of the eavlier

varlations in radiosensitivity of A, caninum larvae.

Single or double vaccination
The results showed that subcutaneous vaccination with 2 doses of

40 kr-irrvadlated A, caninum larvae was more than twice as effective as was

single subcutanecus vaccination (Section VI). Measured as protection
against the cstablishment of adult hookworms from the inceulation of nomal
challenge larvae, doublo subcutaneous vaccination prevented 88 to 97% of
these larvae from reaching maturity (Tables 11, 14) while in singlewvaccinated
pups only 37% of the challenge larvae were prevented £rom maturing (Table 7).
However, this advantage of double over single subcutancous vaccination was
not reflected in the comparison of postwchallenge weight geins (Tables 8, 13),
nor was the advantage so striking in the haematologic data (figs. 4, 6, 7)
since all singly and doubly.vaccinated pups resisted equally the potential
pathogeneéma of thelr challenge infection, Since hookworms do not muliiply
within the host, this superiority of double compared with single vaccination
was not ontirely unespected, particularly as the most importanc immunogenic

phage of hookworm.infection may be brief and be associated with migrating

larvae (sea below).
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Superior efficacy of double comparved with single vaceination has been
a freoquept Finding in previous vaccination experiments in which X or yrray-
attenuated helminth larvae have been employed to stimulate fmmunity (Jarvett
et al., 1958, 1961b; Dow gt al., 1950, 1961; Poynter ot al,, 1960;
Villella gt al., 1961; &mithavs, 1962; Cabreva & CGould, 1964; Sokolic et
al., 1965). Whether this superlor lmmumogenic effilcacy was assoclated
with inereased antigenic stdnulation or with the longer time interval between
first vaccination and challenge infection (Villella et al., 1961) was not
in most cases apparent, although in experiwcnte for which protocols pemmit
adequate compavison (Dow gt al., 1939, 1961;. Sokolic gt al., 1965) it

geemed that both factors contributed,

Route of vaccination and of challenge infection

Yokagawa and Olao (1926), Foster and Cross (1934) and Matsusaki
(1950) showed that following aﬁministrauion of A. caninum infective larvae
to dogs by stomach tube or by ocsophageal fistula, the majority of larvae
matured in the alimentary traci without undertaking the asomatic migtation
via lungs, Svachea and vesophagus, CGarolan (1957) showed that infective
arvae of A, caninum would mature in & Thivy fistula and that, following
this method of infection, hookworms were not recovered clsewhere in the |
intestines (i.e., indicating that the lawvae did not leave the intestinal
pouch, or undergo somatle migration). Shivai (1926) reported experiments

which showed that less thau 0.35% of larvae administered by stomach tube
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could be recoverad from the lunge. He also claimed ghat following oxal
infection, as congtituted by pipetting larvae into the mouth, soma of thage
larvae could be demonsirated hisvologically in che buceal, pharyageal and
cesophageal suhw-epithelial tissuss at 3 hours afier infection, and also in
the lungs at 24 hours. Fulleboxn (1925, 1929} and Nagoya (1931), however,
suggested that lung migration following oral infection was obligatory. 1t
geems likely that confusion as to what each author meant by "owal" or'per os”
infection was vesponsible for much of vhe initial controwersy as to whether
lung migvation was necesgary for development of A, caninum in dogs following
these nethods of inflection, 1In the present expevimenks with oval inflection
in which lawgvae weve fivst exposed to the pup in the buccal cawvity, anterior
pharynx and oesophagus, it is likely that 2 vaviable proportion of the dose
of larvae would penetrate the epithelia of these cavities and undergo
somatic migration, Variatioa in the proportion of larvae folliowing each
pathway may serve to explain some of vhe varviatione in the wesulto,
pavileularly in the oral vaccine « oval challenge group (nee Table 16 and
discuseion in the next paragraph).

A review of the rvesults of the 2 expeviwments (Teble 16} Indicated that
the nost wnlform and affective protection, in tewms of resistance to
establislment of hookwoums from the challenge infection, was exhibited by
pups thai had been vaceinated by subcutaneous inpculation of irradiated
larvae, while owal vaccination was lese efficaclous.  Subcutanecus
vacelnation was highly effectlve in controlling the challenge when this wag
administered by eithex route, while orally vaccinated pups were apparently

more resistant to subcutaneous than to oral challenge infection. It is




Tahle 16, Swmaory of the degree of protection against challenge hookvom
i e ]
infection, correlated with the amount of somatic wmigration by the larvae of

vaceine and challenge depending on the wouwte of adninlstration of the larvae,

o

Vacoinae

Routa of infeeiion proteation Somgeic oxposure
Vacedina Challenge (%) Vaccine Challenge
Ble gle a8 Bntire mntive

- . e Variable/
8/a Oral 97 Entlre minimal
Oral s/e 84 X?ﬁiiﬁ%a/ fntire
Oral oral o Variable/ Yariable/

ninimai ninimal
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iutere&ting‘ﬁa spoculate that the presence or absence of somatic migration
(1.0., via the lungs) may be covrelated with the rolandve efficacles of
immunogenesio Lollowing vaceination by the difforent voutes (Table 18),
Where total ddae 1ung’misranion\¢c¢urred (L.e., following eubcutancous
vncci&atinnﬁ immunogenesis was maxfonl, When vniy-ﬂ small, undetormined,
and variable amount of migration occurred (i.e., following oral vaccdnation)
imnunity tonded not to be so effective., This was true only when the
challenge layvae were also admninisterved oxaily,

When 40 kreirradiated A, caninum larvae were adminfstered by sube
cutaneous inoculation, batwean 75 and 90% of the larvae appeared to have
become arrested or to have died hefore they resched the intestine. ‘This
arrest o death of larwvac may have occurred in the lungs, as waas shown to
be the case when irradiated larvae of N, brasiliensis were given to rats
(Jennings et al., 1963)., Thovefore it seemed probable that avrest and/ow
death of fmmature irradiated larvae at the migratory stage in 4 sonatic
location was rvesponsible for stimulacing s maeximal fmmuncgenlc response
(L.e., after subcutancous inocculation of vaccine). This hypothesis was
furthexr supported by the £finding that gubcutaneous wvaccingtion with normal
infective larvae falled to stimulate ao high & level of resistance as did
subcutaneous vaceination with irvradiated larvae (Section VIII). Following
subcutaneous inoculagion of noxmal lavvde, & very lavge proportion of the
larval dose (GO-70M) reached the intestine in what would appear to be the
shortest possible time, with & velatively small proportion being delayed

or lost on route through the lunge.
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The difference in fmmunity following oral vaccination with dlrradiated
larvae betweon pups whose fmmunities were challenged by the oral compared
with the subcutaneous zoute (the latter pups were more wesistant to challenge
worm establishment) may indicate that the appavently inferior fmmune
rasponse ﬁoll-wiﬁg oral vaceination was more effective 1.# degtroying challenge
larvae that were migrating through the pups' tiasues (f.e., after subcutencous
inoculation) than when these larvae were maturing in the alimentary tract.

The irregularity of the individual vesults (f.e., challenge wom burdens) in
gome of the pups that were vaccinated and given a challenge infection by

the oral route may have been 8 function of the proportion of wvaccine and/or
challenge larvae which, following oral imoculation, sueceeded 1n penetrating
the epithelia of the mouth, pharynz and cosophagus thence to undergo lung
migration in the indfvidual pup, In tho fivet experimeut within the orally
vaccinated and nmnyaqhalz.enged group, 2 of the 5 pupa ware protected against
challenge as effectively #s were pups that received both vaccine and challenge
lgwue by suboutaneons inoculation, while the other 3 pups were slnost ay
suaceptible to establishment ptf the challenge hookworms as wexe uwnvaccinated

pups in the cﬁantztal group.,

Svmmanry,

Double vaceination was more than twice as effective as was single

vaceinatton when vacedue and challenge luxvae were administered by subeutaneous
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inoculation, when officacy was measured hy reosistance to the establishment
of adult hookwormg from the challenge infection. Double subcutancous
vaccination conferred equal protection against esubcutaneous and oral
challeage while double oral vaceination, although not so eifective against
oral challenge, conferved satisfactory protection agsinet subcutaneous
challenge. Howevay, in teums of rosistance to the potential morbidity of
the challenge infection, both methods of waccination were equally effective
compared with the effects of challenge infection on unvaecimted control
pups. The vesulis would support the hypothesis that the arrest of X
frvadiated lazwde io some gomatic location on thelr migratory route,
following subcutaneous inoculation, produced a better immunogenie stimulation
of the host, and that when the laxrvae of the challenge infection underwent
this aomatic migration they were more adequately exposed to the immune

vegpotice of the host,.
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SYCTION  VIIT

COMPARTSON OF '[HE (MMUNOGENIG EFFICACEES OF IRNADIATED AND OF NORMAL
A, CANINUM LARVAE

Introductio

It has been shown that vacelination of pups with 40 keeirvadiated
A. caninum larvae stimulated an effective lumunity against the establigh-
ment . of adult hookvwormgas £rom a challenge infection, the bost protection
heing that conferred by two doses of vaccine inoculated by the subcutaneous
route, There s also a considerable amount of evidence that infection
with unirradiated or nomal larvae may stimulate a high degree of {mmunity
(see Bection I). In other host«parasite systems fn which comparisons
have been made between vaccination with irradiated and with normal larvae,
it has been a freguent finding that the former procedure induced a superior
resistance against challenge funfection (see discussion of this section for
review of published work).

This section reports an experiment in which double vaccination by the
gubeutancous and oral routes with fxradiated larvae was compared with
similar rvegimens of vaccination with nommal A, caninum larvae.  Since this
experiment wag conducted at the same time an experiment L of the previous
section (VI1), the date from challenge control pups and those vaccinated with
irradiated larvae were common to both experiments and recur in the tables in

this section.
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Dxperimental desien

The plan of experiment is illustrated in Table 17, Thizty~cight
Jemonthe=old pups were segregated into 2 primary groups. To the 20 pups
in one primary prowp all infections wete made By suboutanenus fnoculation
while to the 13 pups in the other group all infections wore by the oral
route,

Rach of the 2 primary groups werae further subdivided to 4 subgroups.
The pups of the fivat subgroup verce retained to control the challepge ine
fections, The pups of the second subgroup were twico vaccinated with
irradiated lavvae, while those of the third subgroup were twice vaccinated
with normal larvae. The immumitics of these vaceinated pups were then
challenged by infection with normal laﬁ&e.

The pups in the last a.ubgmiup were twice vaccinated with normal larvae
bhut were not given a challenge infention, their purpose being to control
the efficacy of the anthelmintic trestment which was given to all pups 27
and 28 daye, respectively, after first and gecond vaccination with normal
larvae, The matheluintic was thenium p~chlorobenzene sulphonate (Ancaru@.
Burroughs Wellcome & Co., London)., ‘The trestment schedule comprised 2
dosee, each of 250 mg thenium base administered as recommended by the
manufacturers. Since "Ancaris" is a compound tablet, the pups also rew
ceived 1 g piperasine hexshydrate at each double treatment. ‘The pupa that

were vacoinated with irradiated larvae were not treated with anthelmintic.



Table 17. Plan of exporiment deslgned to compare the immunogenicity of
irradiated with normal A. can inum larvae by double vacceination of pups via
the subcutaneous and oral routes,

compriged 1,000 larvae,

All vaceine and challenge infections
Pups vaceinated with normal lavvae were treated

with anthelmintic 27 and 28 days after firsté and second vaceinations,

respectively,
No. of Pouble vaccination Anthelmintic Route of
pups Larvae Route treatment challenge
6 Conirol 8lc
6 Trradiated sfe 8/
& Noxmal B/c + 8/c
2 Normal 8le + Control
5 Contwol Oral
5 Irradiated Oval Oral
6 Nox*n:;ai Qral + Oral
2 Normal Oral 4 Controk
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The pups were vacciuated with 1,000 normal ox dxrvadiated larvae when
3 and 4ememths~old; and when Je-montha~old the lmmunities of the surviving
vaeclnated pups and of the control pups were challenged by infection with
1,000 nowmal larvae., Necropsy wonm buudens were detemmined 23 days after
ahailenge infegtion.

