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Preliminary data on these experiments have already been published
by one of us (W. H. Taliaferro, 1932). They form part of a series of
investigations on Plasmoedium brasilionum, a typically quartan para-
site, in various species of monkev., Thus, we (1934) have shown that
the segmenters ordinarily exhibit 8 to 12, with a ranpe of 4 to 16
nuelel (average 8.5-10); a 3-day periodicity of reproduction is main-
tained in the spiders, howlers and white throated monkeys throughout
the entirve course of infeetion when parasites are present in suffieiont
numbers to study, with sporulation oceurring between 8 am. and 4
p.m. except that (1) the first sporulation T is oceasionally prolonged to
4 days due primarily o the manipulationz of transfer (in 3 of 67
monkeys) and (2) sporulation is frequently prolonged to 4 or 5 days
at the time of the crisis (number drop) due to the immune response of
the host, Furthermore, the parasite exhibits a course of infection
characterized by a more or less acute rise in numbers which sometimes
reaches a peak of 300 or more per 10,000 red cells and at other times
does not exceed 25 per 10,000 red eells, a sharp or eradual decrease in
numhers {erisis), a low-grade infection, and thereafter short periods
during which no parasites can be found are frequently interspersed
with rolapses of varying degrees of intensity.  From the first introdue-
tion of parasites, a tremendous mortality of parasites occurs at each
gporulation (the numbers generally inereazed 1 to 3 times instead of
2.4 to 10 times) as well as during each intersporulation period, but is
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greatly aceentuated at the time of the crisis and thereafter. This
greater death rale of the parasites at the time of the erisis which may
or may not be associated with the concomitant presence of peculinrly
staining and apparently degenerating sepmenters is the first evidence
of an asquired resistance during which strong plasmodicidal factors are
operating, These plasmodicidal factors apparently continue to oper-
ate, as the data in this paper show. In infected monkeys, sharp peaks
in temperature are often superimposed upon the normal diurnal tem-
perature rhythm provided parasites are sufficiently numerous. Tor
other eonelusions and for a review of literature, the original paper may
be consulted.

Contributions to the problem of superinfection in malarial infee-
tions have been rapidly inecreasing recently, especially in human and
avian infections.  With regard to simian malaria, a few sporadie papers
have appeared beginning with the work of Flu (1908) and eulminating
in the extremely illuminating paper by Mulligan and Sinton (1933).
All of this literature has been ably reviewed by Mullizan and Sinton
(1933) to whose paper the reader iz referred, These latter authors,
working with 5 strains of P. knowlesi and one of P. irui var. cynomalg,
found an elfective immunity to superinfection with homologous strains
of the same speeies, a slight immunity to superinfection beiween
different straing of the same species and no eross immunity to super-
infection with P. émui var. eynomolyi in monkeys infected with P.
feroioless,

Materials and methods,

Five speeice of monkeys are represented in this series of experi-
ments and belong to the following species: Afeles geoffroyi, Kuhl 1820,
the red spider; Ateles darfensis, Goldman 1915, the black spider: Cebus
capueinus, Linn, 1758, the white throated monkey, Alouatta palliota
inconsonans, Goldman 1913, the black howler and Alouatta palliala
palliafta,® the brown howler. They will be designated as RS, BS, W,
BIH and H, respectively, and the numbers used are identieal with
those in previous publications by Clark (1930 and 1931) and us (1932
and 18934).

Infections of P. brasiliosnum from seven naturally infected monkeys
were used in this work. For eonvenience these are considered as
different strains.

