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determine why it was not readily possible to remove the protective factors fr ~~• 

I
immune serum by absorption with parasites. What we have determined is that one
of the complicating factors is the low avidity of the antibody which attaches to
the parasites, and that a second and perhaps even more important factor is the

I role of a macrophage-cytophilic antibody in the immune serum which mediates at-
tachment of the parasites to the macrophages. This antibody must attach to

- macrophages before it will react with the parasites . The macrophage-cytophilic

I antibody is an IgG1 antibody while the antibody which binds to the parasites
directly is IgG2. The macrophage-cytophilic antibody may be eluted from macro-

• phages by heating the sensitized macrophages at 56°C for 30 minutes or purified
fran hyperimmune serum by column chrcznatographic techniques. We have demon-

L strated that the macrophage-cytophilic antibody and the parasite coating antibod~• act synergistically in vivo to bring about destruction of the parasites while
alone neither is very effective in protecting the host .

Our attempts to identify whi ch antigens are protective by immunization have
progressed more as planned than have the antibody absorption studies. These
studies have demonstrated that a soluble component of the parasite is signifi-.
cant in inducing immunity, and we have tentatively identified this soluble can-
ponent as surface coat material . In our work on identification of protective

-.  
antigens we have obtained some preliminary results from experiments designed to

• facilitate identification of stage specific antigens in P. berghei parasites .
We have demonstrated that freeze-thawing of free parasites releases at most i/s
to 1/3 of the parasite material and that significant protection stimulating
material remains in the insoluble components. We have demons~rated that a new
technique, cryoimpacting , solubilizes practically the entire parasite and this
observation will facilitate fractionation studies already planned. We also have
some preliminary results which confirm that density gradient centrifugation is
useful in separation of parasitized erythrocytes by develorinent stage of’ the con
tam ed parasite and that this same technique will be useful. in separating free
parasites by stage of developnent . ~~~ •
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A. STUDIES OF HOST-PARASITE INTERACTION

~ L I. A demonstration of macrophage-cytophilic and parasite coating anti-
bodies found in rats immune to P. berghei.

We have observed that incubation of freed parasites with immune
serum does not reduce the infectivity of the parasites , and that
protection is achieved in vivo only when immune serum was added along

S with the antibody coated parasites. We have also found that Plasmo-
dium bergbei free parasite survival in vivo, as indicated by the on-
set of parasitemia in a fully susceptible host , is independent of the

- - duration of in vitro incubation in immune serum prior to intravenous
innocu].ation Into the host . These results indicated to us that the
mode of action of immune serum is not by direct neutralization of

S parasites in vitro.

The work presented here was an attempt to determine the nature
of this in vivo protection which involves a fraction of immune serum

S which is not adsorbed to the parasite , but which does facilitate de-
. struction in vivo.

Our recognition that some factor other , than the parasite itself
in the host-parasite system is affected by immune serum led us to
examine the effect of immune serum on macrophages both in vitro and
in vivo.

We considered that the most likely way in which immune serum
could act on the host was through the involvement of specific recog-
nition of the parasite facilitated by the attachment of cytophilic

• antibody to macrophages .

Cytophilic antibody is an immunoglobulin , primarily of the IgG
class, which has a stronger affinity for the macrophage than it does
for its specific antigen. After cytophilic antibody binds to the

• . . macrophage, however, there is an increased binding affinity for the
antigen .

We approached this problem experimentally in the following ways.

• Peritoneal washout cells were collected in tissue culture Medium
199 and incubated for ten minutes in This NH3C1 buffer to lyse cry-
throcytes , then washed and re-suspended in Medium 199 and incubated
in plastic Petri di shes at 37°C in 5% Co2 for at least 30 minutes .
Any non-adherent cells were then washed away with Hanks BSS, leaving

• primarily macrophages adherent to the culture dishes .

• To determine if cytophilic antibody is present in rodents which
have had malar~.a , hyperiimnune COP rat serum was precipitated with
emmoctium sulfate . This gamma globulin fraction was then conjugated
to fluorescein isothiocyanate . Monolayers of unstimulated, normal

1
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peritoneal CDF rat macrophages were reacted with this hyperimmune
conjugate. A population of macrophages was found to selectively at-
tach the conjugate , resulting in the fluorescence of the macrophages.

I, The macrophages were also sensitized with either normal or hyper-
immune serum, wa shed and then used to test for cytophilic antibody

1!: mediated parasite adherence in the cold .

The effects of arming the macrophages with macrophage-cytophilic
antibody prior to their incubation with free parasites can be seen

- in Fig . 1. Twenty-five percent of the macrophages pretreated with
hyperiuimune serum and then washed were associated with adherent para-
sites as opposed to only 9% of those pretreated with normal rat serum .
Of the actual parasites counted , more than 3 times as many parasites
were found to be associated with macrophages pretreated with hyper-
immune serum as with macrophages pretreated with normal rat serum.

Once having established the presence of the cyt ophilic antibody,
isolation and characterization of the specific immunoglobulin re-

5 sponsible for cytophilic attachment to macrophages and parasite coat-
S 

was undertaken .

A pool of hyperimmune CDF rat serum was fractionated on a QAE-50
Sephadex column, and fraction s were eluted with ethylene diamine

-. acetate buffer at pH 7.2 , 5.0 and 14.0. The eluate was monitored by
- 

optical density at 280 nm. Fraction 1 was in the washout volume at
• 

S pH 7.2 , Friction 2 was eluted at pH 5.0 , and Fraction 3 was eluted
S at pH IhO (Fig . 2) .  These fractions were tested by immunoelectro-

phoresis for identification and purity assay . Fractions 1 and 2 were
identified as belonging to the IgG class of immunoglobulins. Frac-
tion 1 was determined to belong to the subclass IgG1 as its electro-
phoretic character is more cathodic than the IgG2 globulin , Fraction
2. Fraction 3 consisted primarily of 1gM and other serum proteins.

[1 No IgG was found in Fraction 3.

Each fraction was then tested for specific reactivity to fixed
— blood smears of P. berghei and to normal , unstimulated CDF rat per-

-~ itoneal macrophagea .

- Parasite coating antibody was assayed by the indirect fluores-
cent antibody technique . Antigen slides were prepared fran P. bergbei
infected CDF rat~ on the third day of parasitemia. There antigen
slides were treated with dilutions of HIRS , NRS , and the three serum
fraction s and incubated for 30 minutes at 37°C. After washing with
$oaphat e buffered saline (pH . 7.2) slides were reacted with 1:14 di-
lution of rabbit anti-rat gamma globulin-fluorescein conjugate .
After washing in P.B.S., slides were mounted in lO~ PBS Glycerol and

-i examined on a Zeiss microscope using exciter filters , ~~ .12 and 38.
- • 

Fluorescence was graded fr ~~ 0 to 14+ , with 14+ having the maximum in-
• 1 tensity. The parasites treated with hyperimmune serum showed a typ—

j ical fluorescent pattern . Mature schizonts fluoresced brightly while

2
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tropbozoites were less brilliant. There seemed to be a correlation
F 

‘ between intensity of fluorescence and maturity of the parasite . This
may be due to the development of specific antigens as the parasite

I - matured . The parasite coating antibody was found to reside in Frac-
• . ticti 2. Antibody titers in F-2 are comparable to unfractionated

immune serum. Minor reactivity in Fraction 1 is probably due to
heterogeneity of binding. Minor reactivity in F-3 may be due to
minor parasite specificity in 1gM or it may be due to nonspecific
attachment . Reactivity in Fraction 3 is only in indiluted serum

S 
• 

(Fig . 3).

To test for macrophage-cytophilic antibody in the fraction s,
normal unstimulated peritoneal CDF rat macrophage monolayers were
exposed to the serum or fraction s and then assayed by the indirect

F 

antibody technique and by the fluorescent antibody blocking test .