The nuubers of sterile female hookworms fyom the frradiated vaceine,
witleh porgisted in pups that weve vaccinated with frrsdiated larvae, were
deternined by microscopic exsmination and were then discounted from total
womm bordens o derive a €igure for challenge worm burdens in these pups,
The numbers of nowmal hookworms which had resisted snthelmintic Lreatment
weve wpecovered at necropsy of the pups of the fourth subgroups and were
algo discounted o give a figure for chailenge worm burdens in the pups
that wexe vaccinated with noxmal iexvsae. The challenge worm burdens of
vacelnated and of control pups, expressed as mean growp percent take, were
compared and the significance of apparent differences were determined,

On each of the two occasions that vaccines (i.e., Xeirradiated and
noimsl larvae) were administered, 3-months-old uninfected pups in 2 further
groups were infected by subcutaneous inoculation. The pups of one group
were infected with irradiated and those of the other with normal infective
larvae, At necropay of these pups on the 2lst day after infection, their
worm burdens, expressed as mean group pevcent tgke and as rvelative lufectivity,
sexved to control the infectivities of the nowmal and irvadiated laxvae that

were wged as vaceine.
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Haematologic values of the vaceivsted pups were wecorded at suitable
intervales throughout the esperiment while the walues of the contrel pups were
rvocorded afiter challenge lufection. Veights of vaceinated end of chalienge
control pups were yecovded when the first doge of iwvadfated or wnizradiated
vaccine was administersd, when challenge larvae were given, and finally
when the experiment was texminated (Appendiz IIX, Table 53). As prewviously,
growth rates wexe analysed over the yaceination and- challenge peviods and
the significance of appayent differences determinad.  Samples of £aecces
from vaceinated and from contrel pups were cxamined at various tiues after
fivst vaccination. The clinical appesvances of the pups were observed

throughout the experiment,

Besuleo

Attenuation

The infectivities of the normal and {rradiated larvae used as vaceine
(Appendis I, Table 30) were satisfectory. Before irrvadiation, the larvae
were of high infettivity and attenuation by 4 kr of X-rays was sinilar to
that recorded previously. At no stege, during vaccinatfion and before the
appropriate prepatent period after the challenge Infection, were hookworm
eges detected in facces of the pups heing vaccinated with irrvadiated larvae
(Table 18), and all femele hookworme recovered from wvaccine contral pups
that were infected with irradiated laivae were sterile. Pups being vaccinated

with normal lavvae pasesed large nunbeva of hookworm eggs in theilr faecces after




Table 18. Mean group hookworm egg sounts (in thousands per geem) in tha

faeces of vaccinsted pups after £lvst vacciaation and bafore challenge

infoction.

The wesults of pupe that vwere vaccinated with the same

preparation have been combined, lvrespective of the route of wvaccination,

Days after firvet wvnecioatilon

Vaceine e , : et
21 26 30(v,) 36 53 56 62(C)

Irradiated 0 0 0 0 0 4] 0
Unirradiated 33 48 0.7 0.2 25 14 1.4

Va = Secomnd vaccivnatlon; G = Qhallenge Infection
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first infection, and the effoct of anthelmintic treatment on their egg
counta was appavent in the souples examined on the 30th, 36th and 62nd

daye after fivst iofection,

rpteation asainst infection

The necyopuy worm burdens, exprevsed o percent take, £rom the challenge
Infecticn of normal A, coninum larvae and statistical analyses of the apparent
differences between these values are listed in Toblez 19 and 20, raspectively.
The worm burdens in all groups of vaccinated pups were slgotficantly smaller
than were those fa the conkrels. However, only the pups that were viccinated
by suboutaneous ivoculation of X-lyrvadiated larvae were uniformly and highly
registant to the establisbment of adult hookworms from the challenge infection
(for tndividual worm burdens, see Appendix II, Table 47). The resistance
of individual pups in the other 3 groups of vaccinates (il.e., tha: wera
vaceinated orally with irradiated larvae or by either route with normal
larvae) varied widely; and the mesn gwowp protcenion figuves (57-61%) were
lover than the mean figure for protection in the pups that werve vaccinated
by subentancous ivoculation with irvadiated larvae (88%). Within each of
the 3 groups, some of the vaccinated pups were hiphly weslatant (1.0.,
protection of abuut 90%), some were pavtially rvesistamnt (about 60% pratection)

while others had challenge burdens that were almost as large as were those

in the wovaccinated control pups.




Fable 19. Double wvaceination of pups when 3 and bemonthe-old with 1,000
A, caninom lavvae, to compare the fmmunogenie nfficacies of 40 Lrelrradiated
and of novmal larvae against challenge infection with §,000 normal larvae
whan J-moniha-old,  Progeciion fzom vaccinailon was measured by necropsy
woem burdens which were enumerated 25 days agter challenge infaetion.

rvd Route of . byl Vaceine
2233;26 vaceination Ng; }gi‘ Mr,.?g 2 ‘3&1;{3 protection

' & challenge Al e (%)
Control Sulieutaneons ] 77.9 & 9.7 3]
Iviadiated Subcutaneous & 9.7 % 6.0 £8
Nosmal Subeutaneous 3 33.2 % 19,7 57
Control Oral 5 86.0 * 7.9 ¢
Ixradiated Oxal 5 33,6 & 22,1 . H1
Normal Oral 4 30.0 % 30,2 65

" AN

Diaorepancles dn the nomber of pups In the groups that were vacelnated
with nomal larvee, compaved with the nunbers in Table 17, were a conw
gequence of mortality from the vacelvation before the time of challenge
infection,

Individunl wecropsy worm burdens, including thone of the anthelmintie
contxol pups, are given in Appendix IXI, Table 47,




Results of statistica) snalynis (Student's "E" test) to

deternine the significance of apparent diffevences in challenge worm

bivedens between the different groups of vaccinates and betwaer vaccinated

and control pups,

o

Treatment Vaceinaten Vacelnates Vaceinates Vaccinates
(L 8/e) (X Oral) W s/a) {0 Oral)

Vaccinates (X S/e) " 2<0.05 E< 0.05 2> 0.1

Vaccinates (X Oral) B < 0,05 - k> 0.8 2> 0.8

® Gontrols (8/c) 2 < 0.00} - 2 < 0.005 -

* Gontwols (Oral) - % < 0.005 " 2<0.01

® )
Compaxing those 2 voutes of infection in unvacelusted comtrol pups, 2> 0.5,

Symbiols YEY,

"W, refer to irradiated and nowmal ™accine", reepectively.
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Haematology

Bince there were found to he no differences in the haematologic
findings between pups that received irradiated larvae by either the oral
or eubcutaneous routes (Sectlon VIL), the figures for theme 2 groups were
combined, Similariy, the figures for all pups that were vaccinated with
normal larvae were combined, as were the haemstologic valuges of all the
challenge control pups (Fig. 8).

After £irst vaccination there weve depressions in the Figures of both
groups of vaccinates, The depressions in the haematologic walues of the
31 pups that received irradiated vacceine were slight, while those of the
14 pups given univradiated vaccine were larvge, exceeding 40% of the initial
values. At this time 5 of these 14 pups died of acute ancylostomiasis.

At the time of second vaccination the haematologie values of the surviving
9 pups of this group exhibited rapid improvement condequent to anthelmintic
treatment, After second vaccination the hacwatologic figures of both
groups of vaceinated pups were alightly depressed and anthelmintic treatment
sgain appeared to have atimulated a rebound vesponse in the figures of pups
vaceinated with nommal lavvae. After challenge infection the haematologic
walues of the vaccinated pups weye not significantly altered and thore were
no differences betwaen any of the 4 groups of vacoinates. In contrast

the haematologic values of the challenge control pups were severely depressed.
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FIGURE 8. Mean group haematologic walues after vaccination with nowmal
and Z-irvradiated A, caninum larvae. Resulis of groups vaccinated by the
oval and subcutdneous routes have heen combined. The times of anthelmintic
treatment to pups be&ng vaceinated with nomal larvae are indicazed chus =
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.
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Clinical f£indings

At no stage during the experdment were any of the pups that were
vaccinated with drvadiated laxvae affected clinically, eilther hy their
irradiated hookworms before challenge infection or afteswavds by theiy
normal hookworms.  The pups that wewe vacainated with normal lavvae wove
gaverely nffecsad by their vacclne, the firet dose of which proved to be
an L*”*ss' The surviving pups in these two groups, after recovery following
the firpt anﬁha&minpta tzeatment, showed no further signs of ancylostomlanis,
even when heavily parasitised by more normal hoolworms from theilr challenge
infeetion. The unwnecinated pups in the challenge control groups were all
affected olinically by this, thelr primary infection, and showed signs of

acute ancylostomiasis from the 12th day after inoculation of challenge larvae,

Helght changes

Statistical analyses of growth vates over esch period of the ewperiment
(Table 21) showed that during the vaccination period, the pups that were
being vaccinated with irvadiated larvae pained welght at a afmilar zate to
the, as yet uninfected, contyols. In marked contrast, the pups that wera
vaceinated with nowmal A, caninum larvae, and which suxvivied to the ond of
the vaccination period, were severesly affected by their vaccine burdens of
normal hookworms, since severxal of them falled to gain weight and the growth
rates of the others were depresged, After challenge infection, all groups
galved weight at the same rate, despite large variations in hookworm burdens
between the different groups of vaccinated pups and between some of the

vaccinates and the contrel pups.




Table 21, Mean group growth wmates of pupe that weore vaceinated with
irradiated ox with novmal A, caninum larvae and of challenge control pups.
Growth rates were calculated as percent ineracse in weight ovar ecach period
of the experiment., Statistical analysis of apparent differences vere by
Student's "t" test; the probabilicics (P) vefer to comparisons of date
tmmediately above and below cach statement.

"

~ Growth rate (%, % 8.d.) £rom

Vaceinae No. of

Larvae e i ey
Irradlaged i1 8L 2 40 9 % 16
0.2< 2 6.8<p
Gontrol 1 , 120 % 72 8217
2< 0,00 0.7¢p
Noxmal 7 | 2836 6% 12
| < 0,01 - 0.3< 2
Irvadiated 11 81 2 46 9 & 16

Yor analyois, the results of all pups that were vaceinated with che same
prepavation and of all contrel pups, irvespective of route of infection,
have bean comparved,

For ease nf comparison the first group of results have been repeated at
the foot of the table,
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Faecal egpg counts

. After inoculation of the challenge infection the reductions in hogke
w:;m egg counts in the faeces of vaccinated compared with control pups
were of the order that veflected approximately (i.e., as accurately as
might be éxpeate& £rom t:ﬁa technique veed with single group faecai examplus)

the differences in their respective challenge burdena of fertile hookworms
(mﬂblﬁ 22)¢

Diacussion

In the previous section (VII) it was shown that double subcutancous
vaccination of pups with X-irradisted A. caninum larvae conferred a more
uniform and significantly greater resistance %o establishwent of hookworms
from a challenge infection ‘than did double oral vaccination with jrradiated
larvae. For case of mnpaxisou.. and hecause part of the previous experiment
and the current experiment were conducted simultaneously, some of the data
liated in this section Ls 2 vepetition of the previous resulty, However,
the prime conclusion £ron the pfesent: data 1is that when the vaceine comprised
normal instead of irradiated larvae, both subcutaneous and ozal vaccination
schedules proved to be inferior to subcutaneous vaccination with irrvadiated
larvae. There was aloo no difference between the efficacies of oral and
subcutancous vaccination with normal lavwae. Vaca:i.x:acian with nommal iarvae,
in addition to heing less imounogenic, was an extremely hazardous procedure

since it was acconpanied by considerable morbidity and wmortality. The



Sable 22.  Mean growp hookworm egg counts (in thousands pér gram)

e

in the facees of vaccinated and of contwol pups afver challenge

iaflection,
Daye Aftor ghallense :i.‘:if:’ectiim} '
' ;1&5%5 aycer engiionee xaroction
Vaceine o D
{(Route of infection) 0 ] 10 25
tontrol {8/¢ & Oral) ) o 10 35
Irradiated (S/¢) o i} 3,2 0.9
Irradiated (Oral) 0 0 0.6 9.0
Undrradiated (S/0 & Oral) 1.4 0.4 31.2 13.5
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apparently greater imuuwnogenicity of drradiated compared with normal larvae

has alse heen wecowded with U, atepnceephala in dogs (Dow g al., 1959) and

Hoemonchus contortus in sheep (Jarvett et al., 1959).

The vesulta of the present euporinent furnich further support for the
hypothosis advaneed in the discussion of the previous saction (VII) that
the arvestnent or death of frvadlated larvae in some somatice location after
subentaneons inoculation, with prolonged and intimate euposure of these
larvae and thelr mtigeas to the tissues off the host, was reaponaible for
the supewior wesistince Lo challenge infzotion after vacoination ﬁy thia
method. In contrast, more than bali of the normal lazvac eompleted thelxw
uigration to the intestine as vapildly as possible after subcutaneous
inoculation and after oral administwation, nowmal larvae do not usually
undergo migration but mature divectly in the intestine,

The similarity of haematologle and clinical f£indings after challenge
infection, even in the heavily parasitigsed pups that had been vaceinated
by efther voute with normal larvae ox orally with irvadiated larvae, may
be a ceonsequenca Hf priay stimulatlion of thely erythropoetis tispues by
haemorrhagic hlood loss caused by the bumdens of storile worms from the
vaceine infeetione, This consequent state of erythropvetic prepareducss
would conceivably pemmit pupe on adequate diecte to respond Immediately and
effectively to blood loss asgociated with challenge infection, such that
thelr infection wias clinically and‘ﬁaamatalaziaaxly fnappavent, The
failure of such large nuubers of novmal hookworme of the challenge in~

fection, as were present in unvaccinated pups of the control groups and in
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some of the pups that had been vaceinated with norwal larvae, te adversely
affect growth has been & frequent £inding in pups infected wivh 1,000 nowmal
larvae when they wore Semonthe-old. Weipght loss or failure to grow at an
adequate rate has baen a vepgular obaeyvation enly in vnvercinated pups that
were infected when 4euonthew-old or Less (Bection VI, VEI, 1%, X).