The same techniques of oblaining parasites afd making intravenous
injections, of making blood films and staining, of ascertaining numbers

# Bo classified by Clark and Dunn (1953), but a new spoecies pooording Lo Prof.

Thomas Barbour of Harvard University,
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per 10,000 red eells, of examining the monkeys, ete., were used in this
study as were used previously (1934). Similarly, the same method of
measuring periodieily was used and briefly consisted in tabulating the
oeeurrence of rines, uninucleated sehizonts less than half the size of
the blood eell, uninucleated schizonts half or more than half the size
of the blood eell and sepmenters according to their number of nuelei
in a sample of 50 parasites from thin or thick films at regular intervals.
Experience showed that the eycle could be reconstrueted from blood
films made daily at 8 a.m., but that films al 8 s, and 8 pm. were
preferable.  These data are summarily treated in the aceompanying
graphs as the percentage of parasites with 5 or more nuelei occurring
at each observation-period.  SBuch a procedure shows the periodicity
of the eyele fairly aceurately sinee parasites with 3 or more nuelei
oeeur during approximately 12 howrs in the 72 hour-reproductive
period. Tt should always be borne in mind, however, that the peak
in the oceurrenee of forms with 5 or more nuclel antedates by about
4 hours, ag ascertained by previous work, the aetual peak in sporus-
lation, i.e., the simullaneous oecurrence of multinueleated and mero-
zoite forms,  To simplify terminology, “sermenter” will be used to
indieate all parasites with 5 or more nueled

Erperimental work, s

The procedure in studying superinfected monkeys has been the
game throughout.  After a monkey had been found naturally infected
or had been experimentally infected and its infeciion studied, it was
reinoculated intravenously with a large number of parasites at a time
when there were few or no parasites in its blood. Then, within a few
minutes, a blood film was made from which the number of parasites
injected could be ascertained, and thereafter, blood films were made at
frequent intervals for a month and weekly thereafter until the animal
waz killed.  Thiz iz exemplified in one of the preliminary experiments
which iz shown graphieally in figure 1.

Wdh, an infant, entered the laboratory on 8/53/30 and after 66 nega-
tive blood film examinations was injected intravenously with parasites
on 410031 zo that immediately afterwards there were 3 parasites per
10,000 red eells in its blood. These gradually inereased for 11 days,
except for the expeeted periodie deereases during intersporulation
periods, as previously deseribed, until on 4/21 at 8 p.an. there were 23
parasites per 10,000 red cells, Thereafter, they rapidly decreased.
Throughout the increase in numbers (4/10-4/21) afid during the initia-
tion of the crisis (4/23) sporulation was regular, but as the erisis pro-
ceeded (4/26) sporulation was irregular in that instead of oceurring
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every 3rd day, it eonsumed the greater portion of 2 days.  (In figure 1,
see continuous presence of segmenters on 4/26 and 4/27 as indicative
of sporulation.) When there were less than 1 per 10,000 red cells,
additional parasites were introdueed intravenously from W2I on 4/30
at 2 p.m. s0 that there were 31 per 10,000 red cells in the blood of this
monkey immediately afterwards (10 times the number originally in-
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Frg. 1. The number of parasites per 10,000 red cells and percentage of seg-
renters after initizl infection and after superinfection of F. brosilionwm in white
throated monkey 46, (The temperature curve is also given for most of this Lime.)
Mote thal in gpite of the fact that ten times ss many parasites wers injected inli-
venously for the superinfection as for the initial infection, the erisis cecurred more
precipitously as indieated by the drop in numbers and Dregularity in sporulation
in the superinfection (5/3) than in the initial infeclion (4/23-4/27) and the numbers
deercased more rapidly.

jeeted). Yeb in 7 days these had deeressed to 1 per 10,000 red eells
(they inersased from 9 to 28 as the result of sporulation on 5/2) and
econtinued Lo deerease uniil on 5/11 when the animal was killed none
was found in thiek film. For 4 davs after superinfection, sporulation
was approximately regular, bul on 5/5, ceourred continuously for 24
hours and ihen instead of oeeurring at 8 a.m. on 5/8 (the next 3-day
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interval), it oceurred after 8 p.m. that night and throughout the major
portion of the following day. On 5/11 when parasites could no longer
be found in the blood, the animal was killed for a study of its tissues.
In aceordance with previous work, it may be noted that the diurnal
temperature rhythm, encountered in normal monkeys, was not mate-
rially altered in this infeeted monkey until the time of the erizis during
superinfeetion (5/5).