The percent of fluorescent cells in the total cell population
S present was determined. Fluorescent cells with an intensity of 2+

were considered positive . The results of the indirect PA test for
cytophilic antibody show that the cytophilic antibody resident in the

-
S F-l , (IgG1) fraction (Fig . 14).

The location of the macrophage-cytophilic antibody in Fraction
1 was confirmed by a more sensitive assay: the fluorescent antibody
blocking test . In this procedure serum and its fractions were reacted
with macrophages for ~ hour at 11°c , rinsed in cold Hank ’s Balanced
Salt Solution (HBss?, then reacted with the hy-perimmune serum fluores-
oem conjugate for ~ hour at I#°C. In this test the unlabeled cyto-
philic antibody attaches to the macrophage arid blocks subsequent at-
tachment of Fric-conjugated cytophilic antibody . By the direct
staining with FIT~-conjugated cytophllic antibody it was shown that
57% of the macrophages present in the particular macrophage popula-
tion used were able to bind cytophilic antibody (Fig . 5). Blocking
activity was present in unfractionated hyperimmune serum and in the
F-l fraction . Normal rat serum had a little blocking activity pos-
sibly due to some cytophilic antibody normally present in serum .
The minor blocking activity in the F-2 fract ion may have been due to
the presence of sane IgG~. in this fraction .

Cytophilic antibodies were adsorbed from hyperimmune serum onto
macrophage monolayers, and recovered fran the macrophages by elution
at 56°C for 30 minutes in Hank ’s BSS . The eluate , the absorbed serum
and normal and hyperimmune serum were tested for protective activity
in vivo. This procedure allowed us to compare the protective activity
of hyperininune serum depleted~of cytophilic antibody activity, to the
activity of a purified cytophilic antibody-containing eluate , and to
the protective activity of the original serum. In one test hyper-
Immune serum depleted of cytophilic antibody by being adsorbed 6
times with ~,<10~ macrophages , showed a moderate reduction in protec-

S - 
tive activity. On the other hand six adsorptiona with 5x108 free
Plamaodium berghei parasites per ml did not reduce the protective
activity.

5



___________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~5 

S 

_SS___

i t
.rd

z 01.
~I

1~~ 
0

— __  __  __  __  __  __

S 

• 

S

ll + 
5

• 5- 
~~~o

IS.
S ‘a~ 

-
• S

rI~~~ 0 ‘0
0 5

d O
3 1.1 V 4. +
$4

01 -~~~~~~~~

o e  0 ‘0
I~4~~~

S 
1J.~ 

S

muV ui J O

I t  ‘0
IJ

~e i O. . 4

• 
~l4

Li .9 -,,

I 
•

~~~~~~~~~~~~~~~~~~~

, 

S

6

.
5

- 
.
— - - - - _



r — —  ~~~~~~~~~~~~ 
S ,~~

Fig. 4. The results of an Indirect FA test for inacrophage—cytophilic
antibody in hyperimmune rat anti—P. berghei serum or in frac-
tions of the serum prepared in QAE—50 Sephadex columns .
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In a subsequent test (Fig. 6) the relative protective effects
5 of the niacrophage adsorbed hyperimmune serum, and the eluated anti-

bodies recovered from the adsorbing macrophages were compared . The
S macrophage adsorbed serum suffered a substantial reduction in pro- S
S tective activity, while the cytophilic ‘tibody in the eluate showed

S 
no protective activity when administered alone . S

The hyperimmune serum fraction s obtained by elution chranato-
graphy on QAE-Sephadex A-50 at pH 7.2 , 5.0, and 14.0. (Fig. 2) were
tested in vivo against normal and hyperimmune serum for protective
activity (Fig. 7). Weanling rats were medicated with normal rat
serum, or protective serum , oi serum fractions, before the challenge
innoculum of Plasmodium berghei was given. Any delay in parasitemia S

beyond the value obtained with normal serum was considered as evidence
S of protection. We used the 1% parasitemia level as an arbitrary ref-

erence point .

As shown in Fig. 7, when these fractions were tested in vivo
it was found that Fraction 1 had virtually no protective value alone,
whild Fraction 2 contained moderate protective activity. However,

S 

when Fractions 1 and 2 were recombined, a synergistic effect result-
ing in greatly increased protection occurred. Fraction 3 was found
to contain minimal amounts of parasite-coating afltibodies. Both
normal and hyperimmune rat serum were included as negative and posi-
tive controls respectively.

The dytophilic antibody and parasite coating antibody containing S

fraction s obtained from QJ~E-Sephadex columns and by eluticti fran
macrophage were also examined by iinmunoelectrophoresis and double
diffusion in gel . Reactivity of all the imm une serum fractions was
verified by the fluorescent antibody technique prior to their testing.

Figure 8 shows a double-diffusion in gel pattern which reveals
lines of identity between the macrophage-eluted cytophilic antibody
and the antibody isolated in Fraction 1 by QAE-Sephadex A-50 elution
chromatography. QAE-Sephadex Fraction 2 , containing parasite-coating
antibody , produced several lines, none of which were identical with
the cytophilic antibody.

Thus we have isolated a macrophage-cytophilic antibody in malaria
immune rat s which promotes the adherence of free parasites to macro-
phages. We have characterized this antibody as an IgG1 immunoglobu-
u n .  The well-known parasite-coating antibody is shown to be an IgG2
immunoglobulin . We have demonstrated that the macrophage-cytophilic
antibody is nonprotective alone , but acts synergistically in combi-
nation with parasite coating antibody to increase the level of pro-
tection afforded above that provided by parasite-coating antibody
alone .

The demonstration of this dual ant ibody system in the ho3t de-
• fense against plasmodia, if it is found to be present in other
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I plasmodial systems , would aid in explaining the poor correlations
which have been observed between antibody levels in the serum and
protection which can be conferred by administration of serum.
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H. ii. Surface Properties of Extracellular Malaria Parasites:
Electrophoretic and Lectin-Binding Characteristics

S THOMAS M. SEED” ANt) JULIUS P. KREIER
1 Blood Research Laboratory, American Notional Red Cross, Bethesda , Maryland 20014; and

Department o/ Microbiology. Ohio State University. (jolu,n bus, Ohio .13210
S Received for publication 12 July 1976

- S The surface charge and lectin .bii&ding capacity of isolated malaria parasites
S and host erythrocytes were analyzed arid compared by chromatographic. electra-

S phoretic. and cytuchemical methods. Results indicated that at physiological pH -S

- 
S values both rreshly prepared and glutdratdehyde-flxed parasites and oryth ro-

cytes possess a net negative surface charge . Both cell types were strongly bound 55

- 
-

, to cation .cxchange resins and underwent cathode-directed electrophoretic ml- S
I gration . The isoelectric points for erythrocyte-free parasites and uninfected

S - erythrocytes were approximately 3.0 and 4.0, respectively . The different effec ts
of selective enzymatic digestion and solvent extraction on the electrophoretic
mobilities of free parasites and erythrocytes suggested that the chemical constit-

S 
uents responsible for the net negative surface charges on each type of ccii are
different. The surface charge of the free parasites seemed mainl y to be a fui’ction
of ionized phospholipids ra ther than of the ionogenic sial~ acid moieties, which

S are the major contributors to the negative charge on erythrocytes. Results of
)ectin-binding studies indicated that specific glycosidic moieties (i.e., glucose,
galactose, mannose, and n-acetylglucosamine), common to the erythrocyte sur-
face, were either absent or in low concentration at the parasite’s surface. These
observations suggest that the normally intracellular malaria parasites have
surface charact eristics, differing from those of the host cell , characterized by a
scarcity of lectin-binding receptors and sialic acid residues and by the major
contribution of lipids to their surface charge.

