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Some of the fundamental problems of immunology ean be more
Iy studied in the blood protozoa than in the smaller baeterial
vaders.  Thus, I have previously shown (See reviews in Tualiaferro,
M and 1932) that the trypanozomes and plasmodia in partieular,
ieeause of their easily acceesible location, their even distribution
thringhout the blood and their large size, permit the direct correlation
he serologica]l and cellular reactions of the host with the course of
mary infections and the acguisition of aequired immunity. My
bjeet this afternoon involves such o study of the guartan malaria
asite, Plosmodivm brasilianum of Panamanian monkeys.
My chief emphasis will be centered on an analysis of aequired
msistanee in the monkey as cxemplified by the course of the initial
ection, the high degree of immunity to superinfeetion following the
tial neute infeetion and the eellular bases for this aequired immunity.
i5 presentation will necessarily involve a consideration of the mor-
ology of the parasite and its normal course of infeetion,  These re-
tz, I hope, will be of intrinsic interest to you as an attack on the
question of infeetion and resistance in a protozoan infection. But, in
ddition, they are of particular interest as they advanee our knowledge
of infeetion and resistanee in a form more closely related to man than
fs heretofore been accomplished.
In spite of the enormous amount of work done on human malaria it
& been almost impossible to subjeet the infeetion to an experimental -
. "Dk Lemar Lecture deliverad Moreh |, 1932, at the School of Iymiens and
ilic Health, The Jobns Hopkins University, This paper represents essentially a
elirninary account of experiments egrried out by the anthor and L. G, Taliaferro
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analysis beeause of the unsuitability of man as an experimental animal.
For this reason we have analyzed in delail during the past sevoral years
the infection and immunity in an avian malarial organism, P. cathemer-
jum in the canary. Our results on infections in the monkey o closely
parallel those on infections in the bird that I shall use the latter con-
stantly throughout my talk as a comparative standard,

o far we have made observations on 342 monkeys, ineluding un-
infected animals, monkeys shot in various expeditions by Dr. H. G
Clark and his associates (see Clark, 1930 and 1931) and monkeys
experimentally infeeted in the laboratory. All of these specimens be-
long to the Cebidae and include representatives of the red spider
monkey, Ateles geaffroyd Kuhl, the Darien black spider, A. darienss
Goldman, two varieties of the white throated or white face monkey,
Cebus capucinus Linnaeus, (C. e, capucinus und . e. tmalotor), and
{wa varieties of the Panama howling monkey, Alountto patliale dncon-
sonans Goldman and probably 4. p. pelliats, The present account i3
a progress and preliminary report,

Dristribution of malaria among the primales,

The higher anthropoid apes, the chimpanzee and gorilla, harbar:
three species of malarial parasites morphologieally indistinguishable
from P. vivax, £. malariae and P. Joleiporum of ‘man. Although
Reichenow (1917 and 19200 believes that these are identical and
Mesnil gnd Roubaud (1917) have apparently suecessiully infeeted ong:
chimpanzee with P. vivax from man, the question of their identity &8
still unzettled. Of particular interest is the fact that several investis-
tars have entirely failed to infeet apes successiully with human species y
or to infect man with the malaria of the ehimpanzee (Bee Blacklogk
and Adler, 1922 and 1024).

Among the lower primates, malarial parasites have heen found it
both the 0ld World Cercopithecidae and the New World Cebidie
There seems, however, to be a sharp delineation in type of parasites
harbored by the two groups of monkeys. Thus, all of the parasites
from the Old World monkeys are lertian-like In morphology and sim=
ilar to P. vivax, although deseribed under several specific names (s
review in Wenvon, 1926) and those from the New World monkeyis
are quartan-like in morphology and similar to P. maolarine according 163
the evidence I shall present shortly. In spite of their sirrilarity (0
morphology to the human species, these parasites of the lower primatess
are apparently distinet. All eross-infection experiments have falled
with the exception of a possible evanescent infection of man with &
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geite [rom the Panamanian monkey deseribed by Clark and Dhunn

The parastie,
In 1908 Gonder and Berenberg-Gossler fivet dizeovered o malarial
ite in a New World monkey. This parasite they found in a
men of Brachyurus calvus imported to Hamburg from the Amazon
girict and named it P, brasilianum.  They gave an exeellent deserip-
‘and noted the quartan periodicity and similarity to P, malariae,
eir worke was amplified by Berenberg-Gossler (1909) with the
me material from the same monkey. Wilh the exception of the
nding of LLIinzD[nPI]lvd rings in g specimen of Afeles of Yueatan by
ielin (1912} no farther work was published on the parasites of the
Hiew World munku;m until the extensive investigations of Clark who
amined a large number of spider, white throated and howler monlkeys