This sequence of events is interesting from several standpoints,
In the first place, this white throated monkey showed the lowest grade
initial acute attack of all the white throated monkeys studied, and yet,
upon superinfection, the parasites were summarily disposed of. In
the second place, even though the monkey was superinfeeted only 20
days after it had been subjected to an initial infeetion, and even while
parasites were still present, the parasites completely disappeared in
11 days. The objection that it had been previously infected can be
strongly refuted, though not absolutely proved, by the faet that it was
an infant and showed 66 negative and no positive examinations prior
to infection. In the third place, a typieal crisis, as indicated by a drop
in numbers and an irregularity in sporulation, was manifested sooner
after superinfection (5th day) than after initial infeetion (16th day).

The superinfection of a monkey which had undergone a more acute
and longer initial infeetion may be exemplified by BS91.  This monkey
was injected intraperitoneally on 3/19/31 after 14 negative hlood
examinations with so few parasites from naturally infected RS3 and
16 that they did not appear in its blood until 21 davs after infection
and not in appreciable numbers until 29 days after infection. TFrom
this time on (4/17) until 47 days after infection (5/5) detailed data
were collected (fig. 2) and show that the typical aeute rise in numbers
reached a peak of 155 per 10,000 red cells on 4/23 at 8 p.m. and then
gradually decreased for 17 days until they eould no longer be found in
thick or thin blood films. Throughout this entire rise and fall in
numbers, sporulation oceurred with fine precision although atypical
segmenters were numerous from 4/27 to 4/30 (erisis). The tempera-
ture eurve in the monkey during this time illustrates the stilelto-like
peaks which interrupted the customary diurnal rhythm at each sporu-
lation period (4/17, 20, 23, 26) when parasites were numerous and the
absenece of peaks when numbers were fewer (4/20). At 4 pan. on 6/1
after a latent period of about 2 weeks, this monkey was superinfected
intravenously from W21 and 141 (see controls in table 1) with 15 ce.
of heavily parasitized blood cells in 7 ce. of saline so that immediately
afterwards it showed 30 infermediate schizonts per 10,000 red cells
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in itz blood. In 20 hours these had decreased to 9, in 44 hours to 6,
and after the first sporulation (68 hours) had further decressed to 1
gshowing that sporulation was ineffectusl in inereasing the numbers.
Thereafter parasites persisted for 37 daye, but never exceeded 2 per
10,000 red cells. Throughout this period sporulation was maintained
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Tz 2, The number of parasites per 10,000 red cells and pereentage of sep-
menters during a portion of the initizl infection and after superivfection of P, bee-
silfanwm in black spider 910 {The termperalure curve iz also given for a portion of
the initial infection.) Note that a small intraperitoneal dose of parasites waz given
initially which appeared in the blood eventually and set up a hesvy infection whereas
& large intravenous dose of parasites was given for the superinfeetion which quickly
decrensed and eventually dizoppeared. Sporulation was maintsined regularly
thronghout.,

regularly as ascerfained by thiek film examinations. The actual dates
on which it oecurred were regular with respect to the parasites used
in the superinfecting dose (6/3, 6/9, ete.) and not with respect to those
initially infected (6/1, 6/4, ete., provided sporulation had progressed
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uninterruptedly).  In other words, the parasites which persisted were
probably those of the =uperinfection-dose and did not represent a
relapse of those initially injected.  Weekly oheervations repluced daily
ones after 7/7.