Obligate intracellular parasitism is a biologi- of intracellular parasites and their host cells.
• cal phenomenon whose fundamental nature re- Rock and his colleagues (8, 20) reported finding

mains, for the most part, to be explained . It has significant differcr.ces in phospholipid composi-
been suggested that the intracellular parasitic tion between isolated plasma membranes of the
habit exists because of the restrictive metabolic two cell types. Parasite membranes were found

- 
lim itations imparted by inherently deficient to contain greater amounts of phosphatidyicho-
limiting membranes (15). Not a great deal is line, phosphatidylethanolamine, and phospha-

- :  known about the structure and function of u rn -  tidylinosi tol than erythrocyte membranes, but
fling membranes of obligate intracellular para- lesser amounts of sphingomyelin and phospha.

• sites this is especially true of the malaria para- tidylserine. Similarl y, differences in the spatial
sites. Technical difficulties encountered in the arrangement of surface phospholipids between 

S

Isolation of intracellular parasites from infected the two cell types have been detected by cyto-
host cells have been the major stumbling block, chemical electron microscopy (23; Seed et at .,

5 5 Recent advances in this area have included the Fed. Proc. 32:882, 1973). Major differences in
development of improved isolation techniques surface carbohydrates also have been reported.
(18-20) and the application of new cytocheniical Sialic acid, a major surface component of the S

I procedures (1~6,22, 23; T. M. Seed, M. Aikawa. erythrocyte membrane with functional iono.
- and C. Sterling. Fed. Proc. 32:882, 1973) that genic and antigenic properties, is either in low

circumvent the isolation problem. As a result, a concentration or possibly entirely absent from S

t number of recent studies suggest that signifi- the parasite’s plasmalemnma (22. 23).[ cant compositional, structural , and functional Functional differences between ecythrocyte
1 differences exist between limiting membranes membranes and those of plasmodin, as well as S

‘Pmnit dditu DIVIolOO it ~~~~~~~ .~~ M~dkol compositional ones, are now becoming evident. 5

L....,.di, Argonne National tsbvratoiy. Argonne. II. Sherman and Tanigoski (27— 29) reported find.
S b us. jog simple diffusion to be the major mechanism S
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by which free amino acids entered isolated N. J .). and the dicthy lnminoethv l and Ecteola were
erytb rocyt e-fr cc malar ia parasites. Only five of obta ined from General Biochenikals (Chagri n Falls ,
the 17 amino acids tested gained entry into the Ohio ). The parasite preparations prepar ed by soni-

cation of infected blood were passed through theparasite via active processes. In contrast, the columns by techniques similar to those used by L.ar.-majority of amino acids test ed entered the ham and Godfrey (12) and Al-Abba ssy et al. (2) forcryt hrocyt c by mediated processes. Such trans . separat ion of tr ypanosomes from infected rat blood
port studies , together with the extra ceilular and culture fluids. 

______
cultivation studies by Trag er at The Rockef el- Lipid extr eti on procedure Li~~~~~!~sble mate n.
icr University which indicate that extracellu lar ale (e.g., phospho li p id and cholesterol ) were cx-
growth and reproduction are strictly dependent tracte d be techniques pre viously described (7. 16,
on the presence of nor mally nonp enetr at ing p~. 30). The cells were fixed with l.25~ glutara idehyde
lar mnetaboiities such as adenosine tri phos- overn ight and then washed three ti mes with PBS. S

phate . coenxyme A, nicotinamide adenine dinu- The fixed cells were placed in a large test tube
containing a 2:1 chloroform-methanol solution (25eieotide, etc. (32), tend to support the hypothe- ml of methanol , 50 ml of chloroform) and 2 to 5 ml ofsis that intracellular parasitism is selectively cells in saline. The tube was chilled on ice end

S adva ntageous to these microbes since intracel. shaken for 1 m m .  The phases were allowed to scpa. S

lular parasites can accumulate essential nicta - rate , and the parasites were drawn off with the
bolities wi th on ly a minimal expenditure of methanol phase , packed by centrifugat ion . and
energy (15). placed in another test tube containing a fresh 2:1

The work presented here is an extension of chloroform-methanol solution. The extraction was
our previous studies in which we attempted to repeated five to six times. After the second or third
characterize comparativel y the surface struc- treatment the phases did not separate; therefore ,

after mixing and waiting 5 to 10 mm , the solutionS ture of the obligate intracellular malari a par a- with the parasites or erythrocyt es was centrifuged ,site and that of the host cell. In this paper we and then the cells were resuspended in the chloro-
evaluate the ionogenic properties and the lec- form-methanol solution ; the above procedure was
tin.binding capacities of the surfaces of the two repeate d . After the lipid was extracted , the pare.
cell types. sites or erythrocytes were washed three times in

methanol to remove the chloroform and then threeMATERIALS AN!) METHODS times in saline to remove the methanol. S

General. A st-rain of P lasmodium berghei ob- Trypsin treatment. The PBS-washed erythrocytes
ta m ed from th e Wa lter Reed Army Institute of Re. or parasites were suspended to a 10% concentration
search was maintained by weekl y syringe passage of in a fresh ly prep ared 0.25% tryp sin solution in phos.
infected blood in albino mice or young rats. ~Vhen phate-buff ered physiologica l saline solution , pH 7.2 ,
heavily parasit ized blood samp les were needed for and incubated for 1 mm in a 3~ C water bath. After
the studies conducted , rats were injected intraperi- digestion , the cells were washed by centrifugation it~
tonea lly with P. berghei-infectod rat erythrocvtes. phosphate-buffered physiological saline and sos-
When the rats had obtained 40 to 50% pa rasitemia , pended in the same solution for examination.
they were anesthetized with ethe r and bled to death Whole-c ell electrophorcsis. Electrophoretic mo-
by cardiac puncture with syringes containing Al- bilities of intact cells were measured utilizing a
sever solution. The blood collected in Alsever solu- Zeiss Cytophe t-ometer , equipped with plat inium
tion was washed three times in phosph ate.buffered electrodes. Cell mobility testing was done in the
saline (PBS) and run through a column filled with following manner. The electrophor esis chamber was
filter paper powder to remove the leukocyte s, and filled and allowed to equi 1ib ra ~ for 15 mm with the
the washed cryth rocytes were prepared as a 10% approp riate pH buffer. A f ew dr ops of the samp le to
suspension. This suspension was sonicated in a con- be tested were placed in the funnel and drained into
tinuous .flow sonic oscillator (18 , 19). The lysed the chamber. The current was switched on and set at
erythrocy tes were collected , cnntrif uged at 2,500 20 mA. A stopwatch was used to measure (he time
rpm (700 x g) for 5 mm to remove unbroken erythro- one cell took to trave l past three vertic al lineS of the
cytes, and then centrifuged at 7,500 rpm (6 ,800 x g) reticu le. Then the polarity was reversed and the
for 10 mm to bring the parasites down. The parasites same cell was measured again , traveling in the op-
were resuspended in PBS and used within the next posite direction. Twenty to 30 cells were measured
24 h. at each pH for each cell type. After each run , the

The para sites not used fresh were fixed in 1.25% buffer was drained and the chamber was washed out
glutaral dehyde overnig ht in the refrigerator. The with distilled water severa l times before the next ph
next day the fixed parasites were washed thr ~e buffer was add ed.
times in PBS and stored in the refrigerator until The migr ational vekx.lty to) of each cell in the
needed, field was determined by the equat ion v LIT , where