In hiz published papers (1930 and [931) he coneluded that there
basieally two types of malaria: First, a species in the white
mated monkey which was fundamentally quartan-like in strueture
sing no hypertrophy of the red cell and producing 8 to 10 mero-
tes, and second, a species in the red spider monkey which was funda-
ntally tertian in strueture, producing some hypertrophy of the
il cells and from 12 to 14 merozoites. e noted, however, that the
ber of merozoites in this tertian species was still only about half
e number generally found in human tertian and in his later experi-
mentel work which is unpublished he began to question whether this
ferentiation of =pecies wasz valid,

- After a detailed study of the morphology and asexual eyele in
3 monkeys of Panama, including natural infections in red spider,

white throated and black howlers, and eross-inoculations 5 among these

ecies and black spiders, we have verified all of Clark’s findings
pi that we have shown conclugively that there is only a single
goies of maliria in the Panamanian monkeys, which is fundamentally
tan in ]:reriodicih' but varies somewhat in morphology depending
ipon the species in which it is grown.  Two examples will emphasize

the great 1mamrtame of studying infections with the same parasite
when grown in different species of Hmnixn:,x. ’l‘hc 11a-tum1 1:1fnnf-mn

ok

; ahm-. cd m:rnumu.mwl} few, ‘:.ultrseqmm mp{mmvntal work
i pmonstrated that w hen malaria from black howlers was grown in the
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other two species 1t did not form bands to as large an extent and that,
viee versa, when malaria from white throated and red spider monkeys
was grown in black howlers it exhibited a very high percentage of
bands. Furthermore, the number of merozoites produced by the same
strain varied in individusl monkeys, bul in genersl was higher in
the red spider than in the white throated and howler monkey.  These
findings together with morphologieal and cross-inoculations  haves
eonvinesd usz that all of the parazites found In Panamanian monkeys:
belong to a single species which iz identical with Plosmodinm brosil
tarum deseribed by Gonder and Berenberg-Grossler from their Bragl-
ian monlkey. -
The general morphology of P. brasilionum is very similar to that ol
P. malwrige of man.  In fael, in those animals such as the black howler
where band stages oeeur in quantity it iz indistinguishable in our
expericnee.  In other species where bands are not common, the young
trophozoites are similar to those of P. vivaz except that the red el
does not beeome enlarged exeept oceasionally during the final stages of
segmentation and even then never as much o as in P, sivee. Gamefos
eytes appeared comparatively seldom in all of the infections whethe
naturally or experimentally aequired and whether initial infeetions o
relapses.  When they were found, however, they agreed in every e
spect fo the morphology of P. malerice,

The asezual cyele.

The development of the asexual forms is of interest frorm two angles
In the first place, as will be diseussed in the next seetion, the [act that
these forms develop synehronously permitz a direet analysis of eertall
factors in the resistanee of the host to the parasite. In the second
place, the synehromous asexual eyele s so charaeteristic of mnealanial
infections in general that its deseription and causation iz of funds
mental interest. A

blond smears at 4, 8, or 12-hour intervals.  Two methods were adop
to ascertain the presence, nature and synehronicity of the asexns
evele.  In some cases the mean-size-eurve was used, as described
Mrs, Taliaferro (1925) in her work on P. colhemerium, From 258
50 parasites were drawn from each blood film at 12-hour {or
intervals and then measured in square microns. When the mean E
of these measurements is plotted, it is low when only merozoites &
young trophozoiles are in the blood, gradually rises as the parsiis
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w and reaches its peak atl the time of sporulation.  In other cases
percentage of sporulators was ascertained, as used by Boyd (1929q).
the present work the number of asm:ual forms having 3 or more
dein o sample of 50 (25, occasionally) was ascertained at 12-hour
or less) intervals, These, numbers, when ploLi:—‘-d in poreentages,
i series of peaks just before each sporulation, as is represented in
1. The second method iz much less laborious than the first and has
further advantage of being applieable to low grade infeetions where
prasites can be found only in thick films.
- The asexual eyele has been studied throughout the major portions
10 infections and during lesser portions of 57 infections. Briefly
ed these studies indicated that the asexual evele is quartan in type,
each parasite takes 3 days to grow, divide into approximately 8
1l merozoites and sporulate, that sporulation normally takes place
10 a.m. to 2 p.u. every third day, that most infections are com-
ed of a single brood, i.e, sporulation oceurs regularly every third
around noon, that some consist of double broods, i.e, sporulation
s al noon on two suceessive days followed by a day when no
porilation oceurs and that at least one infeetion was made up of three
oz, 1.e., sporulation oceurs regularly every day around noon,  That
Bt [atter was not a quotidian type was clear since at cach aporulation
g there were algo present large schizonts whose nuelei had nol
un to divide, representing the brood that would sporulate the
following, and immature schizonts, representing the brood that
jould sporulate 2 days henee,
- A number of investigators have been interested in aseert aining
ther this eyele is determined by the genetieal constitution of the
ite or by the physiological activities of the host.  For many years
nvestigators leaned toward the first explanation.  Thus, where
bie and triple brogds of parasites existed it was assumed that these
rate broods represented the progeny of separale mosquito inoeula-
5, cach brood Trminmining 1hf‘ mmhmniciw vrhi{-h wag deter-