Diata for one other black and 5 red spiders which were alzo super-
infected oconr in table 1. Of these, 5 were naturally infected for more
than Td to 477 days and one had been experimentally infeeted for <
days (BR144). The acute attack in the lormer ocenrred before their
entrance intoe the laboratory.  During the period of observation prior
to superinfection, BES%4 and 364 had shown none or very few parasites
(mever more than 20 parazites in a S-minute thick film survey) in their
hlood in 54 and 44 examinations, respectively.  RE16 had shown none
or very few until it was splenectomized on 373131 after which & relapse
ensued similar in every respeet fo the acnie infection, just deseribed
for 801, which reached a pealk of 150 per 10,000 red cells on 4/25 at
& p.m. and then decreased bui never complelely disappeared prior lo
superinfection (thick films showed from 12 to 90 in a S-minute exami-
nation), K23 and 4 showed alternate periods of latency and =light
relapses, but were consislently negative for 23 and 19 examinetions
extending over 41 and 14 months prior to superinfection, respectively.
The initial experimental infection in BS144 consistently showed so few
parasites and such an aberrant eyele of sporulation that we felt it had
been previously naturally infected, an assumption easily warranted
ginee it had only been examined 4 times (all negative) prior to ils ex-
perimental infeetion.  The most salient parts of these datz oceur in
Lhe firat part of table 1 along with the weight, sex and approximate age
of the monkey.

All of these animals were superinfected with 15 to 20 ec. of para-
gitized hlood cells so that immediately after the intravenous injection
there were from 4 to 30 parasites per 10,000 red cells whereas just be-
fore there had been none or extremely few,  Just as in the superin-
fection in W46 and BEYS1, the majority of the paraszites rapidly dis-
appeared.  [n presenting data on these superinfections in table 1, if
was fnally decided to give closely spaced number counts during the
first sporulation at 6, 20 and 44 hours,® to give only one number eount
every three days thereafler and to italicize any number count during

¥ The number of hours hefore a second sporulation securred in the superinfected
rnanlkeys depended upon the stage of the parasites when superinfected. Tor example,
small ringz were nzed to superinfect 53 at 1 pan. on 6/1 which sporulsted 68-72
‘hourz later, whereas uninusleated schizonds woere used to superinfect 394 at 11 aan.
on 4719 which sporulated 20-24 Emu'ﬁa later,
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Lhe sporulation of which an irregularity of sporulation similar to that
in W46 oecurred.* The number eount used was the highest obtained
from the afternoon on the day of sporulation—major sporulation if
more than one oeeurred—to the morning of the day of the following
sporulation.  As may be zeecn by an examinafion of this table, BE3
wasg superinfected with a dose of parasites so that immediately after-
wards it showed 15 parasites per 10,000 red cells. These decreased to
13, 5 and 4 in &, 20 and 44 hours, respectively; during the second
sporulation period they never exceeded 1 per 10,000 red cells and there-
after could only be found on thick films. RS4, 94, 144 and 364 be-
haved similarly.  Interestingly enough BE816 which had been splenee-
tomized days prior to superinfeciion did not get rid of its super-
infected parasites as quiclly as did the others, but at the end of 3
gporulations showed very few parssites in thicl film. The parazites
in all of these spiders decreased more rapidly than in W46, This iz
probably an expression of the fact that their immunity was higher.

The criticism that these infections might show an acute rise in
numbers later on when observations were less frequent can be coun-
tered by the fact that whenever we gave such an enormous dose of
parasites intravenously to monkevs in which parasites had never been
found and which, therefore, were supposedly normal, an acute infee-
tion followed immediately. In fact, the downward trend in all the
number counts in these superinfected monkeys and concomitantly the
inefliecacy of gporulation to produee any inerease in the number of
parasites after superinfection is markedly different from the acute
increase in numbers in initially infeeted monkeys where comparable
numbers were injected.  T'o show this clearly, number counts at iden-
tieal intervals are given lor 5 initial infections in 3 spiders and 2 white
throated monkeys (data from W. H. and L. G. Taliaferro, 1934) which
were injected intravenously with enough parasites so that from 2 to
20 per 10,000 red cellz appeared immediately afterwards in their blood
{table 1). These number counts demonstrate decisively that para-
gites disappeared [rom the blood of these initially infeeted monkeys
much more slowly than from the blood of superinfected monkeys.
Thus, parasites in them decreased by a half (W21) or less in 44 hours
whereas in the superinfeeted monkeys they deereased by three quarters
or more (53, 4, 16, 91, 364, W48) in the z=ame length of time. There-
after, the abundanee of parasites in the controls differs strikingly from
the paucity of parasites in the superinfected monkeys.  Supplementary

* The superinfections in W4b and 5391 are also presented in this table for coms-
PATELIVE UL DOECE,
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corroborative number counts on initially infected monkeys oeeur in
the previeusly cited paper by us (1934).