• Ion .cschange pro cedures. The ion-exchange and I. equals the distance tin mknn neter s) the cell (ra e
molecular -sieve columns were prepa red by the clod and T equals the time in seconds. The averit.!’!
standard procedures recommende d by the manu fuc . velocity (in microm eters per second) wasdet er min ’ l
turers. The various Sephadex resins were obtained for all (1w cells measured at a given p h .  The meLt’
(toni Pharmacin Fine Chemicals, Inc. (Piecataway . ity of the cell was deternuned by the equation 1.1 • ‘1
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£, whereM is the mobility, v is the avera ge velocity specific suga r inhibitor of h~ct in binding. Cells were
of the ccli, and E is the electric field strength of the then resuspended to a 50% packed-cell volume in a
system. (Field strength is a function of the amper- total 0.1 M concentration of the terr ii in .ht ’ctiu conju- S

age t im es the specific resistance of ti m e suspending gate reagent for 30 mi mt at 25’C. Samples were then
media divided by the cross-sectional area of th e clue’ rinsed twice in either the buffer alone or i n n  buffer-
t rophoresis chamber.) Cell mobilities (M I , cx- inhibitor medium These treated samples were then
pressed in terms of distance traveled micrometers posifaxed, dehydrated, and embeddm~d for thin-set-
per second per volt per square centimeter , were (iou preparation according to standard procedures
plotted on a graph against p11. isolectric points were (23).
determined by dirc~ examination of thc~e pH mo- The aflummity column-purified plant ziggl uti nins
bility curves, were conjugated to ferr itin by a modification ci the

The buffer system used was the Univc ’a-sal Buffer glutara ideh yde coupling method of Avramt’as 4)
(Marine Biologica l Laboratory, 1956) , which cx- and later Nicoh~on and singer (17) . Ali , 1imots t l f l  mgi S

tended from pH 2 1 11. The predominant ions pm-es. of fcrri tin (Nutritional BiochemicaI~ Corp.) ~ &re
eat wore phosphate , cit rate , and borate. The buffers mixed with 5-ing portions of each lectin suspended
were made isotonic by the addition of 0.8S% NaC1. in 2 ml of a 0.5 M NaCI-0.05 M phosphate-bufi~Ied S

S Buffers were made up fresh before each run and solution (pH 6.8) th at contained a 0.1 M roncentra •
stored in a refrigerator. (ion of specific sugar inhibitor (e.g., 0.1 :~Il j~lucose

Lectin-binding studies. Lectin-hinding studies for Con A-ferrit in couplin gt . Twenty nmicrolit er s of a
(i.e., slide agglutinations and cytochemnica l electron 3% giularaldehyde solution biologii’al grade,
microscopy) were carried out according to proce- Fisher Chemical Co.) was added to each vial with
dures similar to those described in an earlier study constant stirring. The mixtures were stirred for I h
(25~. at 25°C, after which single drops of 0.1 M ammun ium

S Ci) Led ins. Purified concanavalin A (Con A) ag- chloride were added to the sam ples to stop (lie renc-
glutinin was purchased from Miles Laboratories , tions. The solutions were then d ial yzed at 4’C ~S S

Inc. Wheat germ agglutinin was purified from against sugar-free 0.5 M PBS. After a 4- to 6.h S S

wheat germ lipase (Sigma Chemica l Co.) by aff inity dialysis period , the reaction mixtu ces were centri- S

column chromatography (13). Other lectins , L~-z:hy. fuged at 2,000 x g for 10 nu n. The supernat ants were
rus salit ’us, Rkinus communis , Agarkus bipor us, removed and stored at 4°C until needed. I Initiall y
Pheseolus coccineus , and Robinia p seudoaccia , were these preparations were chrommuugraphed on
kindly supplied by C. A. Jamieson. All of the lectins BioGel columns; however, we found this step not to
utilized exhibited highly specific biologica l activity be essential for our experiments since we noted an S

in platelet agglutination assays (10). almost complete inhibition of binding of th e non-
(II) Slide agglutination assays. Erythrocytes and chromatographed lectin conjugates to reactive

free-parasite isolates were washed in PBS as do- erythrocytes after the addition of specific sugars.)
acribed above. Cells were initially fixed in 1.25%
glutaraldehyde-4 % sucrose-0.O5 M phosphate RESULTS
buffer (pH 7.2) and then thoroughly washed in PBS. Absorption .elutfon characict isi ‘ox. Both iso-
The cell samples were then resuspen.icd in PBS to a lated , erythrocyte-free malaria parasites iP.final concentration of 2.5 x 101 cells/mI. Ten mnicro li-
ten ci’ each cell suspension was mixed by mechani- berghei) and rat erythrocytes werty retained on
cal totation on a microscope slide with 10 ~zl of each various types of basic anion-exchange resins
dthe serially diluted (twofold dilutions) lcctin con- under a variety of test conditions m ’l’able I) .
centrates (2 mg/mI). After a 1-mm mixing period. Neither the parasites nor the er,vthrocytcs
the droplets were covered with glass slips and sealed could be eluted from the resins by flushing the
with vaseline to prevent drying dur ing the subse- resins with PBS at p11 values between 1 antI 8,
quest 30-mm incubation at 25°C. The extent of cell by increasing the ionic strength of the saline
agglutination was determ ined visually by light mm- flush from physiological levels to four times
erolcOpy. normal or by flushing the columns w ith  phyMo.

The agglutination react ions were controlled logical saline containing 4”~ amino acid hydrol .either by omitting the lectin entirely or by serially
diluting the lectins in PBS containing specific sugar ysate. However, wheti the same ,miax t ores were
Inhibitors at 0.1 M concentrations. n.Glucotie ~~~ passed through columns contain ing 8fl On-
used to Inhibit Con A and L. sa~ivus agglutinations, charged resin of the t~pe thzsl .erved as the
whereas galactoac was used to inhibit R - c-ommunj ,. base for the charged resin . neither h it’ parasites
A. bip onss. and R. p si’udaaccia reactions. N~~ etyl. nor the erythrocyces were retained i I’able Ii .
glucosamine was used as an inhibitor for wheat Elevirophoretic chflra%t ’tCri%til % iii Uflflh ’idI.
germ lectin. ~-Gaiactose was used as the inhibitor fled cry throt-y to-free para..itcs. l’n’p.ira(ions
for P. cocrimwus-mediated agglutinations, although of fresh small P. borglwi para~ik- . ittig rimled
lb. active sugar determinant has not yet been deter- toward the anode in the particle .‘lt’ctn’phmnrrsias

‘5~,salnsd (10).
(II) Cytochemk-sl ~ledrun mkrnmscopy. AlIqp~~ 

system at all pH values above 1. 1h.’ s’,ia’ls’t’tnc
sl ocythrocytes and fre, parasites were fixed as ~~~ point of the parasites was inttifliilk’d to hi, in the
viously described . Cell samples were washed either to~~ Ofl o( pH 3 (Fig. I) .

S Is PBS sr in PBS containing a 0.1 N concentrMiun of Electrophorctk ehurncteTisllC* Of r iwisi.

ii-a.
Sc

3,5
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T*a~ 1. Absorption ‘el uiion chas’uctcrislics of rat ervihrocyfes and free plasmodlal parasite.
S on Sepha dcx columns

No. Results 
—

Typo Description ~~uent of pH
S trials Erythroeytes Parasites

DEAE-C.UUIOSC Strongly basic anion PBS. physiologIcal 2 6 Retained Retained
exchanger 1 7 R.tained Retained

2 7.6 Retained Retained
1 $ Retained Retained

Ecteola Weakly basic anion PBS. physiologIcal 5 7 RetaIned Retained
exchanger

DEAE-Sepbadex A-25 Strongly basic anion PBS, up to 4 times physic’ 2 7 RetaIned Retained
exchanger logical strength

DEAP..Sephadez A-25 Strongly basic anion PBS, physiological strength, 2 7 RetaIned Retained
or Ecteola exchanger plus 4% amino

Weakly basic anion acid hydrolysata
exchanger

Sephadex 0-25 Uncharged base resin PBS. physiological strength 1 7 Not retained Not retained
S 

for A-25 S

• DEAE. DiethylaminoethyL

~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

-- CATHODE

r5i — 2 ’  . i i . i ,_ i

j
~ 
j CATHODE . I 2 3 4 5 6 7 $ 9 0 II

S I I I I I_ I I I l~~~~J pH

I 2 3 4 5 6 7 8 9 10 II Ftc. 2. Relationship between p!t and mobility vmf
gtuterutdehyde-fixed. tonically freed P. beirghei. Cia’