A e-.-.rmvﬂhgnmrﬂ 11:1.1?-3 bcgun Lo doubt thls, however, and some 01’ le

.1"}.: nes and Shute (1926), indicated that a single brood of parasites
might vary in its synchronieity and even split up into separate broods.
- Experimental work on the quotidian P. cathemerium of cunary birds
paved the way for an experimental anslysis of this problem.  In
28 Mrs. Taliaferro showed that the time of sporulation in P. cathe-
erium could be delayed by placing the parasites at 0.5° C., and that
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the delay was eommensurate with the interval of refrigeration whin
the parasites were subsequently injected into birds. {Juite to her
surprise, however, each succeeding sporulation oceurred a few minutes
earlier until the parasites gradually returned to their accustomed
schedule. Later, Boyd (192%9a) performed the ingenious experiment
of reversing the normal periods of light and dark and found that the
parasites reversed their periodicity, viz., instead of sporulating between
5 and 8 in the afternoon, they sporulated between 3 and 8 Ao He
algo (19290) was able to lengthen the cyele to 28 hours by subjecting
the birds to a 14-hour day and a I4-hour night. These experiments
indicate elearly that the time at whieh sporulation oceurs is determined
by some physiological reaction within the host..

We have repeated one of the experiments of Boyd in one specimen
of white throated monkey undergoing an intense relapse of malara,
In this monkey, sporulation was very synchronous and the peak in the
numhber of segmenters with 5 or more nuelei oceurred at 8 aar every
third day. On reversing the normal periods of light and dark for
48 days, sporulation became less and less synchronous so that in twelve
days sporulation instead of being limited to a period of about 4 hours
was spread over an entire day. Thereafter, a tendency was observed
for the parasites to sporulate in two broods; one, 12 hours prior to the
original time, the other 12 hours later than the original time, until
eventually a typieal double quartan infection ensued with the excep:
tion that the peaks in the number of segmenters pecurred sl 8 P
instead of 8 A, This regult is exactly what would be expeeted from=
the avian work, remembering that a guartan and not a quotidian in-
fertion is under consideration. We hope to continue this work and I3
eannot resist pointing out that theoretically after an infeetion changed s
in this manner is again subjected to normal light and day, we wonili]
expeet to find 3 separate broods with sporulation each day.

The general observations on human malaria and the experimental
observations on avian and simian malaria indicate strongly that the
time of sporulation and the synchronicity of sporulation is largelys
determined by the host.  On the other hand, the length of the asexuil
evele must be largely determined by the genefical constitution of the
parasite ag otherwise all malarial infections would be gquotidian, 1f
seems probable that light and dark indireetly affect the activity of the
host, but just what mechanism or mechanisms mediate the effectis
still & eomplete mystery, ]

No study of periodicity in malaria is complete without mention®
the fever eurve. The normal temperature eurve varies in type and
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degree in the different speeies of monkey which we studied, but in
general averages around 101° F, and in the white throsted monkey
fends to be around 997 in the morning and to rise gradually during
the day until it reaches about 102°-103° in the evening after which it
gradually recedes. Ordinarily no demonstrable rise in temperature
ocenrs when there are 50 or less parasites per 10,000 red eclls.  When
the infection rises above this level, there is generally a pronounced
peak of 104°-106° just at the time of sporulation which persists for
approximately 4 hours (e 1), '
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the acute rise and erigiz of the infection with P. brasilianem in white throated
monkey number 119,

Analysis of the resistance of the host.

The consideration of the malarial cyele brings us direetly to a
eseription of the normal course of an infection and an analysis of
the factors involved in the resistance of the host to the parasite.  The
ourse of infeetions was studied by aseert aining the numbe

r of parasites
per 10,000 red cells at 12 or 24-hour intervals,

In some animals
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erythroevie counts were made so that the ratio of parasitized to normal
red eelle eould be reduced to the number of malarial organisms per
emm. of blood.