Whenever 33 to 50 parasites could be examined during superin-
fection the regularity or irregularity of sporulation was ascertained
(see footnotes f and I in table 13. All of the observed sporulations
were regular in 4 of the monkeys (3 sporulations in 83, 2 in 24 6 in
316 and 13 in $91); bul one of the 31 eporulations in Wi, 204 and
3364 and both of the sporulations in 8144 were irregular. These
results are quile comparable o the results in the initially infected
animals.  Sporulation was regular in 8113, but was irregular in 1 Epor-
ulation in W21 and 895 and in 3 sporulations in Wi4l. In point of
time, however, the irregularity, when it-appeared, appeared sooner in
the superinfected than in the initially infected monkeys.

In these natural and experimental initial infections and sliperin-
fections, 7 strains of P. brasilionum were used: 6 from red spiders
{initial infections in 83, 4, 16, 91, 94, 144, 364, and W21 and 46 and
superinfections in 53, 4, 16, 94, 144, 364 and W46) and one from a
black howler (initial infection in W141 and superinfection in 891). Of
these S144 was injected a first and seeond time with a mixture of the
same 3 straing, 84 and 16 were naturally infeeted with one of the three
straing with which they were superinfected and the balance were in-
feeted initially with a different strain from that used for their suUper-
infection. An analysis of these data in conjunetion with the number
counts after superinfection diseloses that the parasites in BR91 which
was infeeted with a strain from a red spider and superinfected with a
strain from a black howler did not disappear as soon as from the other
monkeys which were infected and superinfeeted with strains from red
spiders. Further work will be necessary to make sure whether this is
an expression of a difference in the resistance of an individual monkey
or whether it shows a less effective cross immunity between strains.
In any case, between 6 (derived from red spiders) of the 7 strains an
absolute erogs immunity appeared to exist.

The more rapid rate of removal of parasites by the immune monkey,
eoupled with the fact that the spleen and liver which are rich in macro-
phages concentrated and phagocytosed parasites in a remarkably short
time in superinfections of birds, led us to perform biopsies on spleens
in 10 monkeys (6 white throated, 1 black and 1 red spider and 2 brown
howlers) which had been superinfected from ome hour to ten days.
Nine of the monkeys were infeeted and superinfected with the same
strain, although 1 white throated and 1 red spider may have been
naturally infected prior to the experimental infeetion; the tenth mon-
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key was superinfected with 1 of the 3 red spider straing used for its
initial infeetion.  Number counts from these spleens showed the same
remarkable eoneeniration and phagoeytosis of parasites as has been
deseribed by Cannon and Taliafervo (1931) in avian worlk.

The very efficient immunity which latently infeeted monkeys pos-
sess npainst superinfection made il seem inferesting to ascertain
whether serum from such monkeys would proteet against infection in
normal monkeys as has =0 often been demonstrated in trypancsome
infections.  Under the conditions of our experiments it does not.  For
example, serum from naturally infeeted R31 which had been infected
for more than & vear and had showed very few parasites in its bload
for over a month was injected intraperitoneally into 4 brown howlers
in doses of 1. 2, 3, and 3.4 ce. per 500 gm. monkey, respectively, along
with a small simultaneous intravenous dose of parasites, wherpas 4
other brown howlers were given an intravenous dose of parasites alone.
Two days later parasites appeared in all the monkeys in thick films
and the ensuing infeetions which lasted for from 10 to 20 days (animals
died) were similar both as regards numbers and sporulation of the
parasites. This experiment was repeated 4 times with serum [rom
other latently infeeted monkeys with similar results.  Serum-doses as
large as 5 and 7 ce. per 500 gm. monkey were also ineffective when
parasites and serum were injected infravenously simultancously. In
addition, 3 series were carried out after subjecting the parasites to
in #itro eonfact with such serum for from 15 minutes to 1 hour and
injeeting the mixtures infravenously, but subsequent infeetions devel-
oped and were in no way different from those developing in monkeys
which received only paragites and no serum.  Furthermaore, parasite
counts from the tissnes of these serum-treated animals seemed to be
proportionately the same az from eontrol animalz whose normal infee-
tions had progressed for similar lengths of time. It might be objected
that in these experiments the serum from spiders was tested in howlers,
bt this should not have invalidated the results inasmuch as monkeys
when superinfected scemed to remove parasites originating from a
different species of monkey as readily as from the same species,