P teraldehvde / i,~ation did not much afft’cl the charge
Ftc . 1. Relationship of p!1 to mobility of fresh characteristics of the parasites, which indicates that

sonicoily freed P. berghei parasites. At pH values amino and guanidinium groups do nod con tribute
S above the isoekt’t. Ic point ~ about 3. the parasites significantly to the charge characteristic. of the pars-

have a negative charge. sites.

rally modified erythrocyte.free parasItes. treat m ent under conditions that markedly re
Glutarakichyde treatment did not cause any duced the charge of ery throcytes (Fig. 4) caused

S significant change in the electruphoretic char- a moderate reduction in the charge cC P.
acteriutica of P. berghei parasites (Fig. 2). ‘In berghei (Fig. 5).
contrast , lipid extraction of. glutcrakk,byde- Levi in.binding e’apaclty of erythrocytes and
fi xed P. bt’rglsci yielded parasites with a very Isolated parasites. Rat erythrucytes were ag’
low mobility t hat did not vary with respect to glutin ated by six of the seven Iccilna tested at
pH. LipId extraction of gluteraldt hyde.flxcd concentrations as low as 25 pg/mI (Table 2’.
i’rythrocytes, however, failed to significantly Similarly, these agglutinating lectins, in the
alter the charge chara~-t erüit ics associated with form of f .rritin conjugates, bound specifically t ’
unextractcd erythrocytes (Fig. 3). Trypsin the surfaces of intact erythrucytes and toei)1b

S r  
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rocyte ghosts, These agglu tinations and conju- 3 ‘
~~~®~gate-binding reactions were shown to be selec.

~ H 

tively inhibited by small additions of lectin. 0specific sugars (Table 2). The exception to this 02
was the Ph oseolus ouceuteus lcctin.induced re-
action , whose sugar-binding determinant has ‘

S not yet been determined (JO) . In contrast , all of ~
the Jectins tested failed to agglutinate, to any ; 

________S appreciable extent , isolated , emythrocyte-free t~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ To

parasites. although, cytochemically. a small >
percentage of parasites disp layed a small “

amount of bound Je ctin -fer r it in conjugate. ~ 0
S However, most of this bound lect in conjugate ~~

was associated with the enveloping host cell -

membrane and not with the parasite’s plasma- ~ -I

S 
lemma (Fig. 6). The Con A-Icr ritin conjugate ~0

S was the only reagent that consistently showed ~
some reactivity with the parasite’s surface . Con

L A binding to the parasite’s plasmalemma was CATHODE

S slight compared with that of host erythrocytes
and seemingly was not dependent on the stage
of parasite development (i.e., merozoite, tro- I I I I I I I

I 2 3 4 5 6 7 8 9 1 0• phozoite, etc.).
- pH

DISCUSSION ~‘ic. 4. Effect upon mobility of crythrccytes of
In a parasitic infection such as malaria , in lr cal,ncnt with trypsi n for I nil ’m at 3~ C (Op . The

‘ 
which the relationship of the erythrocyte and nmobility of the treated cells is markedly reduced over

a u’idc range of pH values, which indicates that thethe parasite is so vj tally important, the electro- charged groups were removed by trypsin Ir eatmcnt.
Mobilities of control erythrocytes represented by

ANODE squares (DL

‘ ‘  2 0 ‘3 rnODE
F - . 2

a I ’
L g,~_ 9”~~~o 2 

D O D

0 ___ __
S > —

I

;/:,o 
2

0
S 

~~~C

LI > 
___________5-

S i .

0a -2
CATHODE ~ -l

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I S

I I I I I I I I L~~~J

* 3 4  b 6 7 5 9 I O II

I pH CATHODE—2

Pta 3 Relationship betuwn pH and mobility b!
glataraldehede-flxe’d. lipid-exiriu iyd free P, bcrghei , . I I I I I I

~J (01 sad of lipid-extracted rat erythrvcyles (0). TIme ) 4 $ 6 7 S SS poratites have a low mobility and little variation
S with respect to pH. indicating that most of the charge

an the parasite uas rvmcivd by the lipid extraction. Fmo. 5. Effect upon the inability of free P. bieghel
S The rat erytl,roryfrs hare a fairly high isockctrsc parasites o(trtotment .riSI, tryprin ~ ir I mis at 37C

~ point (3.5) . The nmnbilitp of the erythruryle. is within (0) . The mobility o(the trtotvd parasites was diglsily
neemat limits fr ghitaraldi’hw.k-fised cell.. redu ced as compared with condol parasite.. (Dl.

S.
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T*ae,g 2. Suumnssgion c(kctin. and iron colloid.bi?ulingcaparityof erythroryte-freePlasmodium berghei and

rat cry throcytes
&ythracyses Pro. psruites 

-

Sur(ace.act4ve rsagsnt Sag., specificity
Ag5Iut’ Co.tjug5 Agglut Conjug 

-
Plant lacUna
Wheat germ agglutinin G1cNAc Pos Pea Nag Nag

S Con A Ole/Man Pa. Pa. Neg Pa. (weak)
Laihyrus sativus Ole/Man Pa. Pa. Neg Nag S

S Rkinus corn munis Gal . Pea Pa. Nag Nag
S Mushroom agglutinln Gal Pa. Pa. Neg ND

Phasevius coccineus ND Pa. Poe Neg Nag
4 Robinia pseudoaccuz GaI/GlcNaclMan Neg Nag Neg ND S

Iron colloids’ S

- Acetic acid hydrosol Neuramimc acid NA Poe NA Nag
Prop ionic acid hydrosol Phospholipids NA Fe. NA Pos (str.rng)

- S Slide agglutination assays. Positive resu lt (Pos) for agglutinin assays indicates that test cells ngglut in.
ated in a lectin concentration of 25 pg/mI or more. Negative resu lts (Neg) indica te that test cells failed to
agglutinate in lectin concentrati ons up to 2.0 mg/mI. NA. Not applicable; ND , no determination made.

S A positive notation (Pos) indicates that aldehy de-fixed cells bound , specifically, lectin .ferr it in conjugate
or iron colloid. A negative notati on (Neg) indicates a lack of ferritin or colloid binding.

S 
‘Prom Seed et .1. (22).
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Pta. 6. Ekciron micrograph of a mixture of free P. berghei parasites and erythrocyte membranes stained
with wheat germ agglutinin conjugated with f e~-rit in. The crythrocyee membranes (arrows) are heuvily
stained, but the parasite/mat little wheat germ coajugate attached. Line mas*er represents 04 pm. x62.OCV).

kinetic charge on the surface of the erythro- Recently a number of workers hove at-
cyte and parasite may be of considerable im- tempted to evaluate, cytochemicafly, the iono-
poe-lance in such aspects of the infection as host genic prnperties of the malaria parasites by
specificity of the parasite, penetration of the using a positively charged iron cofloid sus
erythrocyte by the parasite, and phagocytosis of pended in acetic acid (1, 6, 14, 22, 23; Seed et al.
the parasite by the host macrophagos. Fed. Proc. 32:882, 1973). Because of the low ph

18
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ti.e., 1.8 to 3.0) at which the staining procedure Although the or igins of surface charge for the
is carried out , many surf ~mce components (e.g., two cell types appear diffcreiit, the net negative
amino acids) that act as weak acids arc not charge of both cells is approximately the satn ..