Much of the earlier work (Hexriel, 1928;  sSarles, 1929a; YeCoy, 1931;
Foster, 1935; Otto & Kewr, 193%; Cort & Otto, 19403 Otto, 19413, showed
that an offective fmwwnity ngainst challenge inflection could bhe stinulsted
by repeated infectione of normel A, coniomm larvae by eftber oval adwinistvation,
gubcutaneous inceulation oy by permitting natural skin penctration. In most
of these experiments {Sarles, 1929a; McOoy, 1931; Yoster, 1935; Otto & Rerwn,
1939) at least 100 days between first vacelnating infeetion and the administration
of challenge larvac wore made to elapse befove demonstyation of satisfactory
reslatance of hookwerma from the challenge iufection. TPeriods of up to 7
months (Foster, 1935; Otto & Rerr, 193%) ov oven 2 yeavs (Sarles, 1929a) were
allowed to elapss between commencing vaceination and administering the challenge
infection., At this time dogs arve naturally hiphly vesldtant to the cstablisghe
ment of 4 primary infeetion (Seation IXY, Nabural age resistince in the
absence of prior expeosure to hophwom beging fo opurate, particularly ian
bitchas, as carly as B months after blrth (SBeotion e Often the ages of
the dogs weve unknows at the stavk of the experiment (Ferviek, 1928) and
the dogs were likely to have been adult at the time challenge larvae were

given (Harrick, 1928: Foster, 1935; Otto & Rewr, 1939). Provious exposure
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to hookworm had probably occuwrred (Harwick, 1928; Poater, 19358) supgesting
that the dogs were at least pavelally lunune £0 hookwoinm infectidon before
the start of the sxperimental vaceination schedule.

The most vapid fmmunogenesis shom {(Mtto, 194}}, which was comparvable
with the present experiments, followed the adminfstrzation of multiple doges
of vormal larvae (210 times the numbor of larvse nused to wvaceinate the dogs
of this expewiment) over a period of 7 wecks and with weekly anthelmintic
treatment to prevent the pathogenic effects of such massive infections
from killing the doge that were helng vdecinated. The lomunity developed
in these dege, that wewe of similar age and history teo those used for the
preaent oxperiment, wad of a very high oxder (99% protection) and there was
no difference in reslatance to challenge infectton following edther ozal ox
subcutancous vacelnation, It seems likoly that a gweat excess of larvae
was wied as vacoine when these wvesults {(Otto, 1941) ave compaved with the
fopunicy shown in the pregent expegiment following invculstion of 1/110th
of the dose of laxvae, when thedse laxvae weye invadisted. Werw 1% not for
the anthelnintics used in Otto'e experiments the dosage of nownal Infoctive
Jarvae usad for vacolnation would roprasent approximately 100 L.D, 100 fox
cach dog, Obtots results also showed that larval stages alone appeered to
be able po suimulate a satdsfactory vesistence. Thie 4s supported by the
pregent finding of optinal bmounogenesis following waccination by euboutaneous
inoculation of the X-irradiated larvae since this procedure resulted in only

& small nouter of adult hoockworms rezching the intestine,
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Comparison of the fmmtmogenic efficacies of Xefrrvadiated and of
normal A, caninum larvae by double vaccioation of 3 and 4wmonthewold pups
revealed that subcutancous vaccination with irradiated larvae was more
uniformly effective than were either subcutaneous or oral vaccination with
nommal larvae.,  Oral wvaccination with irradisted larvae conferred similar
protection to vaccination with normal larvae by either route., Anthelmintic
treatment was & necessary adjunct of vaccination with normal larvae, and
such vaceination proved to he extremoly hazardous for the health and sure
vival of the pups since 5 of 14 pups died after fivst vaccination, Mn
splte of these differences in safety and fumunogenic potential between
irviadiated and normal larvae, all vaccinated pups resisted equally the
potential morbidity of the challenge infection, compaved with the unvacceinated
control pups which experienced gevere depregsions of haematologic values and

exhibited severe glinical signs of ancylostomiasis,
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ECTION _IX

EFFECT OF AGE OF THE DOG ON DAMINOGENIC EFPICACY OF VACCINATION WITH IRRADIATED
A._ GANING LARVAT

The resultic of the previous experfments showed that the administration
of 40 kr X-ivradiated A, caninum larvae, preferably by two subcutaneoys
inoculations apaced one month apart, stimulated o high degree of rosistance
to the catablishment of adult hookworms and to the potential morbidity and
mortslity of a challenge infection with normal A, caninum larvae, ;mu.'.u
previous cxperimente the pups were Jemontheeold at the time that the first
inoculation of vaccine was made. The purpose of the next 2 experimenta,
was to detexmine the efficacy of vaccination in pups of various ages and in

adult doga,

Experimental Design

The plan of the experiments is illuacrated in Table 23. In the fivat
expeyiment, vaccination was commenced when pups were 3wdays-old or when 4w
waekawald, sccond vaceination was given 4 weeks later, and fomunity was

challenged 4 weeks after second vaccinatfon, 'To reduge tho potential dangers

of vaccination in these vexy young pups, the dose of wvateine was reduced £rom




Jable 23. Plan of 2 experiments to compare the efficacies of double
vaceination by subcutaneous inoculation of 40 kr-irradiated A. caninum

larvae In pups of various ages and in adult dogs.

age (waeks) at chauense iﬂfec!::mn

Vaccine - Note

No, of ; oo e a _ s
pups First " Segond oty vae Age No. of
{dogs vaneination  vacclnation no./1h) (montha) larvee
4 3/t 5 100/1b 2 1,000
™ - - ‘ 2 1 » 000
9 4 8 100/1b 3 1,000
11‘ - L4 bl 3 1 ¥ 000

A

6 12 16 1,000 5 1,000
6 - L e 5 i » 000
5 Aduls; Adult 1,000 Adult 50/1b

- - " Adult 50/1b

oy
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the pravious standard dose of 1,000 to a dosesyato of 100 fwmadiated larvas
per 1b bodyweisht., Thus mean group vaccine dosage for $ivst and seeond
vaceinations, wespectively, was 100 and 325 larvae $o pupi vaccinated when

3 daya and Sewecke«nld, ond 160 and 355 larvae to pups vacelnsnted vhen 4 and
8~weeks~old. In the second experiment, pups were doublacvpecinacod by sub-
cutancous inoculation of 1,000 irradiated larvvae when 3 and 4-montha-old;
and adult dogs were nimilariy tuice vaccinated, theiy two vageine inoeula
being separated Ly one month.

To cheallonge lmmunity, the vaccinated pups in all theee groups and
stmilay but unvacainated pups in three control groups were fnfected by sube
eutancous inoculation of 1,000 nomal larvae one month after second vaccination.
Vaceinated adult dogs and their contwols wera infected by subcutancous
inoculation of 1,000 normal A, ceninum larvae for each 20 1bs hodywelght one
month aftar the time of second waccination. Increase dn the size of thoe
challenge infection to adult dogs was designed to compensate for increased
bodyweight and tho natural age resiptonce to primary fnfectdion (Footer &
Daensvang, 1932) of adult dogs and was also decigned to fnduce elinleal and
baematologic aigns of sncylostomigeic in control doga.

On each occasion that vaccine was preparved, the infectivitien of nowmal
and of invadiated lawrvae were determined by enumeration of worm hurdens 21
days after iofection of 12-waeks-old pups in § groups by spboutancous

inceulation of 1,080 larvae.
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Haematologic values of pups that were firvst vaccinated when i and
Jemonths~old and of vaccinated aduit dogs were recorded at suitable intervala
throughout the experiments, while the values of contxol pups and adult dogs,
and of pups first vaccinated when 3wdays»-o0ld werve srecorded after inoculation
of the challenge infection. Clinical sppearances were also observed, The
weights of pups fivai vac::-inét;ed when 3-months-old and of theix wespective
eontyols were vecorvded at the time of inoculating the fivet dose of vaccine,
when challenge laxvae were giveh, and f£inally when the experiments were
temminated (Appendix IIX, Table 56). The weights of all the other vaccinated
and control pups in these 2 experinents were recorded when the challenge
laxvae were given and when the experiments were teminated. CGrowth rates
were analysed as previously and the significance of apparent differences
determined. After inocewlation of challenge larvae group £secal sanples were
exmnined.

The vaccinated and contyol pups and adult dogs weve killed 22 » 26 days
after challenge infection, thelr intestinal infections of adult hookworm

were emmerated, snd the significances of appearent differences were determined.

As tﬁ!suaﬁibni

The normal larvae used to prepare vaccine for both experiments wers of

high infectivity (mean take 59 « 76%) before exposure to X-rays (Appendix I,
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Table 3?). After irradiation their infectivities were reduced to levels
usually asgoclated with 40 krwirradiation (mean takes 3 « 17%, volative
inﬁeétivt;&ea 4 = 27%), with the second vaadiue of the first experiment
being at the lowest extreme of the range of reinﬁive infectivities so far
vecorded after 40 kr~ivradiation (mean take 2.9%, relative fnfectivity 4%).
All hookworms recovered £i:-cm the contxrol pups infected with 40 kr~irradiated
larvae were sterile, and hookworm eggs were not detected fn the faecea of
vaceinated pups or adult doge hefore incoulation of nowmal 1srvae of the
challenge infection, and before expiry of the usual pre«patent pariod of

13«14 days afrex this infection.

Vaccination conferved highly sipnificent protection against the
estabiishment of hookworms from challenge infections in all the pups and
in adult dogs (Tables 24, 25). Differences in challenge woxm burdens
between the vacoinates and thety respective controls were highly significent
{p < 0.000). The protectiuna‘(as ~ 90%) conferred on pups vaccinated

first when dwweekswold, 3-months~old and on vaccinated adult dogs were not

significantly different. In pups first voccinated when 3-days-old,
protection against challenge infection (51%) wsa of a lower deguee (Table 24)
but was satill highly significant. CQomtrol adult dogs exhibited a natural

age vesistance to primavy infection. This «ge¢ resistance was responsible for
an additional protection in vaccinated adulte that was additive to their

actively acquirved resistances from wvaccination (Table 25).




- Table 24, TFivst ewperiment to measuwe the lemunogenic officacy of double
subsuteneous waccination of pups at 2 diffarent ages. The pups in 2 gronps
wexe given theiy £iret inoculation of vaceine vhen 3 days or 4-wenkswold,
with a sacond vaecination 4 weeks laten., Vacoine of A0 Lkreirrvadiated larvae
was given at o wate of 100 pex Ib hodywelght in each incculim,  Ono month
after second vaccination the fmmunities of vaceinated and of simflar but
uavacceinated control pups in 2 proups were challenged by subeutaneous inoculation
of 1,000 nommal A, ganinwnm larvae. Protection from vaccination was measuved
by necvopsy worm burdens epwnerated 22 to 20 doye after challenge infection.

N T

Age when Age when Vaceine
first iwnunity Ng&p’;f u‘é;“'ﬁdtﬁkﬂ proatection
vaccinated challenged ‘ e (%)
Controls B weeks 7 72,5 & 4.0 0
3 days 8 weoks 4 35.7 £ 8.1 51
Controls 3 monthe 1 3 67.5 # 8.7 0
1 month 3 montha 9 0.2 8.4 85

Tndividual necropsy worm burdens are given in Appendix 11, Table 49,




Table 25. Sccond experiment to measure the immunogenic officacy of double
vaceination of pups when 3 and demonths=old and of adult dogs, by subcutaneous
fnoculation of 1,000 40 kreirvadiated A. caninum larvae., One month after
second vaceination, the immunities of the vaccinated pups and adult dogs, and
of similar but unvaccinsted control pups and doge, were challenged hy sub-
cutaneous inoculation of 1,000 (1,000 per 20 1b hodyweight to adults) normal
A. caninum larvae. Protection from vaceination was messured by necropsy
worm burdens cnwmerated 25 daye after challenge infection,

Age when No. of Mean % take Vaceine protection

vaccinated pups/dags (% a.ﬁ.) @ |
Controls 6 7.9 £ 9.7 0
3 monthe 6 2.7 2 6,0 88
Controls 5 22,9 % 9,2 0
Aduly 5 2.4 22,9 90

Individual necropsy worm burdens are given in Appendix II, Table 50.
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Hapmatolopy and elinieal findinpgs

(1) In vacecinates bofore challenge infection

ﬁﬁﬁ&ﬁ Syt vaceination in the second sxperiment, éha'ﬁwm@nahnmald
pups and adult doge experienced siight, temporary and clinfcally insignificant
roeductions in haematocrit values (Figs. 9, 10). Haematologie values of the
othexr vaceinates weve not measured unvil after ahallanga infection.  Adverse
clinical signs were not observed in any of the pups and adult dogs duving

the vacaination period,

{ii) In contwvols

The severity of haematologic changes and sssociated adverse elinical
signs in contwol pups &nd dogs aﬁger invculation of the challenge infection
were related to the age-af the éupa and doge at the time that these larvae
wera inoculated.  Contyol pups infemte& when Z2enontha-old were severely
sffected (Fig, M). Six of these 7 pups died 12 to 14 days after infection
at which time mean group hacmatocrit and haemoglobin values had decreased by
60 and 35%, ieapecctvaiy; compared with the valués at challenge.