Although the 1ype of initial infeetion observed in monkeys presents
certain consiant eharacteristies, the time at which these appear depends
largely upon the number of organisms inoculated and possibly the
route of Inoculation.  When an enormous number of parasites ar
introduced iniravenously so that they ean befound in the blood immedi-
ately after inoeulation, the infection usnally progresses quile rapidiy
{fig. 1}. There is an initial acute rise of the infeetion often reaching
a8 many as 250 parasites per 10,000 red cells by the 9ih to 12th day
This peak of the infeetion is in turn followed by a sharp number crisis
in which the majority of the parasites disappear from the blood and
lhen a developed infection ensues during which there are varying but
comparatively few parasites found in the peripheral blood.  Finally,
after a few weeks or months of this low grade infeetion a period of
lateney or semilateney gets in during which no parasites are observable
in thick Llms for weeks at o time, but generally slight relapses oeeur at
irregular intervals.

When a few parasites are introduced subeutaneously, the same
general type of infection follows except that the mumber of parasites:
inereazes very gradually and may never reach a high point, Thus !
following infection, no parasites can be found for several weels, then
ithey inerease gradually to a somewhat low peak, and eventually, most:
of them are swept from the peripheral blood. The number crisis may
be posiponed for as long as two months.  When it oceurs, h-:ﬂﬂ.'wm; :
the same type of developed infeetion with lateney and semi-lateney
ensies.  The initial infeetion may present almost any gradation he»4
Lween the two extremes which I have just deseribed depending upon
the dose of malarial organisms or the particular monkey involved. It
is interesling to note that in P. cafhemerium of the bird exactly thes
same general characteristies of the initisl infeetion are seen,  In oues
own experimental work on birds, however, we used what rmight hes
termed a fixed virus and large infecting doses so that the bird infections
presented the first tvpe of infection deseribed for monkeys, that s 8
sharp acute inerease with a number erisis about the 10th day followed
by a developed infection and lateney. It seems probable, then, that
were monkeys as available ag eanary birds their infeetion eould also be
standardized.

Throughout our analysis of the effeet of acquired resistance it:i_
initial infeetions of various protozoan species we (see W, H. and L. {3
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Taliafervo, 1922, and W. H. Taliaferro, 1929 and 1932} have empha-

iged Lhat where blood protozea reproduce unhampered and the prog-
ny survive, the infeetion progresses steadily at an uninterrupted
pate until the host sucenmbs.  Any modifieation of this uninter-
rupted inerease ean be brought about by one or both of two entirely
ifferent factors.  In the first place, the basic rate of reproduetion of
the parasites may be inhibited or the organisms may succumb after
they are formed.  In T\ lewisi both of these eifects are operative and
Care mediated by two differenl antibodies (see review in

L &)

aliaferro,
1932).

In malaria of monkeys, which we have just deseribed, there are
abviously several deviations from an acule progressive steady rise

i numbers.  As therc arc no tissue localizations of the parasiles

[exeept for a temporary concentration of the parasites in the splecn
at the time of the erisis), the number curve itself permits certain con-
dusions in- refersnee to acquired resistanee. Thus, at the (ime of
the erisis there must be a large mortality of the parasites, beeause even
if the rate of reproduction were reduced to gzero, the parasites would
simply not inercase, via, no decrease eould be accounted for. The
mumber eurve alone, however, cannot demonstrate whether or not
there iz any effect on the basie rate of reproduction.  For this there

" must be some measure of the rate of reproduction which is independent

of the number of parasites destroved, As was first pointed oui in
grian malaria by Mrs. Taliaferro (1925), such a meassure is found in
the asexual eyele. In simian malaria the asexual eycle is the time
it takes one parasite to become on the average 9 merozoites and is,
therefore, a direct measure of the rate of reproduction which is inde-
pendent of the number of organisms that may die as long as there is no
ehange in the number of progeny formed.  Thin and thick film studies

of the agexual eyele of P. brasilionum, during the acute rise of the in-

fection, the developed infection, and minor and major relapses, all in-
dicate that whenever the parasites can be found in the peripheral blood
the asexual exvele, and hence, Lhe basie rate of reproduction, 1s constant.
The only exception is an oceasional delay of about one day during the

erisis.  Onee delayed, however, the parasites thereafter continue their

wsual 3-day periodicily. From this we can conclude that there iz no
pronounced inhibition of reproduction throughout the infection.