• ionized and, therefore, do not bind this type of As Seed et a). (23) pointed out in an earlier 
S

colloid , whereas others, such as certain species paper, the failure of the malaria parasites to
of surface carbohydrate s (e.g., sialic acid do. It stain with a sialiophilic colloidal iron stain dot s
was observed that free parasites, in contrast to not prove that parasites lack a net negative
crytbrucy1e~, bound little, if any, of the pam. surface charge, only that they lack charge
tively charged cohloid (14 , 22; Seed et al ., Fed , groups arising from neura~ninic acid.
Proc. 32:$82, 1973) (Table 2). From this it was Our gel filtration and particle electrophoresis
concluded that malaria pnrasites are less nega. studies, in fact , indicate quite clearly that plus-
tively charged than their host cells ( 14) and modia have a net negative charge when sits-
that this charge difference inightb e responsible pended in solutions with a pH above about 3
for nonspecifically augmenting merozoite at- and that they have a charge density not too
tachment to host cells, thus allowing more spe- dissimilar from that on the eryth rocytcs. The .

S cHic invasion-related processes to occur (1). possibility that the retention of the parasites on
From the results presented here , such hypothe- the columns was due to the hydrophobic , l ipid
sized charge-dependent processes seem to be character of their membranes rather than to
unlikel y, their charge was eliminated by the observation

Seed and his colleagues (23), in subsequent that the parasites were not retained on Sepha-
work, confirmed the earlier cytochemical obser- dex G-25, which is the same as Sephadex A-25

S vation that the sialophilic iron colloid-staining except for the absence of the positively charged
procedure did not reveal exposed sialic acid diethyl-(2-hydroxypropyl)aniinoethyl groups.
groups at the parasite’s surface such as those It has been fairly clearl y demonstrated by
that occur on and give rise to the net negative previous workers that iiitraerythrocytic P.
surface charge on erythrocytes. Biochemical berghei do not have significant amounts of a.
analysis supported the cytochemical observa- acetyl neuraminic acid on their surfaces and
tions by indicating that the isolated parasites that in fact their surfaces have relatively little
contained only about one-half the amount of exposed carbohydrate of any type (22). The lee.
sialic acid per ur it weight of erythrocytes. Us- tin work reported in this paper supports the
ing the same positively charged colloidal iron observation that the erythrocytic forms of P.
stain, Seed and colleagues further demon- berghci have little exposed carbohydrate. Fur-
strated that sialic acid was distributed ran- ther, it indicates that the parasite’s surface
domly over the surface of leukocytes and plate- lacks many specific glycosidic residues which
lets, as well as intact erythrocytes and ez-ythro- commonly characterize many different types of
cyte ghosts (23). cell surfaces and which , depending on the cell

These same workers also used a hipophilic type, impart a wide variety of biological func.
iron colloid stain to localize lipid plaques at the tions to the cell (i.e., antigenicity, etc.)
surface of parasites and erythrocytes (23). The A number of studies have indicated that
gross distribution of the plaques was somewhat erythrocytic P. berghei are rich in phospholipid
similar for the two cell types; however, the (8, 20, 23, 24). Since this material is ionic , it
parasites stained more intensely with lipophilic could serve as the charge-bearing vehicle for P.
colloid than did erythrocytes (Table 2). The par- berghei. Since phosphatidylserine is the only
uite’s lipid distribution was characterized by phospholipid that carries a net negative charge
the occurrence of large focal aggregates in a as physiological pH va lues, it is assumed that
close-knit patchwork pat tern, whereas the this particular lipid species contributes signifi.
erythrocytes bound colloid to their surfaces in a cantly to the parasite’s net negativity. Th is
thinner, more uniform pattern with much less might seem somewhat contradictory to the pre-.
colloid aggregation. Free parasites also ox- vious biochemical work of Rock and his ccl.
bibited an extremely thin mucopolysaccharide leagues (8, 20), which indicated that phosphati-
coat that was ditTerent from the thick glycoca. dylserine, in contrast to phosphatidyicholine
lyx layer øf the erythrocytcs. The sum of these and e*hanolamine, was in relatively low con-
cbs~,rvations indicated that the malaria para. c.ntration compared with the quantity within
silo’, membrane, with its high phosphohip id the euythrocyte’s plasmalemma. However,
and low carbohydrate content , is decidedly dif- these biochemical data assess the total phos-
fee-ant from the limiting membranes of most phatid~Iwrine content within isolated mem-
mammalian cells. These difl~’rence. in surface brane preparations, and not the relative diatri-
sir udure between parasite and host cell do not bution of theac components within the mem-
appear to extend to electrukinetic properties, bran. itacIf. It Is presently reatgnlzed that

• 19
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many vital membrane components are distrib- 4. Arrameas. S. 3969. Coupling of enz,v,nes to proteins
Wed asymmetrically within the bilayers of with glularaldehydo. lisa of the conjugate. for the

detection ul’antigenz and ant ibvdie~. Immunochemia.erythrocyte membrane (5, 26). Phosphatidyl- 
~serine is one such component , localized primar- 5. ~~~~~~~ .~l. S. 1972. Phosphatidyl.et hanolamlne dif-S ily within the cytoplasmic side of the bilayer of fer ent ial lab clling in intact cells snd cell ghost s of
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B. STUDIES ON ANTIGENS OF P. BERGHEI

I. Protein content of soluble and insoluble fractions of freeze-thawed —

parasites

Parasites were harvested by our regular sonication harvest
method and the parasites were washed once in Alsevert s Solution. The
parasites were counted on a hemocytometer and adjusted to a pre-
determined number . The free parasites were freeze-thawed three times
in a dry ice-acetone bath and 37°C water bath . The freeze-thawed
parasites were spun at 30,000 g for 30 minutes . The pellet was re-
suspended in the same volume of fluid as was the original suspension,
thus making the soluble and insoluble components of the parasites

• comparable.

Lowry Protein assays were used to determine the protein contained
in the samples. Protein determinations were also done on samples of
unfractionated freeze-thawed parasites to determine total protein in
the samples . Bovine Serum Albumin was used for the standards .

The result s of four different runs indicate that about one-third
of the protein was released by our normal freeze-thawing procedure
(Table 1). There was some degree of variability in the total protein
In various preparations which were supposed to contain the same num-
ber of par.asites. This inconsistency was probably due to fluctuations
in the criteria of what was or was not counted as a parasite while
counting with the hemocytometer .

The next set of experiments was to determine the opt imal number
of freeze-thawings needed for a maximum release of soluble protein .
The parasites were harvested as befor e and resuspended to the desired
concentration after counting with a hemocytometer. The parasites
were distributed in 1 ml aliquots in test tubes. The samples were
treated with from 0 to 7 cycles of freeze-thawing, and aft er centri-
f’ugation the Lowry Protein Assay was used to determine the amount of
protein in soluble and insoluble fractions.

The percent protein solubilized by one cycle of freeze-thawing
was comparable to that released by the maximum numbers of freeze-
thawings that were used. Between no freeze thawing and one cycle of
freeze-thawing, the percent soluble material increased from about 3%
to about 20%. The percent soluble protein remained at about this
level for as many cycles of freeze-thawing as we carried out in the
experiment (Table 2). We concluded that three cycles of freeze-
thawing solubilizes the maximum amount of protein from the parasites
which can be obtained from the parasites by this procedure.
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Table 1. Protein content (uglml) of soluble vs insoluble

components of freeze—thawed parasites.

NUMBER OF
PARASITE S USED SOLUBLE INSOLUBLE TOTAL

L
5 X 10~ 400 1120 1240

337. 687.

5 X io8 412 824 1144
367. 727.

2 X 2536 3584 6240
39% 57% 

5

2 X 1O~ 1516 3280 4800
317. 687.

Table 2. Effect of various numbers of freeze—thawing cycles on the
amount of protein solubilized.

NUMBER OF TIMES
FREEZE-THAWED SOLUBLE INSOLUBLE

• 0 20 720
(3%) (91% )

1 106 514H (177.) (837.)