The hhallensé infection wae relatively less severe ﬁn the older control
pups a&ncé while the challenge proved o bo an L;n.asltn aﬁmnnﬁhsuozd controls,
it was cquivalent to an»£.5.55 in Jewontha-old controls. Six of these 11
pups died between 14 and 20 days aften infection. The mean haematologic
values of the surviving five showed reductions on the 20th day (Fig. 12) that

were of similar proportions to the veductions in the vniuea‘aﬁ the surviving
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2emonthawold controls on the Lith day (Fig. 11). The surviving 3emonthe-old
controls also exhibited very severe signs of anayloanom&asia.

Alchobgh chey all survived to the end of Eha expariment, the controls
that weie infected when S-months~old also exyerienaa& severe veductions in
haenatologic values (approzimateiy 50%). Mnxﬂmum depressiong of these values
were tecowrded ag 2Q w 22 days after infection (Figs 9). After the 22ud day,
thelxr haemaﬁelqgia values ghowed signs of reggvehy (an observation not resorded
iu younger wivacciuated pups).

The control adult dogs exhibited tvansient depressions of hacmatoerif
and haewoglobin velues (Mg, iﬁ); These veductiona were accompanded by a

brief pevied of iistless ness and some diarvhoea,

(141) In vaccimaten after challenge infeetion

The vocednated pups that rvecelved theiv chellevnge infections when they
were 3 and Semonthesold exporienced neither changes in haematolegic values
(Figs. 9, 12) nor did chey show advesse ¢linical sigas. The youngest
vacednated pups that ware glven thelr challeage infectlon when Zemopthseold
(Mg, 1) exporienced reduoctions in haevatoerly (257) and haanoglobin values
(1%, relative to the waluea st challenge). Unlike thedr contwela, they
gi& sw@vived and showed cnly mild clinical signe of ancylostomiasis {ovcasional
diarthéa). - The hacmatologic values of she adult vacceinates were temporarily
doprasoed hetween the 15¢h and 20th days after challenge infection although

there wore no aspociabed adverse clinical cigas.
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fection between vaceinates and controls was fan the pups given thelr challenge

iInfection when 3-months~old (Table 26). Although there was no difference

in growth vates bebween vaccinated and control adult dogs, they all lost some

weight aftey challenge infection. Since § of the 7 contrxol pups given a
challenge infection when R2emonths~old died within 14 days, it was not
appropriata that Cheldx growch rdata over this short period be compared with
the filguves of their wespective waccinates. However, the growth vate of
the latter pups (107% increase over 3 weeks post-challenge) was depressed
compared with the normal rvapid growth of uninfected pups in their thizd
month (approximately 50 « 75% over 4 weeks).

Faecal ege counts

Depressionns of hookworm egg outputa in the faecea of vaccinates after
challenge infoction wexe of a similar order as were reductions in hookworm

establishment, except in adult doga (Table 27).

Discuseion

Double~vaccination of pups and adult dogs by subcutaneous invculation

of 40 kreirradiated A, seninum larvac stimulated rveasistances that enabled

them to withatand severe and potentislly lethal challenges of fwamunity with
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Table 26, Mean group growth rates of doublesvaccinated and of contvol pups

and adult dogs in the 2 exporiments to determine the efficacies of vaceination
of pups of various ages and of adult dogs. Growth rates were calculated as
percent increase or %wdecrease in welght frow challenge infection to termination,
and the significance of apparent differences weve determined. The probabilities
() refer to comparisona of date imuediately above and below each statement.

Age ﬁﬁen | hge when B - No.' of o Growth mté

fixat immmity pups (% £ 8.4.)
vaccinated challenged /doga from challenge
| to temination
Controls | 3 months | 5 10 % 23
- | 2 < o0.01
1 month 3 months 9 2 % 14
M M g W M R W e W W e R W s W e M B W e W P W i B e e e i B A e W e e e B
Contrals 5 months 6 8 % 21
| 0.3< g
3 months 5 monthe 6 19 4 13
WA WA M g R Wk e W M MR MR W W W W R R o e W W W R M I kB W e Wb e R e e e e e
Controls Adult 5 7814
0,64 P
e

Adult Adult 5 6% 3

¥ Loss of welght,

** Only 5 of the 11 pups in this group (see Table 23) survived to the end of
the experiment,



Toble 27, Mean group hookwowm egp counts (in thousands per gram) in the
faccea of vaceinated and of control pupo and adult dogo after inoculation
of the challenge infection.

Age when Age whan

firet imnunity Days  after  challenge  infection
vaccinated challenged s - reramterses -
{wroeks) (months) 5 10 1% 18 19 2¢ 23 258 26
Controls 2 0 = 0 1,5 66 - - - - 147
3 / ? 2 0 L. (3 I3 ] 3 . 5 - - - - 67
Contyols 3 (1 S 0 = 1.5 = - 41 - 69
4 3 1] - 0 - 0, 3 - - 3. 3 .. 9
Gontrols 5 w 0 & 0 ) 17 - w 25 -
12 5 - 0 - 0 - 3.2 = - 0.9 =
Conkrols Adult - 0 - B " w 1.5 = 4,0 =

Adult Adult R T . N T
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normal A. caninum lavvae, Vaccinatlon was effective even when the f£ivst
inoculation of irradiated larvac was made within 72 hours after birth,
Vageination of ?2«hpurméid pups was not so effective in protecting them
against sume of the adverse consequences of the challenge infection when
 they wexc Bewevkawold (i.e., in haematologic changes, prowth rate and
clinical signa), compared with the protection from wvaccination of older

pups; although in terms of vesistance to the wost important and drasnstic
effect of chellenge (1.e., nortality) vaccination at sny age wae satisfactory
and was comparatively most satisfactory in the youngest vaccinated pups.

The haemstologic vesults of the adult doge revealed that in unvaccinated
doge small burdens of A, caninum caused sufficfent Llood Ross to induce
depreasions of their haematologic values with concomitant loss of weight,
Although the pathogenie effocts of emall burdens of A. caninum from the
challenge infection of vaceinated adults wewe not appavent in their haematologic
values, seme novbidity was exhibited by a slight losa of bodyweight during
the 3 weeks after chatlengé.‘ Ia younger rapidly growing pups these two cone
sequences of infection would tend to be obscured by the wvepid growth snd
associated increase in haenatologic valuwes., Depression in haematologle
values and veduetion in growih rates from small worm burdens were therefore
exhibited mora cleavly in aedule dogs which had otherwise ntatic welghts and
haenstologic valucs and had velatively smeller amounte (1f compared with
yaunger dogol) of active erythropoetic tisgue. In apite of relatively severe

dopresgions in haematologic values after primary infection of Semonths~old
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contrels with 1,000 normal larvae, there was uo pignificant depression of
growth, any tendeney in this direction presumably having been obscured by
their potentdal for wapid growth at this ape.

Controls given a primary infeetion of 1,000 novmal larvee when they
were 4emonthswold (Section VI) or when younger, exhibited significant
depression in growth only when they survived long enough after f{nfection,
Daprension of growth or loss of weight appeaed therefore to be a cone
sequence more of chronic (l.e., move than about 16 days aftor infeetion)
vathor than of acute canine ancylostomfasis, and was rolated appavently to
both the size of the infection and the age of the pup. Deaths that ware
clasgifiable as from acute ancylostomiacis were recorded only in pups that
veceived 1,000 novinal A, caninum larvae when they were less than Semonthse
old, With this level of infection, S«months~old pups survived and suffered
only from some of the consequences of chronic ancylostomiasis.

The reduction in appavent infectivity of nommal A, caninum larvae in

control adule dogs, compared with the infectivity vecorded from the same

bateh of larvae in contvol pups, indicated the presence of an age vesistance
to primary ifufection., This is discussed more fully in the noxt seetion (X).
Age realistance also perved to reduce further the pusceptibility of vaceinated

adult dogs to infectlon (i.e,, in addition to their rosistance from vaccination).
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Bummqu

Subcutaneous vaccination with two doses of 40 kr«irradiated A, canigum
larvae protected pups of different ages and rdult doge against the establishe
ment of adult hookworms and consequently against the potential morbidity and
mortallity of challenge infection. Vaccination was effective when commenced
as eavly as 72 hours after birth of tho pups. Alchough protection against
establistment of adult hookworms in these young pups was inferior to the
protection in older vaccinates, the comparative protection against the
potential mortality of challenge was more striking, since morbidity and
moxtality from the challenge infection was velatively move severe in youngey
controls. Death of control pups occurred with regularity only in those
glven a challenge infection of 1,000 nommal larvae when less than S«monthse
old.

Adult dogs were alec shown to benefit from vaccination, although age
per, se conferved a conslderable additional resistance to primary infection
and to its morbidity in wovaccinated contrel adulte. The influence of
age resistance to primayy infection was also operative in the vaccinated
dogs, since age resistance was additive to the acquired resiotance from

vaccination.
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SECTION %

. PERSISTENGE OF IMMUNITY APTER VACCINATION AND EFFECT OF REPFATED INFECTION
WITH NORMAL LARVAE ON THIS IMMUNYTY

Introduction

The necesaity of vaccinating pups as early as possible after birth in
hookwormeenzootic sreas is gelfw-evident, since exposure to infection carly
in the pup's life is & serious problem. It is unlikely that pups would be
separated from environmental infection for sny great length of time in most
areas and ynder normal aystems of management. However, wihere there is &
marked seasonal varfation in climate, infection from the enviromment is
probably seasonal. At the northern extremes of distribution of A. caninum
(e.g., Conada, Italy), as a consequence of low winter tempevatures, the
envirvonmental challenge 1a seasonal, It would therefore be useful 1f the
jomunity following vaccination were to perslst throughout the season during
which natural reinfection, with Lta consequent amnestic recall, is absent.
It 16 unlikely that such a season would exceéd 6 months. To ﬁetamme how
long fmmunity would pexsist and if immunity was altered by repeated low-grade

¢challenge infections, the following experiments were conducted,
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Experimental design

The plan of experiment 1s illustrated in Table 28, Forty-eight pups
were randomly distributed as to litter origin, but were selected on sex and
bodyweight into 8 similar groups. When 3 and 4-months~old, 21 pups in 4
of these groups were vaccinated twice by subcutaneous inoculation of 1,000
40 kreirradiated A, caninum larvae, the other 27 pups romaining uninfected
as future challenge contrels. When S-months~old, the immunities of the 5
vaceinated and of 6 similar but unvaccinated control pups were challenged by
subcutaneous inoculation of 1,000 normal A, caninum larvae. 8ix 3wmonths-
old contxol pups were also infected by subcutaneous inocuylation of 1,000
normal larvae at that time and were killed 22 « 24 days later. Their
necropsy worm burdens served as an additional contvol for the infectivity of
the noxmal larvae in the challenge infections. The prime purpose of this
additional infectivity control was to measure the effect of natural age
lmmunity to primaxy infaction in older controls, and to determine 1f age
immunity was present in the 5-monthaeold controls.

When 8«monthaw-old the fmmunities of pups in 2 further groups (8 vaccinated
and 6 control pups) were challenged, these pups being killed 21 days later.
Five JI=monthse0ld control pups were also infected by subcutaneous inoculation
of 1,000 normal larvae and were killed 21 days later, their necropsy worm
burdens to serve as additional contyol for infectivity of the larvae used to
challenge fmmunity ({.e., to meanure age resistance in the 8~monthswold

controls),



Table 28. Plan of experiments to investigate the persistence of immunity after double wvaccination
of pups when 3 and 4-months~old, and to determine the effect on this fmmunity of repeated infections
with normal larvae {Ttrickle infection") after completion of the waccination schedule and before
inoculation of the challenge infection.