In spite of these negative results we feel that there is an antibody
basis for immunity to superinfeetion.  In favor of such an hypothesis,
there is the fact demonstrated in our earlier paper (Taliaferro, W. H.
and L. (., 1934) and in the present one that the intense immune reac-
tion at the time of the eriziz iz often associated with a number of
degenerating forms which are probably the result of some humoral
pringiple.  The immunity to superinfeetion has been shown in many



SUPERINFECTION 1IN 1P, REASILIANIIM 71

cases to be highly specific (see, for example, investizgafions on avian
malaria by Gingrieh, 1932, simian malaria by Mulligan and Sinton,
1933, and human malariz by Bowd and Stratman-Thomas, 1933, and
review in Thomson, 1933) which iz difficult to explain exeept on the
bagiz of & specific opeonizing antibody (zee Talinferro, 1932). Al
though of low Liter and inconstant, precipiting and eomplement-fizing
antibodics have heen demonstrated in human malaria (see review in
Taliaferro, 1929) which are probably closely related to, or identical 1o
the postulated opsonin,  In avian malaria we (Taliaferro, W. H. and
L. G., 1920) were unable to find proteetive antibodies, but Findlay
(in Thomson, 1933) maintains that with proper technique they can be
demonstrated and curative and protective antibodies have been de-
seribed in man (see review in Thomson, 1933).  In brief we feel that
the immunity to superinfection in malaria is primarily cellular, but i=
mediated by an opsonizing antibody which is produced locally in the
organs most directly concerned in removing the parasiles, ie., the
spleen, liver and to a slight extent the bone marrow, but which when
diluted by the blood is of too low a titer to be evident in profection
experiments.

Conelusions,

1. (o) Immunity Lo superinfection of P. brasilionum has been dem-
onstrated by the rapid decrease and disappearance of parasiles from
the blood of latently infected monkeys (12 monkeys) when injected
intravenously with large numbers of parasites of the same strains or
combination of strains as compared with the inerease and aceumulation
of parasites in the blood of uninfeeted monkeys when injeeted similarly
with large numbers of paraszites for the first time.

(b} This immunity is effective immediately alter the initial infec-
tion has abated and lasts for more than a year (as long as tested).

2, (o) Bffective eross immunity to several strains of P. brasilionum
has been demonstrated by the same technique sinee 5 monkeys showed
a rapid disappearance of the superinfeeted parasites when initially
infeeted with one strain and superinfected with another strain, both
originally derived from different red spiders of the species Adeles
geoffroyd, while one monkey showed a less rapid but eventual disap-
pearance of the superinfected parasites when initially infected with twao
strains derived from red spiders and superinfected with a strain from
Alounita palliate tneonsonans, the black howler.

() This cross immunity is effective immediately after the initial
infection has abated and lasts at least a year (as long as tested).
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. All stapes of the asexual cvele are removed since the parasiles
begin to disappear immediately after superinfection no matter at what

stame they are when introduced.

4. Serum from monkeyvs with latent malarial infeetions is without
protective action (i.e., infection ensues) when injected into uninfected
meankeys either simultaneously with parasites in the same or different
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gites or after 15 minutes to L hour in vitro contact with them.
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