In addition to the enormous mortality of parasites al the erisis,
there is, even during the acute rise of the infeetion, & comparatively
high death rate of the progeny from each schizont. Thus, if all the
progeny survived, the infeetion should inerease at each sporulation by
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a factor of about 9. An examination of the three sporulation periiods
in figure 1 shows clearly that this is not the case. The sharp increase
In parasites at the first sporulation is less than 2 times and at the second
and third is a little over three times. This indicates that of the braod
of 9 merozoites coming from each schizont only about 3 parasitize new
red cells.  This, however, Is not the whole story. Another examin
ation of fig. I shows that of the 3 which do infect new cells many die so
that the number curve decreases during each intersporulation period
and the net gain is between 1.5 and 2 parasites. Thus, it is evident
that of each brood of nine many do not parasitize new eells and of the
few which do get into new cells only a few complete their full develop-
mental eycle.  The net result is that at least T of each 0 progeny perish,
This mortality of asexual parasites is similar to that first deseribed by
Mrs, Taliaferro (1925) in P. eathemeriwm and studied in detail by Hart-

man (1927). It iz alzo in line with the results of Knowles and Dag
Gupta (1930) on P. smalariae. The present results differ from those on
B. vathemerium in the high death rate between the time of segmenta-
tion and the infeetion of new red eells,

Tmanily to superinfection.

The parasiticidal mechanism which the host acquires at the time
of the erisis and whieh haolds the infeetion down during the developed
infection and latency can be directly demonstrated by the high grads
immunity to superinfection present during lateney. Thus, if large
numbers of washed parasitized red cells are injected intravenously into
8 monkey after it has apparently recovered from an initial infection,
the parasites steadily decresse so that within 10 to 19 davs none can be .
demonstrated in the blood by thick film examination. In marked
contrast, when such parasitized cells are injected into previously unin-
feeted monkeys, the parasites increase rapidly and go through 4
typieal initial infection,

Cellular bosis for the initial énfection.

Professor P. R. Cannon and the speaker have now examined, in
detail, the histologieal picture in 89 monkeys, of which 17 were 1mrms~.1 '
and the remainder were killed or died during various stages of an
infeetion. In some of the animals a small portion of the sples
was removed before infeetion and served as a direct control of the
cellular changes observed in the spleen of the same animal after infee-
tion.  In addition, we have studied, more summarily, the tissues from
the animals obtained by Dr. Clark (1930 and 1931) in his various
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sxpeditions.  The tissues for the detailed study were fixed in Zenker-
formel, embedded in celloidin and stained by Maximow's (1909)
method with hematoxylin-cosin-azur 11, This stain not only per-
mitted the differentiation of the types of host cell, but elearly demon-
sitated the malarial parasites within the tizsues.

The most marked histologieal changes oceur in the spleen and liver.
The normal spleen of these monkeys shows in general compaet follicles
of bagophilie lymphoid tissue around the follieular arteries and come-
paratively little lymphoid tissue in the red pulp, while the maero-

phages (splenoeytes) of the retieulum of the splenie pulp are compressed
and oat-like in shape. The normal liver shows the macrophages
[Kupifer cells) for the most part Aattened and inactive.

The eellular responses to malaria consist of two closely related but
independent processes—the inerease in number and phagoeytic activ ity
of the differentiated maerophages and the activation of the lvmphoid
Cfissnes, Lhe cells of which are not themselves phagoeytie, but which,

; accm'd[ng to Maximow (1927), may develop into macrophages, These
bwo processes can best be considered separately.

When large doses of parasites are given intrav enously to ]Jrf}dut*f‘
|' an acule infection, such as is shown in fig. 1, the following changes
Coceur in the liver and spleen.  TFor the first —13 hours the parasites
Cpeenr in the sinusoids of the spleen and liver with practically no evi-
denee of phagoeytosis or stimulation of the lymphoid tissue. There-
] after, the phagoeytic and lymphoid activitics progressively increase and
are accompanied by an inerease in the macrophages of the splenic pulp
Cund the lvmphoid eells of the follicles and by an inerease in phago-
[q.'ms&d parasites and phagoeytosed pigment. The latter represents
ot only the remains of digested parasites, but also pigment taken
up directly as 1t is libevated at the time of sporulation, Tt is interesting
o note that the entire red-cell-parasite combination in all stages of
growth and division of the parasite is ingested.

Just at the time of the erisis the parasites become markedly con-
gntrated in the spleen and liver. In faet, every oil immersion field
o the splenic pulp may contain numerous free parasites, while the
peripheral blood may show only a few in thiek film. Pr eviously the
spleen contained praetically no more parasites than the pmpheml
tlood. The Tiver may show a slight concentration. After a day or
i of this concentrating process the macrophages suddenly become
mury active and quickly clear the spleen and liver of their accumulated
prpanisms so that not infrequently no parasites can be found in the
spleen, although a few are still present in the blood.  Both the reticular

L
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macrophages (splenocytes) of the splenic pulp and the RKupffer ells
are greatly swollen and contain large masses of eoaleseed pigment and
parasites in all stages of digestion.