2 145 500
(22%) (78%)

3 128 500
(20%) • 

(80%)

4 133 512
(21%) (79%)

5 133 610
(18%) (82%)

6 151 522
• . (22%) (78%)

7 148 566
(21%) (79%)

Fl
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• II. Cryo-lmpacting as a technique for so],ubilizing free parasite protein

In order to fractionate the parasites so that it will be possi-
ble to identify stage specific and protective antigens, it is first
necessary to convert the parasites to a soluble form. Freeze-thawing
as was shown in the previous section (B-I) of this report will o~ily
release from 1/5 to 1/3 of the parasite material leaving much mem-
branous material insoluble and thus refractory to analysis. In an
attempt to increase the amount of protein that could be solubilized,
we subjected the free parasites to the process of Cryo-Impacting
(Smucker, R. A. and Pfister, R. M., 1975, Liquid nitrogen Cryo-
Impacting: A new concept for cell disruption. Applied Microbiol.
30: M 5_i~k9) . This procedure has been shown to be effective in
disrupting of bacterial cells and even the endospores of B. mega- S

terium. 
-

The parasites were harvested and frozen in liquid nitrogen by-
dropping the parasite suspension directly into the liquid nitrogen
filled chamber of the Cryo-Impacting apparatus . We placed about 1 in],
of the free parasite suspension containing 5xl05 cells/mi in the
chamber and removed samples after 15, 30, 60, 120 , and 150 seconds
of Cryo-Impacting . After each period of Cryo-Impacting, a small
amount of the frozen powder was removed from the impacting chamber
with a spatula, placed in a petri dish and allowed to melt. About
0.1 in]. of this liquid was then mixed with 0.9 in], of buffer. These S

diluted samples were then tested for total protein content, then
centrifuged at 30000 g for 30 minutes. The soluble and insoluble
fractions were then tested for protein content. We have not yet re-
solved all of the technical problems of handling the Cryo-Impacted
parasites. On melting, the impacted parasites yield a viscous fluid
which contains numerous small air bubbles and apparently some small
fragments of ruptured parasites.

Although the technical difficulties in pipetting this viscous
fluid made it difficult to obtain quantitative results from the time
sequence study, it was apparent that even after the shortest period
of impacting the product contained very little intact parasite mate-
rial visible to the naked eye. Nor did the samples after centrifu-
gation yield a visible pellet. The total protein content in each
sample was approximately the same as the protein content in the sol-
uble fraction. These observations indicate that Cryo-Impacting dis-
rupt s the parasites far more than does freeze—thawing and indicates
that this technique may be useful for preparation of parasites for
disc gel electrophoresis and other fractionation procedures.

- S 
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III. Density- gradient centrif’ugation as a technique for separating para—
sitized erythrocytes and free parasites by stage of development

Plasmodium berghei produces an unsynchronized blood stage in-
fection. Sonic Oscillation followed by differential centrifugation
(Prior and ICreier , 1972 ; 1972a) has been used to obtain free para-
sites fran such infected blood. For the purposes of studies of stage
specific antigens, it would be desirable to free the parasites from
blood cells all of which contained parasites in the same stage of
development or to be able to separate the freed parasites by stage
of development. No studies of the density of free blood stage para-
sites have been reported, but several recent reports of studies de-
signed to separate erythrocytes by stage of development of the
contained parasite have appeared.

Lunde and Powers (1976) in attempts to prepare malaria hemag-
glutination antigens isolated schizonts by- use of ficoll gradients.
They found that most of the schizont s accumulated in the 20% and in
the interface between the 20 and 25% ficoli. bands. They collected
the schizonts by- centrifuging the gradients at 10,000 x g for 30
minutes.

McAlister and Gordon (1976) obtained schizonts from infected
mouse blood using food grade stractan 11. In their experiments, most
of the schizonts accumulated in the bands having a specific gravity
of 1.0143. This lay-er also accumulated a substantial population of
trophozoite infected cells.

Since Plasmodium berghei does not exhibit any substantial degree
of synchrony as do the Simian and human malarias, the techniques
which will produce highly enriched populations of schizonts and tro-
phozoites with these malarias are not entirely- suitable for P. berghei
and new techniques must be developed to collect parasites of specific
classes from an otherwise heterogenous population of P. berghei
parasites. S

MATERIALS AND METHODS

Parasite Preparation.

Plasmodium berghei (Waiter Reed strain ) was maintained in albino
Swiss mice. Rats used for these tests were of any- breed and weighed S

between 250 and 500 grams. Each ~at was pre-treated with three injec-
tions of pheny].hydrazine hydrochloride (30 mg/kg) at 148 hour intervals
to induce reticulocytosis. The rats were infected by intra-cardial or
tail vein injections of parasitized fresh mouse blood Ii8 hours after the
third injection of phenyihydrazine hydrochloride. When the parasitemia• reached 50% or more the animal was exsanguinated. The blood was collec-
ted by cardiac puncture using a syringe pre-loaded with Alsever’ a solu-
tion (pH 7.2). The blood was centrifuged in a Sorvall RC-2 Automatic
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J Refrigerated Centrifuge at 2000 RPM for 10 minutes . The supernatant was
1. aspirated and discarded. The blood was washed twice in 0.153M sodium

chloride, filtered through glass woo]. and shredded filter paper to re-
move leucocytes then washed once more in 0.l53M saline. The washed
blood was resuspended in saline and was layered on the surface of a dis-
continuous ficoll gradient. Unless otherwise indicated, all work was S

- done in the cold.

Ficoll Preparation.

A 50% stock ficoll (w/v) solution was made in double distilled water.
U The ficoll was allowed to dissolve at room temperature . Solutions con-

taining the desired percentages of ficoll were prepared by mixing the ap-
S 

propriate volumes of stock ficoll and O.l53M saline. The gradients were
S prepared by dispensing 14.0 ml aliquots of ficoll delivered fran a 5.0 in].

pipet beginning with the highest density. The ficoll was gently- run down
the side of a thin-wall polyallomer round bottom tube (28.6 x 103.7 mm) .
The gradients were chilled in an ice bath prior to the layering on the
blood.

Centrif’ugation and Collection of the Bands.

The ficoll gradients were centrifuged in an RC2 refrigerated cen-
trifuge with a swinging bucket head at 5000 RPM for 70, 80, 90, 100, 110,
and 120 minutes or at 7000 RPM for 30 and 11.5 minutes. Afterwards , the
bands were collected with a Pasteur pipet. The collected bands were re- -

•

suspended to a final volume of 15 to 20 ml in 0.15314 saline and centri-• [I . fuged at 5000 RPM for 20 minutes. The supernatant was aspirated and S

~iscarded and the remaining pellet was resuspended in 2.5% egg albumin
and thin smears were made. S

Counting Procedure.

The cells were divided into two categories: mature red blood cells
and reticulocytes. Each category was further aubdivdided into three
classes: ‘uninfected cells, cells containing trophozoites and cells
containing schizonts. Parasites containing two or more nuclei were
classified as schizonts and multiply parasitized cells were classed by
the most advanced stage present. The distribution of parasitized ery-
throcytes in each band was determined by examining 250 cells on a Giemsa
stained thin blood film.

S RESULTS

S Red blood cells and reticulocytes have different density character- ~- ~~~~~~~~

istics. Reticulocytes band out in lighter density bands than the mature
red blood cells. In general, our study (Table 1) confirmed that erythro-
cytes containing parasites were less dense than uninfected cells. The
reticulocytes containing trophozoites accumulated in the 20 to 22 percent
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f Table 1. Distribution (in X) of parasitized erythrocytes before and
• after centrifugation on a stepwise ficoll density gradient .

The gradients were centrifuged at 5000 RPM for 70 , 80 , 90 , 100,
110 or 120 minutes (RET., reticulocytes ; RBC , red blood cells ;
C, uninfected cells; T, cells containing trophozoites; S,
cells containing schizonts; Pe., pellet).

RET . 