Age when
No. of immsunity X
pups Treatment challenged Purpose of experiment
(months)

& Contro} 3 Infectivity~age resistance controls

& Control 5 To control results of S-months-old vaccinates

5 Vaceinated 5 To measure persistence of fmmunity 2 months after
first vaccination

5 Gontrol 3 Infectivity~-age resistance controls

& Contxrol 8 To control results of S-months-old vaccinates

5 Vaceinated 8 To measure persistence of immunfty 5 months after
first vaccination

7 Control 3 Infectivity-age resistance controls

g Control 11 To control results of Il-months-old wvaccinates

& Vaccinated i1 To measure persistence of {fmmmity 8 months after
first vaccination

6 Cootrol 11 To control results of }l-momthg<old vaccinates that

{+ trickle inf.) raceived the "trickle infectfon™ after vaccination
5 VYaccinated i1 To measure the effect on vaccinal Immunity of the
(+ trickle inf.) Merickle infection® when immunity was challenged

8§ months after first vaceination
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When 1lemonthg=old, the immunities of 6 more vaccinated and of 9
contxol pups were challenged and the pups killed 21 days later, At the
time of challenge Infection, seven J-months~old controls were also infected
by subcutancous fnoculation of 1,000 normal larvae for the same purpose as
previously (i.e., to monitor age resistance in the 1lle-months~old controls).
Pups in the 2 remaining groups (L.e., 5 vaccinatoes and 6 controls) were
similarly given their challenge infections when ll-months~old, but these 11
pupa differed from all others in having been exposed botween the ages of 6
and 11 months to lowsgrade "trickle" infection with normal larvae. The
"trickle" infectiona were made in an attempt to simulate field conditions
in hookworm=enzootic areas. These 1l pups received 1,400 lawvvae by sube
cutaneous inoculation over a perlod of 5 months, each infection being spaced
10 =~ 14 days epart and comprising 100 larvae,

At each of the 2 vaccinations sdditional uninfected 3wmonthseold pups
in 4 groups were inoculated with irradiated or normal A, ganlnun larvie
prepared from the same cultures, The pups in these 4 groups were killed
21 days after infection when their nccvopsy worm burdens served to conktrol
infectivity of nommal larvae from which vaceine was prepaved and vadiation=
attenuation of the larvae in the vacecine,

Haematological and coprologic examinations were porformed throughout
the experiment and the pups woere observed for clinical signs of ancylostomiasis.
Welghts and growth rates wexe not recorded since 1t had been ghown eerlier that

vaccination with 40 kreivradiated larvae did not repularly iaterfore with the
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nornel groweh of wicoinated pups, and thet ofeer challenge of dmmmitty with
1,000 noxmsl lervac sipoificent differcncial growth retes betwoon vacoinated
and wnvagcinated control pups were rocorded only in pups that wero less then
Seonthasold at the time of the chatlonge infection (Section IX),

At necropsy of vaceinated pups, tho subers of hookworws thet povsletad
frors the vmgim:z inocula of teradiated Lavvae were detemmined by wmicrogcople
onszdnabion. From the ll-monthse-old voscinated and control pups of the
fourth groups, the hookworws dordved from the "exdokle” tofsetions of normal
larvac were discouated on elge. 018 adult worns Evon previous dnocula of
novoal levae wove dictinetly and weovencopicnliy lecger thon worms derived
froan the chellenge fnfeckion whon tho pups wore killed 23 days afver this
fmfoetion, After dlucounting adult hookworns of vaceine andfor “irieklo®
infostion ovdgla, chollonge wors burdean wore recorded snd ewprooned aa poy
cont takes, Vhovo suffictent obsorvations wore avatisble, nean group pey
sent takes woro compared to detemaino the plgnificance of appazene difforences.

Pow zent protootdon flguwes worn ealonlated for each approprdato conw
parinon.  These coopavioong were betwoan waseinabod aud chalionge control
pupd, botsoon wddor ohaklege conteols and Jemonthseoid infoetividey contvole,
ad Bntwoen ohalicoge contvol pups to cospara thope glven the “trickle® dow
foction and the roppontdve controls plwon ouly & elogle challeonge infection
whon tlemonthewold,  Swossction figuros wore celowlated ondy vhon edgnificant
dEferonnos In wone busdens weie vecordod hetwowm the B geoups under cone
sfdomasdon, It was aosumod, for the puspose of codparison, that wvaccinated

paps bad the esse ape vesistance andior trickle-aoquired resictance as did
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their corresponding contrel pups. It was alge assuned, vhen imnunity was
challenged in 1lsmonthe~cld vaccinated pups that had veceived the trickle
infection, that these pups had the same protection due to age and to prior
vaceination for the purpese of determining the effect of the third variable
(i.e., "trickle" infeation) on their resistances to challenge infeation,
Similarly, Llle<months-old unvaccinated contrel pups given their challenge
infection after "trickle" infection were cradited with the sge resistance
that was exhibited by previously uninfected llemonths-old controls, to permit

aeparation of protection due to age and to the "tyrickle" infection,

Reaults

Attenuation

The infectivity and mdiamanwa;auenmwim control wesults (Appendix I,
Table 38) showed that before frradiation the lawvae were of high nowmal
infoetivity (mcan takes 64 « 71%) and that afier exposure to 40 Ly of R-vays
they were sultably attenusted (uean takes & - 227, velative ilnfiectivities
6 - 34%). Ao previously, the femaie hooluiomus wecovered 8L necropay Liom
the vaceine control pups that had been dnfected with 40 krwilrrvadiated larvae
were stevile aud bookworm eggs were uot detected in the Ffaeces of vaccinated
pups until the appropriste pt:emputeni; pexiod had espived after incculation of

the noumal larvae of the challenge inflection.
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Protection apainst infection

{1) <Challenge 2 mouths aften filvst vaccination

Necwopsy woim buvrdens of vaccinated and of unvaccinated control pups,
gxpreamd as per cent take of challemge larvae and caleuwlated as protection
in vaceinates (91%), showed that double subeutancous vaccination was as
 effective in stinmalating inmunity against challenge when Semonths~-old (Table
29) a8 had been obseived previously. The difference between vaccinste and

control womm burdens was highly significant (P < 0.001).

(11) ¢hallenge 5 months after first vaccination

This level of iwmmundity was fully wmaintained theee months lager when the
Bwmonthe+old voceinaked and eontrol pups were inoculated with their chalienge
infection (Table 30}, AL this age thove was a divergence begween dog and
biteh controls In thelr susceptibliity to priwavy infection. Age pex se
had conferred a significant rvesistance to primary infection of d-wonthswold
vavaceinated blitches (2 < 0,01, compaving worm burdeps of fouw 8-monthswold
end five 3~monthseold biteches). Howaver, the itwo 8emonths-old control dogs
wore still fully susceptible to infection and there was no diffevence in
chinllenge worm burdens betwesn vaccinated doges and bitches. The three
vaceinated Bemontho~old bitches bhad derived a significant protectlon (88%)
from vaceination (compariug the challenge worm buxdens of vaccinated and
control bitches, P < 0.C0L) which was additive o the comion age vesistance

of all geven Sw-menthawold bitches,




Table 29. Double vaccination of pups when 3 and 4wmonths-old by subcutaneous
inogulation of 1,000 40 kr-ivradiated A, caninum larvae, with challenge of immunity
when S-months~old by subcutaneous inoculation of 1,000 normal larvae. Protection
from vacaination was measured by necropsy worm burdens which were enumerated 22 to
24 days after challenge infection.

Necropay worm burdens Vaccine
Treatment NOQ gﬁ — w—n— M?;ns%dtgka protection
pup noge Bitohes *He )
830 853
Control 6 82 885 88.7 ¢ 4.8 0
899 971
24 14
Vaccinated 5 70 ia 8.3 & 11.6 91
287
Wh M W W e AR W R AR B W e e W R WR W R e BN A W WM R iR e s M TR M e e e s W W M W R e e
#*
Control (Appendix II, ,
(3-monthawold) ;] tablo 57) ¥ 84,3 & 16,2 0

* ; 2 . _
These pups were infectod as controls for iunfeciivity of the larvae used to
challenge immunity 4in the S5~monthseold vaccinates and controls (i.e., infectivity -
age resigtance controls).

In addition to nommal hookworme £xen the challenge, there was a group total of 80
sterile irradiated femalo hookworms im the vaceinated pups.




Table 30. Peraistence of immunity, after double subcutancous vaccination of pups
when 3 and 4-monthswold by subcutancous inoculation of 1,000 40 krwirradiated A,
cantmm larvae, until challenge infection when 8w-monthswold by subcutanecus inoculation
of 1,000 normal larvae. Persistence of {mmunity was determined by the protection
figures, the latter being palculated from nceropsy worm burdene which were enumerated
21 days after challenge infection.

Trénnmenc No. of gfgropgg woim burdens Mean % take Pratection‘(%) from
pups Dogs Bitches (& 5ada) Vacedne Age
. 748 .
Contyol 2 | 846 79.7 O 0
338
Control 4 390 A3.6 £ 9.5 0 51
456
559
Combined dog and biteh contxols 55.6 0 -
lﬁdﬁ#“ﬂﬂlalpnl.qbnuHnﬂﬂﬁs*‘mﬁw&ﬂ‘hwmwnﬁAw,-lwdiiymnianuqmibub
Vaccinated 2 43 2.7 97 0
16
Vaccinated 3 92 5.3 & 3.9 a8 51
95
Combined dog and bitch vaccinates 4.3 £ 3,5 92 -
W G e MR W W R M W R W W e Al M e s s e Wl W e W M e e R T MR W M A e A SR M B W M e e ek
« o ,
Contxol (Appendix 1I,
{3~months~0ld) 5 Tabla 52) ' 8.7 £ 10.2 0 o

* These pups were Infected as controls for infectivity of the larvae used to challenge
fmmunity in the 8emonthswold vaccinates and controls,

In addition to noxmal hookwoxms £rom the challenge, there was a group total of 15
sterile irradiatad female hoolwoums in the vaccinated pups.
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(11i) Challenge 8 montha after first vaccination without intervening (i.e.,
"erickle") infection

The chailenge worm burdens of vaccinated dogs and bitches Iin the control
group (Table 31) showed that all these llemonths-old pups had & significant
age resistance to primary infection compared with the 3-months~old dogs and
bitches in the infectivity control group (2 < 0,01 comparing dog, and 2 < 0,001
couparing bitch worm burdens). The apparent difference in gusceptibility to
primary infection shown in the worm burdens of these ll-months-old controls,
as between doge and bitches, was also significant (P < 0.01). However,
there was no significant difference (F > 0.2) in burdens of challenge hooke
worms between vaccinated dogs and bitches. The womn burdens of the vaccinates
were signdficantly smaller than thogse in theiy controls when dog and bitch
vesults in each group were combined (P < 0.025). The difference in necropsy
worm burdens was also significant between wvaccinated and control dogs
(B < 0.02) and between waceinated and contrel bitchea (2 < 0.05). Thus
vaccinated dogs and bitches which received their challenge infection when
11-months~old had an acquired fmmunity from vaccination (B80% protection)
which was additional and was similar to their resistences attributable to
age per ge {i.¢., age resistance as exhibited in the limmunthamold controls),

Imownd by had thus perelsted at a bighly satisfactory level for seven
months in absence of further exposure to infection after completion of the
vaccination schedule when the pups were 4emonthse-old. The persistence of

swall nunbexs of sterile female hookworms during these seven months appeared



TYable 21. Persistence of imun:i‘!;y after double subcutaneous vaccination of pups
when 3 aud 4e~monthswold by subocutanecus incculagion of 1,000 40 kreivradiated 4.
gandnum lavvac, until challenge of lmmunity when llemonthe~old By subcutaneous
inoculation of 1,000 nowmal larvae. Challenge worm buvxdens were enumerated at
neaxopsy 21 daya after imoculation of challenge larvae,

No. of Neerapsy worm burdens Moan % take ?xotgct:ign‘ff‘é) ﬁrqm

Treatment : ,
pups Dogs Bitches (% 8.d.) Vaccine Age
A 230 ,
Control 3 267 28.3 % 6.3 0 53
353
36
132 |
” ‘ 3
Control B 150 11,0 & 6.3 0 81
152
_ 135
Combined deg and bitch controls 17.2 % 10.2 0 -
e W wa e e i s W e A e e M e e s W R W e e M e e o B B ek wl e W M R A e W R e e e e
17
Vaceinated 3 a6 5.9 % 5.7 79 53
125 .
4]
Vaceinated 3 5 1.0 1.3 91 81
24
Combined dog and biteh contrals 3.5 2 4.0 80 -
wﬁm#ﬁn’gﬂ*ﬁ&ﬂ»ﬂﬁ#%ﬁﬂ&#ﬁﬂﬂlqﬂhﬁgﬁﬂMm‘wéq#mwﬁmﬁmmﬁm
* (Appendix 11 .
Contyrol 7 oy .2 & 3.9 0 0

* .
These pups ware infected as conkrols for infectivity of the larvae used to challenge
fmmunity in ll-months-old vaccinates and contvols,

In addition to noimal hookworms from the challenge, there wag a group total of 11 o
sterile Lrrediated female hookworms in the vaccinated pups. . \
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to have no influence on the degree of immunity since there was no relatione

ship either between the presence or the numbers of these sterile worms in
individual vaccinates and the immunity of each animal. This qbsérvat:ion
would tend to exelude the probability that a premune phenomenon, related to
persistence of adult worms from the vaccine, was operating in the maintenance

(iv)} Challenge 8 months after f£irvst vaccination with intervening “trickle"
infection .

There were 1o afgnificant differsnces (£ > 0.3) in challenge burdens
of adult hookworms between vaceinates and controls nor between the dogs and
bitches when they had heen cxposed to a series of trickle infectiono with
normal larvae hefore challenge infection. The trickle infection had cone
ferred a significant acquired resistance (2 £ 0,01, protection 93%) to
relafection of unvaccinated controls (Table 32) compared with controls to
which their challenge was a primary infection (Table 31).  Thevefore, the
jmmunity stimulated by tyickle infection had vendered these controls (Table
32) as highly cesistant to challenge infection (R > 0.5) as wera the vaccinated
dogs and Bitches that did not experience trickle infection (Yable 31).