When only o few parasites are injected, phagoeytic activity develops
more slowly and if the parasites never reach a high number, the cellular
changes, while following the snme eourse, are never as pronouneed,

In the preeeding secount attention has been concentrated on the
spleen and liver. Praetieally no phagoeytosis or accumulation of
malaria pigment has been observed in various sections of the aliment-
ary tract, in the myeardium or in the kidney. The bone marrow
shows some parasitized red blood eells and some phagoeytosis by large
mononuelears which seem to vary with the extent of the infeetion in the
peripheral blood and with the amount of phagocytosis in the spleen
and liver. There is, however, eomparatively little actual phago-
eylosis, due, apparently, to the ::-:J:[lp:}l‘;ll:j\?r‘il.' small mumber of differ-
entiated macrophages.  Similarly, the lung shows comparatively little
active phagoeytosis. This cannot be aseribed to the lack of phago-
extic cells because the “septal’ cells are highly phagoeytie. Tt seems
rather 1o depend upon the portal of entry. Thus, the septal cells
aetively phagoeytose dust or bacteria which enter through the bronchi
and get into the air sacs, but do not phagocytose infected red oells
which oceur in rapid eireulation in the eapillaries.

Assoeiated with the inereazed physiological activity of the differ-
entinted macrophages iz an activation of the lymphoid eells whieh
progressively increases ag the infection ensues and is more intenze
at the end of a long initial acute rise than at the end of a short, cven
if more intense, acute rise of the infection,  Where very heavy doses
are given Lo produee an infection, such as shown in fig. 1, the number
of mitotic figures of the lvmphoid cells in the follicles has inereased i
48 hours and the germinal centers are well marked. [If the intens
stimulation is continued, the splenie follicles swell to about 4 or 5 times
their normal size in about a weel, the lymphoid cells infiltrate into thes
red pulp and numerous active macrophages (probably a swelling o
preéxisting maecrophages) appear in the eenter of the follieles. In
such infeetions where a erisis oceurs within the second weel, the general
lymphoid setivation is often limited to the spleen. If, however, the
erisiz iz postponed for a month or more, or if after the crisis there 1548
long continued stimulation by a long eontinued medium grade infec
tion, the Iymphoid activation may be observable in other organs. The
bone marrow may show definite hyperplasia and in time well marked,
islands of elosely packed hasophilic lymphoid eells may appear,  The
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iver alzo may show a mantling of lymphold eells around the bload
yessels similar to the ones emphasized by Epstein (1929) in his study of
the cellular changes in the rabbit following the injection of non-infec-
| tious antigens, Oceasionally, the kidney, which ordinarily manifests.
oo cellular resetions, contains cortics] secumulations of lymphoid cells
and even dilferentiated macrophages containing phagoeviosed pigment
and parasites,

If the infection iz staried with a few organisms and is slow in devel-
oping, the changes in the gpleen may not be observable until after 12 or
Lt days.

The foregoing cellular changes have been considercd through the
Cpriziz, After the intense aclivity of the maerophages al the lime
of the crisis and the concomitant stimulation of the lymphoid system,
there 15, as latency ensues, a gradual lessening of the histologieal ap-
pearances of activation and a disappearance of phagoeyviosed plgment.
Nevertheless, activation remains. In faet, we have never found
ammals onee infected with malaria in which the spleen has regained
eompletely its normal histology,

The foregoing findings agree almost exsetly with those reported
by Cannon and che speaker (1931 [or avian malaria execept that in
the latter ecase evidences of mesenchymal aetivation slowly subside
furing Inteney and are not evident histologieally unless the animal
I8 superinfeeted.  This difference may be aceounted for by the fact
that once lateney is initiated relapses in the monkey are more frequent
than in the bird and the constant pouring of malarial material into
the spleen and other organs maintains the lymphoid system at a high
level of aetivation. Moreover, as monkeys grow older, they are sub-
jet to frequent infeetions with parasites other than malaria which
may maintain the stimulation,

The cellular bosts for avgudred dmamundly o superinfection,

The higtologieal pieture which I have just presented gives a clear
ot eellular basis for the death of prrasites during the acuie rise of the
mfection, for the great mortality of the parasites at the erisis and
diring the subsequent low grade infeetion prior to latency,  We have
wmpleted o few studies on the cellular basis for the immunity to
siperinfection and plan to earry the study much further.  Our results
fmﬂicate clearly, however, that in sharp contrast to the sluggish phago-
eytosis of parasites by the macrophages of the normal animal, phago-
tilosis is rapid and more quickly effective in a previously infecied
animal. Just as in the ease of avian malaria (Cannon and Taliaferro,
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1831}, immunity to superinfection rests upon a greater number of

macrophages and o much greater phagoeytic activity of those present.