Haginatology
The haematologic results (Fig. 13) showed thet, compared with the un~
infeated controls, the vaccinates experienced elight but insignificant

rveductions in haematogrit and haemoglobin values after inoculation of the



Tablo 32, Poxadaicace off juundty, afver doshic subcutancous vaceination of pups
when 3 and demontho-oid by suboutancous inoculation of 1,000 40 krefrradiatod

A, canfnum larvace, and aftor 4 sorios of 14 infections with 100 norwel 4. csnioun
larvae ("teickle” infection), wtdl challongs of foowndty when Ld-sonths-std hy
subcutancons tnoculation of 1,000 nomal larvac.  Challenge worm burdens wene
emmerated at noovopsy 21 davs aftey fnoculation of challongs lavvao,

N " e o ey s A

No. of Nawnpw oy butﬁm toan % take Peotection (%) £rom

Treatment , . ; i—— .
- Pupd ?)psﬁ mmhﬂs (% ”'d') Triokla Vaceine Age
Cuntrol 2 12 1 A 96 't 53
3
Control 4 ;,‘; 3.3 2 1.7 a9 0 83
39
Copsbdnod dog and biteh contyols 12 2 1.4 a3 G -
WAWR SR S i G e AR M AR N TR B W IR M B e ek W AP R B W e W W W W e e PR e e W R M e N e W e
Vacelnated 2 xg 1,2 70 % 53
| 10 _ A
Vacednated 3 gg 1.9 0.8 0 o9, 83
Conbined dog snd biteh vaceivates 1.6 & 0.8 - 80 -
W W M ek B e A SR R A R e R et MR R MR M M e W W ek e R W N T B N NR et i U R W S WM s e e Y e e
th:m& 7 (Appondtx 13, 6.2 % 3.9 ] 6 0

(3~mmtha»uld) | Tabla 8 2)

P

‘Ihema s wara dnfocted as mm:miﬂ for infectivity of tho &qwm uaed o pmumgw
oty dn M-nonthe-0ld veceinates and contirols.

In addition to normal hookworms fyas the chellonge thexo was s group total of 13

nogmal old (d.e., luvge) hookworms from the “teickia" infections i the vavacoinated
controds and 14 storvile drradiated fesale hookworms (bt no old worms) fn the vaccinated
nupg .
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FIGURE 13, Mean group haematologic values of vaccinated and unvaceinated
control pups follogingpdoubleuvaog:lnation when 3 and 4-months~0ld with

challenge of immunity when 5 or B~monthswold.
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fivst dose of irradiated larvae, For some unknown resason control pups also
suffered a fall in haematologic valucs at that time, so 1t scems unlikely

that reductions in the vaccinates were associated with vaccination. After
these initial reductions, the haematologic status of the vaceinates improved
at a steady vate until maximum haematocrit of 37 « 427% and haemoglobin of 12 «
Lég% tmd been reached, 'rheée. values were maintained in epite of the
estahblistment of nomal hookworms in pups that received their challenge ine
fections when they were 5, 8 and llewonthase-old. Siwflavly, the trickle
infeculons did not cause any change in hacnatologlc values eithexr in vaccinates
or in controls.

Gontrol pups also showed similsr increments in ‘hamatélugic values with
intexmediate and at-challenge values being sintlar to those of the vaccinated
pupa. After challenge infection when 5 and B-months-old, the haematologtc
values of controls and vaccinates diverged, Gontrol pups that received their
challenge infection when Jemonths-old auffered severe depressions in haematoerit
and haemoglobin that were equivalent to half of their at-challenge values,
while veductions in controla given the challenge infection when Bemonths-old
were equivalent to 25% Chaematocrit) and 15% (haemoglobin).

Depressions in haematologic valuves and significant differences between
controls and vacoinates were not obsexved In pups that were given a challenge
infection with normal larvae when llemonthe-old. Age lomunity per se in
1l-montha-~old contyvol dogs and hitches had thus conferved & resistance to the
potential morbidity of challenge infection with normal A. caninum consequent
to their resistance to the establistment of adult hookworms.
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Clinical findings .

The clinfcal findings followed cloaely the haematologic changes, The
only adverse clinieal signs observed were in contyel pups that received
their challenge infections when 5 or Semonthswold. The controls infected
when Swmonthseold showed sipgme of severe mcute ancylostomiasis and of those
infected when 8emonthswold, & few showed nild and dntexnlttent signs of the
disease. The controls that were infected vhen ll-monthseold, and all
vaccinated pups romained noxmal and without ciinlcal ovidenco of hookworm

infection throughout the experiment.

Faecal examination

The coprologlc £indings (Table 33) showed chap after challenge infection
with nommal A. caninum larvac, mean group output of heoksorm eggs in the
Eaecon of vaccinated and control pups reflécted approximately the gizes of
thelr infections with adult hookworme. The enset of patency after challenge

infection was dolayed in vaccinated compaved with control pups.

Discugaion

The results showed that the lmmune response, moasured by vesisctance to
challenge infection with normal larvac consequent to double waceination of
pups when 3 and 4demonths-old, persisted at & highly catiefactory and sipnificant

leval for at leaat 7 months after second vaccination. This dmewnity persisted,



Table 33, loun group hookworm ege counts (In thowsands pew granm) in the
facces of vaccinated and of coutrol pups.

Age ak challenge

Tearient (wonths)

Contxois 5 0 - a2 - 25,9
Vaccinatos 5 ] » 0 - 20
Conbroia a 0 0.9 - 1% 17
Vacoinatas 8 [y 0 - Gl 1.8
Bontrole M 0 . 02 " 1.7
Vaveinates ik 't - (¢} - a2
Controls ii 0,13  ¢,08 - - 0.8
Vacelnatas 13 7] O - " D4
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noreover, in absence of further exposure to hookworm infection. It is
unlikely that in a honkwomeenzootic area, dogs would be maintsined in such
conditions afier vaccinatlion to preclude further infection for this length
of time. Buch a perloed of protection is therefore unlikely to be gonerally
neceassary in the application of the vacolne. However, in aveds 1n wideh
thare are marked seasonsl temperature variatioans, reipfectlon from the
envivomuent might not oegur for perieds of up to gixn months, T addition,
1lsmonthewold control pups were showm to develop an age resistance, both o
infection and to the patheogenie offects of infoction. Age vesistance 6o
infection appeaved to develop carlfer in bitch pups (L.e., when Bwmonths-old)
than in doge.  In vaccinmated agowresistant pups, the vaceinal Lompnity
appeared to be additive to the age resiatance.

- It has been showa that the dmowmdty following vaceination with aormal
laxvas conld be demonstrated at 7 moutha (MoCoy, 1933; Tostaev, 1935
Otto & Kowr, 1939) and &c long as 2 years (Serles, 19290) after commencing
the vageingtion sohedule, although n all those expevimonts there was a
continuons stimulation of &mmunity by large infections during thewe intervsls.
Therefore, these previous vesults ave comparable only to the trlakle dnfection
expordmenta of the present raport.

The failure of the wrickle infections of normal lazvae to enhance the

inmune response from prior vaceinatlon suggeoted thay vacoination had induced
what aould bo eomeidered to be the maninum potentlel acquivaed lowune regponse

of which pups were capable. I should also he aoted ¢hae the tpickle infentions
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of 1,400 nowmal larvae to the control dogs and bitches stimulated as good
a msist;eme to challenge infaction as did vaccination. This resistance

- was compargble to the fmuunity reported elsewhere (McCoy, 1931; Otto & Rerr,
1939). in which expeviments many times thic number of normal larvae were used

to produce this level of lmaunity (in cxcass of 20,000 larvae),

S

The resistance to both the establishuont and potential morbidity of
challenge infections, consequéent to double subcutansous vaccination of pups
when 3 end demomthseold, persfsted in absence of further exposure to hookworm
for at least 7 months after completion of the vaceinatlon schedule., Towards
the end of this poriod age vosistance, as oxhibited by eontrol pups, supmented
the lomuaity of vaccinated pups, Vaccinated pups at all ages were completely
ﬂnmuﬁe; to the pottential morhbidity of the cshallenge mﬂfecnim. vhile oldor
control pupe wewe partially (i.e., when Bwnonths-old) or completely (at 1}
monthe) .pmizram;e& agalnat these effects by age resistance per pse. Tho control

pups infected when Semonths»0ld ware severely offected i terms of adverse

elinical and heematologie changes, Vaceination with X-iwvadiated larvae
appaam;a to hava stimulated a maximal fmmunity which was not altered by numerous
gmall infections of normal lavvae during the perviod botween vaceination when

3 and 4~monghe~0ld and challenge of immunity when llemonthswold,
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SPCTION _XI

GENERAL SUMMARY

Hookworm disease affecting man and his dog is one of the major acourges
of the humid tropical and subetropical areas of the world. In dogs the
wost important hookworm is Ancylostoma caninum, the prime pathogencals of
which resides in the ability of the adult worms to cause blood loss from
the intestine of susceptible pupe. Although it hans been apparent for some
time that dogs acquire an active immunity to reinfection with A. caninum,
vaceination procedures using nommal hookworm larvae have been shown to be
lengthy and hazardous. The inactivating ox attenuating effect of lonising
rvadiations on helminth parasites has been recognised for a considerable
length of time, but only coumparatively vecently has this discovery been
explodted in a practical fsehion in the development of iyradiated helwinth
vaceines, In the light of this information, s series of experiments were
planned to fnvestigate the possibllity of using X-vay attenvated A. caninum
larvae to stimulate immundty in susceptible pups against subsequent infection.

There was no significant differvence in the infectivities of larvae
between those given elther orally or by subcutsaneous inoculatiom,

Exposnre of A. caninum infective larvae to various doses of Xerays
reduced the infectivity of the larvae as messured by subgequent integtinal

petablishuent of adult hookworms. As the dose of wadiation was increased,
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infectivicy was progresgively decreased and the pathopenicity of the hooke
worm burdens were reduced. Male larvae were more sensitive to the effects
of X~irradiation then were female layvae, particularly at the higher levels
of radiation. At X-vay doses of 40 kr and greater, the female womms in the
resulting population were invarisbly gexually sterile., ¥From these cone
clusdons it sppearcd that larvae irvadiated with 40 kr or greater doses of
Xevays would be suitable for vacdination experiments.

A single vaccination of pups when 3-monthawold by subcutaneous inoculation
of 1,000 40 ky~irradiated larvae ¢onferved a highly significant resistance
when 4-months~old againat the establishment and potential morbidity and
mortality of a subcutaneons challenge infection with norual larvae, Although
the protective e¢ffect of vaccination was exhibited in such messures of
pathogenesis as haematologlc and clinical values, the most spectacular
advantage was the survival of rll vaccinates while 5 of 12 controls died,

Compared with single vaccination, double vaceinatfon of pups conferred
superior treeistsnce to the establisbment of normal larvae from a challenge
infection. Complete protection against the potential morbidity of the
challenge infection was exhibited by double vaccinated compared with control
pups, although the challenge infection was relatively less pathogenic to
Semonthe«old controke.

Double subcutancous vaccination of 3 and 4de-monthsw-old pups with 1,000
40 kreirradiated larvae was more effective against & subcutaneous challenge

than was double vaccéination by the opal route against an oral challenge,
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when resistance was measured by the catablishment of adult hookworms after
challenge infection with normal larvae. Suybcutaneous vacecination conferred
equal protection against subcutaneous and oral challenge, while oral
vaceination conferved a satisfactory protection only against subcutancous
challenge., Howewer, in terms of vesistance to the potenttal morbidity of
the challenge infection, both methods of vaccination were equally affective
compared with the effects of challenge on contral pups.

Compavison of the luomuppgenic efficacles of Xwirradiated and of normal
A. caninum larvae by double vaccination of 3 and 4wmontheeold pups, revealed
that subcutancous vaccination with ilrxadiated larvae was more unifqr&ly
effective than were either subcutancous or oral vaccination with normal
larvae. Oval vacelunation with frradiated larvae conferred similay protection
to that following vaccination by either voute with normal larvae. Anthelmintic
treataont was a necossary adjunct of wvaccination with normnal larvae, and this
method of wvaccination proved to be extremely hasardous for the health and
survival of the pups since 5 of ¥4 pups died aftor vacoination.

Subcutancona vaceination with tvo inocula of & krefrradiated A, caninun
larvae protected pups at different ages and adult doge agwinst the estehlishw
ment and potential morbldity of challenge infection. Vaccination was
effective whon commenced as early as 72 hours after birth of the pups.
Although protection against cetablishnment of adult hookworms in these pups

wag of a lowor level than in older vaceinated pups, the relative degree of
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protection against the potential movbidity and mowtality of challenge ine
feetion In such young pups was more styiking then in the older pups. Death
of unvaceinated control pups ocourred with yogularity only in thosc given s
challenge infection of 1,000 normal iarvae when leas than Semonths~old.
Adult dogs were also shown to benefit from wacoination, although sge per se
conferved a considerable additional resistance to primary infection in adult
comtrolds  Age reolstance in the vaceinated dogs was additive to theis
scquired veglotance from vaccination.

The pepistance to the eatablishment and potential woxrbidity of the
shallenge infsction that was stimulated by éwhle subcutaneous vaceination
of pups when 3 aad ZJemonthe-old, pevsisted in the absence of further exposure
to hookwom for at least ¥ months aftesr completion of the vacceination
schedule, Towards the end of the 7emonth peviod age veslstanca, whiech was
exhibited in previously wninfected control pups, zugmented the imuunity of
vacelinated pups agsinst challenge hookwom lnfeetion. Vaceinated pups
at all ages woeve conpletely fmmune to the pathogonic offects of the challeage
while older congvols wewe pavtially (at & months) or coupletely (at 11 months)
protected against these effects by oge vesistance per ga. Vacednation with
A=ivpadiated larvae otimulated an appavently wamimald imouaity which was not
further improved by nunerous small iunfections of noraal larvas duxing the
poriod between vaceinntion and challenge iufection when the vaccinated pups

ware Al«mouthswold,
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AVPENDIR 7,

INFECTIVITY FIGURES OF NORMATL, AND OF ISRADIATED TARVAR TO CONTROL VACCINE
ATTENUATION



Table 34. (Section ﬁi, p 45 refers)

Infectivity of larvae, calcul&ted from necropsy worm burdens enumerated 21
days after subeutaneous inoculation of 6 to 8~weeks~old pups with 500 normal

or 1,000 40 krvwirradiated A, canimumm larvae,

This data records the degree

of attenuation of the 40 kr~{yradiated larvae used as vaceine in the single

vaceination experiment.

memes st wmrae IR

Normal 4 48.1 % 18.2 100

Irradiated 5 4.6 & 1.0 8
individual pecropsy worm burdens are glven in Appendix Ii, Table 42,



Table 35, (Section V"Ift, p 93 yefars)

Infectivity of lavvae calculated fwom necropsy worm burdens enumezated 23
days after subcutaneous inoculation of 1,000 nommal or 40 kr-irradiated

A, canimum larvae to 12-weeks-old pups, This data measures the attenuation
of vaceine nsed in the 2 experiments in which the subcutancous and oral
routes of vaccination and of challenge infectlon were pemutated.

Mean % take (iﬁ Esdo’)

Relative
z:e:f:«ﬁ Ng;P:‘f .Fimt | Secnm’i‘ 1nf¢(a§§iv1ty
) vacqinat:ion v vaccination '
( EXPERIMENT 1
Nozmal 4 71.9 & 4,0 100
Irradiated 3 17.2 & 4.7 24
Nowmal % 59.3 % 8.8 160
Irradiated 6 16.0 £ 4.8 27
EXPERIMENT 2
Normal 3 66.6 & 4.2 100
Irradiatad 3 36.4 % 4,7 55
Normal 5 84,1 2 11.0 100
Irradiated 3 15.1 % 6.0 18

Individual necropsy worm burdens zre given in Appendix 1Y, Table 44,




Table 36. (Section VIII, p 7 0 xefers)

Infeetivity of larvae calmx!.éted from necropsy worn burdens enumerated 21
days after subeutsneous inoculation of 1,000 normal or 40 kr-irradiatved

A, candnun larvae to Jemonths-old pups. This data measures the attenuation
of vaccine used in the experiment in which the immumogenicities of {rvradiated

and of normal larvae ware comparved.

Py

Mean % cake (% ﬂ;d-)

‘ . Relative
:?::ﬁﬁg Ng:‘pgf First Secnnd_ mf?%t):ivi;y
vaceinatlon vaceination
Noxmal 4 71.9% & 4,0 - 100
Irradiated 3 17.2 £ 4,7 . 24
Nozmal 4 - 59.5 & 8.8 160
Trvadieted 6 - 16,0 % 4.8 27

Individual vecropay worm burdens are glven in Appendix IX, Table 44 (Experiment 1).



Table 37. (Section'I¥, p 82 refers)

Infectivity of larvae calculated from necvopsy worm burdens enumerated 21
days aftev suheutancous inoculation of 1,000 nowmwal or 40 kr-irradiated
A. conlnum larvae fo 3-nonths-old pups.

This data measuyed the attenuation

of vacelue used in the 2 esperiments in which the efficacies of vaceination
were determined in pups of various ages sud in adule dogs.

Mean % take (& s.d.)

—

wienmanu No, of Firat Second iﬁ‘éﬁ?’éi’ziw
ox larvge . pups vacelnalion vaccination (%)
EXPERIMENT 1

Normal 8 55,0 & 9.5 100
Irradiated 10 6.1 % 2.8 11
Normal 5 76.1 % 15.7 100
Izradiated 5 2.9 & 2.3 4
Exempm 20

Normal 4 71.9 & 4.0 100
Trradiated 3 17.2 % 4.7 24
Norma? 4 59.3 & B.8 100
Irvadiated 6 16.0 £ 4.8 27

* The same vaceine was used for this expeviment and Fxperiment 1 of Section

VII (Appendix I, Table 35).

Individual necropsy woxrm burdens are given in Appendix IY, Tables 48 (Expt. 1)

and 44 (El"ipt- 2).



Pable 38. (Section X, p 93 refers)

Infeativity of larvae, calculated £rom necropsy wom hucdens enunerated 21
days after subeutaneous inoculation of J-monthswold pups with 500 pormal or
1,000 40 kreivradiated 4, caninum lawvae. This data records the degree of
atgenvacion of the irradiated laxvae used as vaecine in the “pexslutonce of
immunlty” - experimant;.,

Tomn % take (2 8.d.) -
Treatmant No. of e . , Relative

of larvae pups st Second infectivity
vageination vaceination (%)
Nowmel 5 64.4 % 25.3 100
Trzadiated 4 21.8 % 10.7 34
Notwal 4 71.2 £ 8.6 100
Irvadiated 3 4.0 % 1.0 6

Individual necropay worm burdens arve given in Appendix II, Table 51,



APPENDIX 1T

INDIVIDVAL NECROPSY WORM BURDENS FROM WHICH INFECTIVITY AND PERCENT TARE
FIGURES WERE CALCULATED



Table 39, (Section V, Table 3 refers)

Necropsy worm burdens enumerated 24 to 30 days after infection of 3J-monthg~
old pups with 1,000 A, caninum larvae.

RadZation Route of No. of Necropsy worm Mean group worm
dose (ki) infection pups burdens sex ratio, M/F
o s/e 4 323, 382, 399, 401 1/1.1
0 Oral 4 147, 534, 565, 680 1/1.2

20 sle 4 214, 293, 302, 304 1/3
20 Oral 3 179, 210, 227 1/3
30 s/e 4 93, 164, 180, 181 1/5.2
30 Oral 3 13, 180, 193, 211 1/5.3
& 8/e b 42, 63, 73, 88 1/4.7




Table 40, (Section V, Table & refors)

Necropsy worm burdens enumerated 24 to 30 days after infection of 3-months-

old pups with 1,000 A, caninum larvae,

Radiation Route of No. of Necropay worn Mean growp worm
dose (kx) infection pups burdens gex ratio, M/F
| o 490, 583, 597,
o Oral 2 664, 740 1/71.1
120, 131, 148

220




Table 4%, (Section V, Tabie 5 yefors)

Necropsy worm burdens enumerated 24 to 30 days after subcutaneous inoculation

of 3-monthswold pups with 1,000 A. ganinum lazvae.

Rudiation No. of

‘ o Mean group worm
dose (ke pupe Necropsy worm hurdens sex ratio, H/F
0 4 676, 828, 836, 978 1/1.2

60 7 29, 31, 40, 45, 41, 52, 87 1/34




able 42. (Section VI, Appendix I, Table 34 rvefers)

Hecropsy worm burdens determined 21 days after subcutaneous incculation of
6 to 8wwecks-old pupa with nommal ox irradiated A, caninum larvae. This

data measuved the infectivity of the normal larvae used 'to prepare vaccine
and attenwation induced in these lavvae by 40 kr of X-rays.

Toeatment: No. of No. Mesn group

- larvae of Neeropsy worn burdens WOIT §ex
of 1arva®  ypoculated  pups ratia, M/¥
Normal 500 4 189, 130, 207, 376 1/1.2

Irvadiated 1,0@@ 5 38’ 325 43. M. 53 1/52




rable 43. (Section VI, Table 7 vefexs)

Neeropsy worm buydens of aingle vaccinated and of unwaccinated control pups

enmmerated 22 deye after challenge infection with 1,100 normal A, caninum
larvae,

§‘§' Necropay worm buydens Sterile female Mean group
Treatment (fertile worma) wWorms woxm eex
upa
PVRa (group tetal)  ratio, M/F
, 74L, 782, 913, 937,
998, 1015, 1036, 1109

Vageinated 6 432, 48, 464, 725 106 1/1.1
o 733, 775 ‘ ,




Table 44,

{Bection VII, Agpandix i, Table 35; and Section VILI, Appendix I,
Table 36 rvefer

Recropsy worm hurdens enumerated 21 daye aftor subcutoncous inoculation of
1,000 noxmal ox A0 ke-frradiated A, caninum larvae to 3w-monthseold pups.

. | N('i.' Mean grnx;p
Vaccination lgeﬁgzszz of Necropsy woun buvdens Worm 80X
oL A pups ratio, M/¥
EYPFRIMENT 1
1 Normal 4 a5k, 728, 135, 7153 1/1
1 Trradiated 3 131, 161, 224 1/8
2 Normal A 490, 583, 597, 704 1/1
2 Irvadiated 6 111, 120, 143, 167, 1/4.3
171, 245
1 Normal 3 626, 666, 708 1/1.4
2 Noxmal 5 g;g.. 828, 836, 886, 1/1.2
9 Irradiated 3 112, 120, 221 1/8.1




able 45, (Section VIX, Table 11 refera)

Necropey worm burdens of double vacainated and of unvaccinated control pups enumerated
25 days after challenge infection with 1,000 nommal A, canioum lavvae. Ilrst experiment
to compare subcataneous vaccination and challenge with oral vaccination and challenge.

Route of administxation  No. Sterile female  Mean group
Mo e bt of Neoropsy womn burdens worms worm gex
Vaccination Challenge pups (faxtﬂe worms ) {group _l:uu:l) ratio, M/¥
Contyxol 8/c 6 615, 711, 801, 845, - 1/1.1

850, 852
139, 18§
Contxol Otal 5 ;ﬁ. 795, 842, 940, - 1/1.8

- Oval Oral a %gﬂy 109, 412, 439 82 /1.7
10




Table 46. (Section VII, Table 14 refers)

Neexopsy worm buxdens of double vaccinated and of unvaccinated control pups cnumerated
25 days after challenge infection with 1,000 normal A, ceninum larvae. Second exw
perimém: to compare vaccinstion and challenge by permutations of the oral and sube
cutaneous routes of infection.

Sterile female Meau group
wotms worm sex
(group tokal) ratio, M/P

Route of adeinistiation E;“ Neeropsy worm burdens

(ﬁa?ﬁ_ua woima)

Vaceination Ghanangel pupa

Contxol sle 3 535; 546, 566 | - 1/1.5
g/e s/c 3 0; 1, 19, 77, Y07 110 /1.4
Oral 8/e 6 éga 17, 54, €6, 83, 197 1/1.1
Gontrol Oral 3 415‘3‘.' 493, 690 - 1/1.7
s/e ~ orel 5 10, K, 14, 20, 22 85 /1.9




Jabla 47,

(Searion VITL, Yable 19 vefers)

Negyopsy worm buvdens of double vaceinated pups, of anthelmintic control pupa énd
of unvaceinated challenge control pups, 23 days aftor the time of challenge infection
with 1,000 normal A, coninum lavvae,

Routa of

Starile femalo

" No. Mean group
Vacoine Necropsy worm burdens o
vacelnation of T Y WOTImE wOoR 86X
Layvae & ghallenge  pups (fontile worus) (group total) vatio, M/T
Contxol s/e 6 615, 711, BO1, 845, w /1.1
850, 952
i Irvradiated sle 6 3%% 46, 65, 113, 139, 110 /1.6
Nozmal 8/e 3 126, 466, 470 - 1/1.2
Normal Ble 2 16, 28 (Anthelmintic - 1/2

W e e W e A e e W W e R W BN AN e

Gontrol Oral 5
Trradiated Oral 5
Noxnal Oral 4
Noxmal Oval 2

control)

W e e Al G B W e R e W W e B o W e R e e e G e e e e

945

108, 109, 412, 439,
610
54, 146, 307, 7137

10, 12 (Mvhelnintic
control)

- 1/1.8
82 /1.7
- /1.3
- 14




Table 48. (Scction IX, Appendix I, Table 37 refers)

Nedropsy worm burdens enumerated Z1 days after subcutaneous incculation of
1,000 normal or 40 kr-irvvadiated A. cantnum lavvac to 3-months-old pups.

No.