Antibody bosis for aequived immenity.

The faet that the entire pieture of the initial infeetion in P, brasi-
tanim and the immunity to superinfection is a paraziticidal mechanism
without any inhibition of reproduction of the parasites and the further
fact that the direet cellular basiz is a phagoeytosis of the organisms
Ly the maerophages still leaves out of account the fundamental reason
for the change in cellular activity. Thus, I have shown that a constant
number of the parasites are phagoevtosed throughout the aeute rise
of the infeetion, but that phagoeytosis is greatly inereased at the time
of the erizsis and throughout the remainder of the infeetion.  Thiz in-

erease of phagoeyiosis is an acquired resistance developed as o result of

infection. The question arises: Why do the macrophages ingest a

- greater number of parasites at the time of the ensis and during super-
infection”  Several possibilities present themselves.

In the firsl plice, this greatly increased phagocytic activity may he

the result of a non-specific stimulation of the macrophage system. In

other words, at the time of the erisis due to the preceding stimulation

brought about by the initial infeetion, the phagocytes may have simply
inereased in numbers and in activity so that any foreign particulate
matier, such as a parasitized red cell, is taken out of the blood at &
greatly heightened rate.  This explanation, particularly as it applies o

the greater number of phagoeytes present, is partially true, but I do nof

believe it expluins the major portion of the immune reaction. Thus,

in avian malaria where the conditions seem exactly similar, the height-

ened phagoeytic aetivity of the immune, that is, latently infected hird,

is highly specifie, since Gingrich (1930} has shown that s bird ln.tﬂnLL‘f:]
infected with P. calhemerium and highly immune to superinfection with

the same speciesis not immune to P. elongatum and viee versa.  Further

more, it is possible to have two species of human malaria present and for

only one to relapse,  These facts indicate that the heightened phage

eytie activity following the initial stimulation of the malarial infectionis

highly speecific and dependent only to a minor extent on non-specifie
activation. :

The most orthodox way of explaining heightened phagoeytic e

tivity following immunization is to assume the presence of an anti-
body which opsonizes or tropinizes the parasites so that they are readily
phagoeytosed.  Just as in our work on avian malaria (19296), however,

we have been unsuceessful in demonstrating such an antibody, although
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we used protective technigues which are eminently successful in dem-
onztrating such antibodies in other protozoan infeetions.

Our inability to find an antibody intermediary in phagocytosis in
avian malaria led Gay (1931) to deseribe the condition as a pure histo-
logic immunity and to lean toward a third possible explanation, viz.,

that the macrophage itsell has been so speeifieally changed in the

mmune animal that it will phagoeytose malarial organisms 1o a much

greater extent than in the normal. Nevertheless, I still believe that
- with proper technique we may eventually demonstrate some type of
Copsonizing antibody. It seems not unlikely that it might be produced

locally in organs rich in maerophages, in amounts adequate to opsonize
parasites, but not sufficient to be demonstrable in the blood serum.
This would be comparable to the local production of antibodies, as
deseribed by Cannon and Sullivan (1932), who found that when an
animal is irnmunized in the skin antibodies ean be demonstrated there
hefore: they can be found in the spleen, liver or serum.  Certain other
work in human malaria also predicates an antibody basis for immunity.
Thus, a number of investigators have demonstrated eomplement-fixing
antibodies in malaria (of review in Taliaferro, 1929), and we (Talia-
ferro, W, I and L. (. and TFisher, 1927 and Taliaferro, W. H. and
L G., 1928) have demonstrated precipitins. In addition, there are a
fow seattered investigations showing that the serum of people having
recovered from an acute attack of malaria is proteetive, ie., prevents
infection (ef. review in Taliaferro, 1929).

The wmacrophage system. and relapses,

The predominant réle played by the macrophages in aequired
immunity to malaria is but one phase of much recent work indicating
the great importance of these cells in general and loeal immunity, in
autibody formation, in chemotherapy and normal metabolism (see
Linton, 1929, Taliaferro, 1929, Jungeblut, 1930, and Gay, 1931}. A
general consideration of this field is out of the guestion, but one other
frotozoan study may serve to exemplify the kinds of data which are
aceumulating.  In 7' {ewdisi of the rat, the speaker has shown that the
dequired immunity involves a reproduction-inhibiting as well as a
paraziticidal process and thatl each is aszoeciated with o diztinel anti-
body and several investigators have shown that the production of
these antibodies is dependent upon the activity of the macrophages
{se Regendans and Kikuth, 1927, Marmorston-Gottesman, Perla and