Vaccination Eﬁe:::,szz ngﬁ Necropsy worm burdens z;g;“rﬁ:g‘: w;;:/::;
EXPYRIMENT 1
1 Noxmal B 414, 433, 469, 590, 1/1.3
599, 620, 634, 642
1 Irvadtated 10 20, 33, 33, 35, 61, 1/76
, 73, 76, 83, 87, 104
2 Noxmal 5 524, 683, 828, 863, 1/1.2
908 |
2 Irvadlated 35 3, 17, 19, 43, &5 1/29
EXPERIMENT 2

Since the same vaccine was uged for the second experiment of this section (IX)
as was used in expeviment 1 of Section VII, the relevant vaccine atteonuation
control date end necropsy worm burdens are listed in Table 44 of this Appendix
(11).




Table 49, {(Section IX, Table 24 refers)

Necropsy worn burdens of pups that were double vaccinated at different ages,
and of unvaccinated control pups, enumerated 22 to 26 days after challenge

infection with 1,000 noxmal A, caninm larvae,

hgo when | Age when | Nav oo
fivst fmenund ty of Neeropsy worm buxdens

vaceinated challenged pups (fertile worms)

Stﬁe:ﬂé female |
wonng
{group total)

Mean group
worm sex
rﬁt‘.:la,- M/ 23

649, 706, 723, 726,

Controls 8 weeks 7 748, 753, 771
3 days 8 weeks 4 278, 300, 403, 444
Contyols 3 months 1t 516, 541, 619, 645,

741, 761, 768

1 wonth 3 months 9 20, 24, 38, 48, 74,
99, 187, 1%6, 238

13

82

1/1.1
1/1.2

1/1.1

1/1.2




Table 50. (Section IX, Table 25 refers)

Necropsy worm buddens of vacelnated and of uwnvaceinated pups and adult dogs
enumerated 25 daye after challenge infection with normal A, caninum larvae,

(D

No. éﬁ

oy - oy I
y . Necropsy wormm Sterile female Mean group
Age when of larvae in .

vaceinated ups challenge buxdena . Womas WOIG gek

/dogs  inceuls (fertile worms)  (group total) ratio, M/F

Controls 6 1,000 615, 711, BOL, - 1/1.1

845, 850, 852
3 months 6 1,000 32, 46, ©5, 113, 110
139, 1488
G u
Gonexals 5 (1,000  369) - /1.2
' {3,500 627)
(3,500 949)
(1,000 3)
{3,500 13) :
Adult 3 €3,500 26) 32 1/1.6
(1,500 61)
(3,000 201)




Table 51, (Section X, Appendix I, Table 38 refers)

Necropsy. worm buxdens enwmerated 21 days affer suheutancous incculation of 500
noxmal ox 1,000 40 lureirvadiated A, caninum Lavvoe to Jemonthe-old pups.

. Treatment No. Ne. HMean group
Vaccination of larvae maeuifted | Pziﬁ Necropsy worm burdens r::g.sft??
1 Noxmal 500 5 163, 229, 327, 438, 452 /1.1
1 Yrradiated 1,000 4 114, 186, 205, 368 1/3
2 Normal 500 & 302, 344, 380, 399 1/1.2
2 Ivradiated 1,069 5 28, 32, 43, 44, 53 1/52
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APPENDIX _TIX

ANALYSES OF WEIGHT DATA ON THE BASIS OF MEAN
GROUP WEIGHTS



Table 52. (Section X, Tables 29 « 32 refer)

Necropsy worm burdens of 3-monthg-0ld contrel pups 21-24 deys after infection
with 1,000 normal A, caninum larvae by subcutdneous inocwlation, The size of
these worm burdens served to control the infectivity of the larvae that were
inoculated to chalienge ilmmunity in older, age-vesistant control pups in the
Unersistence of immunity” experiment (i.e., infectivity-age resistance controls).

| Nécrapuy worm ﬁiﬁdéns‘

Appendix to No, of oo ; .
Table No, _ pups Dog pups Bitch pups
30 5 895, 984 714, 917, 926

31/32 7 567, 581, 637 gzz. 599, 640,




Table 53, (Section VI refers)

Mesn group weights of single~vaccinated and of comtwol pups at the
times of vacelnation, inoculation of the challenge and terminatfon of the
exporiment (when the pups died or were killed)., Statistical analyses of
the apparent diffevences hetween vaccinated and control pups were by
Student's VL™ test; the probabilities (2) refer to comparisons of data
fmmediately above and beneath sach statement.

Mean wedght in 1b (% s.d.) at time of

Group No. gf st ,
pup Vaccination Challenge Kil}
Gontroly 12 10.8 ¢ 5.8 14.8 £ 5.2 15.2 + 8.4
0.4< P 0.7< R 0.5¢2
9.0 % 3.1 14.0 & 2,6 17.3 & 4.2

Vaccinates .




Table 54,

A

(Section Vi1 refers)

Moan group welghts of double vaceinated and of control pups at the time
of £irst vaccination, at inoculation of the challenge and at texmination of
the experiment when the pups were killed. This data refers to the f£irst
experiment in which pups were veaccinated and their fwmunity challenged by
the szme route (i.e., subcutaneans vaceination « subeutaneous challenge, or
oral vaccination - oral challenge). Statistical anelyses of the apparent
differences wers by Student's "t" test; the probabilities (£) refer to
comparisons of data immediately above and below each statement,

Route of infection

Mean weight in 1b (2 s.d.) at time of

Vaceine  Challenge pups Wgﬁ:zgim Challenge i1l
Controla 8/e 6 7.3 2 2.6 14,8 % 2.6 16.0 £ 3,9
0.7< 2 0.7< 2 0.8 <P
8/e 8/c 6 8.4 % 1.9 13.5 & 2.7 15.1 % 3.8
| 0.05< P 0.7<p 0.3<p
Oral fral 5 8.5 £ 2.7 12.8 % 3.9 12.9 ¢ 3.4
0.6<2 0.5<p 0.4< 2
Controls Oral 3 7.7 % 3.1 15.7 % 3.3 16.9 % 4.1
08<p 0.6< P 0.7 P
Controls 8/e 6 7.3 2 2.8 14.8 * 2.6 16,0 % 3.9

For esge of comparison the firet group of results hsve been yvepeated at the
foot. of the table,



Table 55. (Section VIIL refers)

Mean growp welpghts of pups that were veccinated with irradiated ox
normal A. caninum larvae and of unvaccinated control pupe at the time of
fivet vaccination, at challenge infection with normal larvae, and at
texmingtion when the pups were killed. Statiatical analyses of the
apparent differences were made by Student's "t" test; the probabilities
(P) refer to comparisons of data fmmediately above and below each statement.

pc——.

No. of Mean wedght tn 1b (2 e.d.) st time of
Vacelne s e ot s
r Fizet Challenge Ri11
vaccination * AERG
Xeixradiated 31 7.3 & 2.2 13.2 & 3.1 14,37 £ 3.3
0,742 0.1< 2 0.1< 2
Controls 11 7.5 % 2.7 15.2 % 2.8 ‘16.4 * 3.8
2 < a.0 0.0< P 0.7 2
Ungrradiated 7 12,4 £ 2,7 15.3 £ 4.9 15.8 & 4.8
2 < 0.01 0.2<p 0.3<2
Yedirrvadiated i1 7.1 % 2,8 13,2 ¢ 3.1 " 14.1 %°3.3

For the purpose of analyses the results of all pups that were vaccinated with
the same preparation (i.e., irvadiated or normal lavvae) and of all contxol
pups, irrespective of the route of vaccination and challenge infoction, were
grouped togethex.,

Yor ecase of comparison the £ivat group of results have been repeated ab the
foot of the tabla.



Footnote to Table BS (continued)

1t ghondd be notad that at the time of flrst vaccination, the nean group
bodyweight of the pups that were vacclnated with nommal larwac was approzimately
50% greator than the mean bodyweights of all other vaccinated and control pups.
Thts was the vegsult of the delibersate selection &t the start of the cxporiment
of heaviey pups in cach litter and of their allocation to the group to he
yvaceinated with nomal lavvae.

Since fatalities from experimental ancylostomiasic sppesved to be related
to bodyweight (L.e., pups infected with the greatest number of adult hookworms
pew b of bodywelght tend ip die £ivst), the pups to be wacolnaved with normal
larvae should as a vesult of the gbove selection have had a greator ability
to survive wntil the time of challenge infection. This was designed to glve
sufficient observations at each gtage of the cxperiment to pemmit statistieal
analyses. As a consequence df this selection and of the failure of the
surviving pups after vaccingtion with normal larvae to gain weight during
the vaceination period, all the groups had similar welght statistics ot the

time challenge larvae were inoculated.




Table 36. {Section IX refers)

Mean group welghte of double vaccinated and of unvaccinated control pups
and adult dogs in 2 cxperiments to coupare the efficacy of vaccination of pups
of warious ages, and of adult dogs. Statistical analyses of the apparent
differences were by Student's "t" test; the probsbilities (B) refer to
comparisons of data fmmediately above and below each statement.

Mean welght in 1b (% 8.d.) at time of

Age when lpt Age when No. of s
vaceinated irmunity dége First
(months) c?;iizﬁﬁgﬁ vaceination Challenge Rill
Gontrols 3 5 " 9.2 % 44 0.6 % 3.3
0.05< 2 0.6< P
1 3 g “ 6.3 % 0.9 9.1 & 1.5
Contyols 5 6 7.3 % 2.6 14.8 % 2.6 16,0 * 3.9
0.4 ¢ b 0.4< P 0.6< 2
3 5 3] 8.4 2 1.9 13.5 & 2.7 15.1 % 3.5
we am owm b M AN R e e R BN A e SR e W i e e S Bm W e KR G W R e R e M e e e W we M R A e
Controls Adult 5 " 45,8 £ 21.0 42,6 ¢ 19.1
0.8<P 0.7 P
Adult Adult 5 - 49.1 % 27.0 46,7 % 24.0

# Only 5 of 1) (Tahle 23) 3emontha«eld controls soyvived to the end of the
experiment.,



VACCINATION AGAINST CANINE HOOKWORM

Summary of a thesis submitted for the degree of Doctor of Philosophy of
the University of Glasgow by Thomas A, Miller, B.Se., B.V.M.S., M.R.C,V.S,

The work reported fn this thesis constituted some of the first steps
in the invention and development of an irradiated vaccine for canine
hookworm disease. The thesis is divided into 7 sections of experimental
results, |

There was no significant difference in the infectivities of A. caninum
larvae between those given either orally or by subcutaneous inoculation.,
Exposure of the infective larvae to various doses of X~rays reduced their
infectivity, as measured by subsequent intestinal establishment of adult
hookworma, As the dose of radiation was increased, infectivity was
progressively decreased and the pathogenicity of the hookworm burdens
were reduced, At Xe-ray doseées of 40 kr and greater, the female worms in
the resulting population were invariably sexually sterile. It appeared
that larvae irradiated with 40 kr or greater doses of X-rays would be
suitable for vaccination experiments.

Single vaccination of pups when 3-months-o0ld by subcutaneous inoculati
of 1,000 40 kreirradiated larvae conferred a highly significant resistance
when 4emonths-old against the establisbment and potential morbidity and

mortality of a subcutaneous challenge infection with normal larvae.
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Compared with single vaceination, double vaceination of pups conferred

a superior reslistance to the establishment of a challenge infection.

Double subcutaneous vaccination of 3 and 4e-months-old pups with 1,000

0 kreirradiasted larvae was more effective agalnst subcutaneous challenge
than was double vaccination by the oral route against an oral challenge.
Subcutaneous vaccination conferred equal protection against subcutaneous and
oral challenge, while oral vaccination conferred a highly satisfactory
protection only against subcutaneous challenge. Complete prpteetion
against the potential morbidity of the challenge infection was eshibited

by all double vaccinated pups.

The fmmunogenic efficacles of X~irradiated and of normal A, caninum
larvae were compared by double vaccination of 3 and 4-months~old pups.
Subcutaneous vaceination with irradiated larvae wes moxe uniformly effective
than were elther subcutancous or oral vaceination with normal larvae,
Anthelmintie treatment was a neceassary adjunct of vacceination with normal

larvae; and this method of vaccination proved to be extremely hazardous
for the health and survival of the pups, since 5 of 14 pups died after
vaccination,

Subcutaneous vaccination protected pups of different ages and adult
dogs agalnst the establishment and potential worbidity of challenge infection
Vaccination was effective when commenced as early as 72 hourxs after birth

of the pups. Adult dogs were also shown to benefit from vacecination,
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although age per se conferred a considerable additional resistance to
primary infection in adult controls. Age resistance In the vaccinated
dogs was additive to their acquired resistance from vaccination,

The resistance to both establishment and potential morbidity of
challenge infection persisted in the absence of further exposure to
hookworm for at least 7 months after completion of the vaccination
schedule, Towards the end of the 7 month peviod age resistance, ags
exhibited in previously uninfected challenge control pups, augmented the
lmmunity of vaccinated pups against challenge hookworm infection,
Vaccinated pups at all ages were completely immune to the pathogenic
effocts of c¢hallenge while older controls were partially (at 8 months)
or completely (at 11 months) protacted against these effects by age
resistance per se. Vaceination with X-lrradiated larvae stimulated an
apparently maximal immunity vhich was not further improved by numerous

small infection of normal larvae during the period between second

vaccination when é4=monthg~old and challenge infection when 1l-monthswold,