Norzimer, 1930, Taliaferro, Cannon and Goodloe, 1930, and Taliaferro,

1932).
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Aszsuming, as I believe we may, that what we have found true for
malaria of birds and monkevs will apply in general Lo all plasmodial
infections, we may draw some interesting inférences in regard to the
mechanism of relapses. Many of you are familiar with Lhe various
hypotheses advanced to aceount for malarial relapse so that no ex-
tended account of them is neeessary.  Suffice it to say that they fall
into three main categories: Those assoeiated with Grassi (1900} aod
Sehaudinn (1902) depend upon the resistance of the female gameto.
eyte which ordinarily continues its existence in the mosquito, bt
which during lateney persisis and initiates the relapse by partheno.
wenesiz, Thoese associated with Celli (1900}, 8. P. James {1917 and
19203 and Craig (1906, 1907 and 1926) depend upon some quisscent and
resistanl asexual stage which lies dormant in various sites, such as
endothelial eells, ete.. And finally, those associaled with Ross (s
review in Ross, 1910), Bignami (19107, W. M. James {1913) and Whit-
more (1918) assume ne new stage of the parasite during lateney, ut
assume that the ssexual forms continue their asexual reproductive
exele uninterruptedly, that during lateney the progeny from this ey
are mostly destroved by the defensive powers of the host and that @ 1

relapse eonsists essentially of a removal of the parasiticidal agent, (s
allowing the parasites to aceumulate in the blood.  The first of these
that of parthenogenesis, is now rapidly losing ground, not only becauss:
of lack of evidenee, but heeause the partienlar type of parthenogens
eais predieated iz unlike true parthenogenesis or other known develop
mental processes in other organisms.  The second, that of guieseent
azexual stages has not reeeived any general aeeeplance, although pe
culiar forms have been found in the blood which authors have suggested
o be resistant (see J. D. Thomson and Woodeoek, 1922).

S0 far our work on both the avisn and the simian infection all hea
oul the hypothesis of Ross.  Thus, whenever the parssites are foundin
the blood, even when they are so searce that they can only be seen i
thick films, they are undergoing their usual asexual exvele which meas
that their basic rate of reproduction is unchanged. During latencs
thercfore, it seems probable that a few parasites continue to reprodug
unhampered, that their progeny are never allowed to accumulate bes
canze of the phagoevtie activity of the macrophages and that relapss
are temporary cessations of macrophage activity which allow &
progeny to seenmulate in the blood until the macrophages again
gain their funetional level.

If this be the true pieture of relapse, the various factors which ai
known to produce relapse should also lower the level of macrophag
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activity.  We are now studying this problem both in malaria and in the
trypanosome infeetions and have obtained a fow interesting prelim-
inary results. Thus, in malaria and 7. lewis:, removal of the spleen
15 often azsociated with relapse and iz supposed to result from the re-
moval of & large part of the macrophage system.  Similarly, pregnaney
15 frequently nssoeiated with relapse in malaria and we (Taliaferro,
Cannon and Goodloe, 1931) have recently shown that it may be asso-
giated with a lowering of the production of the anfi-lewis: reproduc-
tion-inhibiting antibody, '

g

Conelusions,

In concluding I wish to emphasize that the work on the asexual
evele of Plosmodium brosslionum and on the number eurves of infec-
tions indieates that the type of infeetion encountered is the resull of
a differential mortality of the parazites which reproduce ag o constant
rate throughout.  Thus, during the acute rise of the infeclion, approx-
imately 7.5 out of each brood of about 9 merozoites die, whereas at the
time of the crisis and thereafter, even more die.  Before the erisis, this
mortality represents a natural resistance of the host, whereas at the
criziz and thereafter, it represents a frue aequired immunity resulting
from infection, It can be correlated with the eellular responses of the
host.

The cellular responses of the host are evideneed by an increase in
numbers and of phagoeytic activity of the differentiated macrophages,
particularly of the spleen and liver, together with a general activation
of the more primitive lymphoid tissue, preéminently in the spleen, but
often in other organs also. 8o far no intermediary antibody has been
associated with this cellular activity, bul there are reasons for suppos-
ing that an opsonizing antibody may be formed locally which is of too
low & coneentration in the peripheral blood to be demonstrated by the
technigues so far employed,

Une of the most interesting points in the present investigation iz
that the events responsible for the aequired immunity against malaria
of monkeys parallel so closely those which we have already [ound in
malaria of birds, and it seems, therefore, not unreazonable to suppose
that they may also hold for malaria in man,
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