— 

RBC

SI Time ~mLn) ~~ ffin11 C T S C T S
• 0 (control) 

_ _ _ _ _ _ _  

7.4 35.2 13.6 23.4 17.4 3.0

1 70 20 1.6 52.0 39.0 1.2 4.4 1.8
21 8.4 56.0 26.4 2.4 6.4 2.6
22 15.4 45.0 5.6 7.8 24.6 1.6
23 13.8 14.8 4.8 33.4 30.6 2.4
24 8.2 5.4 2.2 68.4 14.8 1.0
P... 5.6 3.8 0.8 84.8 4.6 0.4

80 20 0.4 57.2 61.4 0.6 0.0 0.6
21 13.8 55.2 15.2 1.4 11.2 3.2
22 25.6 43.6 6.2 8.4 16.6 1.8
23 15.7 20.0 5.6 16.8 36.0 6.2

• 24 6.2 1.3 1.8 75.4 13.8 1.0
P.. 6.8 2.2 0.6 78.0 12.6 0.0

90 20 5.4 74.0 15.6 2.0 3.2 0.2
21 17.8 48.0 7.8 3.4 20.6 2.8

L • 
22 34.6 24.6 4.2 10.6 23.6 3.2
23 17.6 1.6 00.2 60.6 19.6 0.4
24 8.4 2.6 0.8 79.4 10.0 0.8• 
P.. 6.6 1.6 0.2 83.4 7.8 0.6

100 20 4.2 65.4 26.2 1.2 1.0 2.0
S 21 13.2 73.8 4.6 0.8 6.8 2.0

22 17.9 47.2 4,2 5,8 23.8 1.0• 23 32.6 20.6 2.0 26.8 17.4 0.6
- 

24 8.0 2.8 0.4 77.0 10.6 0.2
i’e. s.’. 1.0 0.4 90.0 5.4 0.0

110 20 4.0 77.2 16.4 1.8 0.8 0.0
21 9.0 66.6 8.8 4.8 8.0 2.8
22 20.2 48.4 3.6 10.8 16.2 0.4• 23 21.8 19.2 1.6 27.4 28.6 1.4
24 19.8 21.0 0.0 36.0 18.4 0.6

• 2.0 0.0 88.8 1.6 0.0

120 20 9.0 36.8 22.0 6.0 5.8 0.4
21 8.0 49.0 8.0 12.0 6.0 3.0
22 - 50.2 25.2 0.0 7.2 18.0 0.0
23 28.0 10.8 0.6 33.6 26.2 0.8
24 17.0 10.0 1.0 61.0 11.0 0.0
P... 12.6 2.4 0.8 79.4 6.8 0.0 5

~~rf~
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layers while the uninfected reticulocytes were more likel y to accumulate
in the 22% to 23% layers. Most of the trophozoite-containing erythrocytes
accumulated in the 22% to 214% ficoll layers, while the uninfected m ature
RBC ’s were recovered in the bands with a density greater than 214% ficoll .
Most of the schizont containing cells whether reticu.locytes or mature
red cells accumulated in the 20 and 21% ficoll layers. It appears that
the centrifugation was to equilibrium at 70 minutes in our study as in-
creasing time of centrifugation did not cause much change in the distri-
bution of the cell classes in the bands.

In a second study (Table 2) done with a greater gravity force,
S 

• applied for shorter times and using a gradient ranging fran 114 to 22%
ficoll instead of 20% to 214% ficoll , equilibrium was not achieved in 30
minutes but was approached in 145 minutes. The band with the highest

S proportion of schizonts ( i .e. ,  over 80%) was that in the 18% ficoll
layer. A population of trophozoite containing reticulocytes accumulated
in the 16% ficoll layer. The bulk of these trophozoite containing retic-
ulocytes were ones with multiple infections of large trophozoites. Par-
asites which were free of host cells accumulated mainly in the 114% ficoll

• 
S layer, although some were present in the 16 and 18% layers also.

DISCUSSION

There are a variety of variables which must be considered in the
separation of erythrocytes based on their buoyant densities. There is

• a range of densities among the uninfected erythrocytes which is related
to the stage of maturation and hence age. At the extreme range of these
variations are mature erythrocytes and reticulocytes, which have very
different density characteristics. Slight differences in the osmotic
pressure of the ficoll bands may cause the cell or the parasite (if the
cell is infected) to imbibe or lose water thus altering the cell’s true
buoyant density. The effect of the parasites on the infected cells Is

• S super-imposed on these variables. All of these variables interacting
account for the separation obtained.

Uninfected mature red blood cells are the most dense (greater than
the density of 214% ficoll); however, once infected , these cells generally
become lighter . The bulk of the mature erythrocytes infected with very
small trophozoites have densities greater than 23% ficoll indicating that
the small parasites have little effect on the density of the host cell.
Schizont infected mature erythrocytes, in general, are less dense than
uninfected mature erythrocytes and have density characteristics similar
to uninfected reticulocytes . The schizont-infected erythrocytes float
in 20 to 23 percent fico].l bands .

Uninfected reticulocyte float in the 22% ficoll range , but when in-
fected with large trophozoites become much lighter and float in the 20%
layer. Schizont infected reticulocytes have densities which cause them
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Table 2. Distribution (%) of parasitized erythrocyte s before and after
centrifugation on a stepwise ficoll density gradient . The

I gradients were centrifuged at 7000 RPM for 30 or 45 minutes
(RET., reticulocytes ; RBC , red blood cells ; C, uninfected cells ;
T, cells containing trophozoites ; S, cells containing schizonts;
Pe., pellet).

• RET. RBC

Time (mth) 7. ficoll C T S C T S 
-

0 (control) 
— 1.0 12.6 5.0 76.4 4.6 0.4

30 14~ - - - - - -
16 13.4 31.8~~ 19.5 30.5- 4.9~~ 0.0
18 2.0 12.0 82.7 27.0 1.3 0.0
20 0.4 48.0 55.2 0.0 4.0 0.4

• 22 9.2 65.2 22.8 2.0 1.3 9.2

[ Pc. 1.3 3.2 2.0 89.6 4.0 0.4

45 l4~ - - - - - -
• 16 8.0 45.0~~ 28.0 2.0 15.0~~ 3.0

18 1.2 12.0 86.8 0.0 0.0 0.0
20 0.7 41.5 57.0 0.4 0.4 0.0
22 8.4 45.2 26.4 1.2 16.0 2.8
Pc. 0.6 2.2 7.2 88.6 5.4 0.2

• S *Free parasites and erythrocyte membrane fragments were prominent in
the band in this layer.

**These were largely reticulocytes with multiple large trophozoite
• . infections.
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[ to float in the 18 to 20% ficoll bands . In heavily infected blood, sc*ne
reticulocytes with multiple large trophozoite infections also are of low
density.

1~ Reticulocytes with multiple large trophozoite infections float in
the 16% ficoll band whereas the bulk of the schizont infected reticu.lo-

- cytes float at the 18 and 22% ficoll layers. If one is attempting to S

isolate schizont containing cells by gradient techniques, a simple system
in which one collects all cells with densities less than 20 or 22% ficoll

S (Lunde and Powers, 1976) wIll yield a product containing many reticulo-
cytes with multiple trophozoite infections. As these are even lighter

S than schizont containing cells a two step gradient is useful for improving
- 

the density of the schizont wall.

• As can be seen from Table 1, the maximum schizont enrichment was
present in the 20% layer when this was the least dense layer in the
gradient. However, when lower ficoll densities were used (Table 2) the
purest schizont population was present in the 18% band as the host
cells with multiple trophozoite infections were retained in the 16% band.
Thus, using lighter ficoll solutions not only allows for considerable
enrichment in schizonts, but also less contamination.

Free parasites in the parasitized erythrocyte preparations were
retained in the 114% ficoll band although some were in the 16% and 18%
bands also. Our preliminary studies thus show that parasites freed by

• sonic oscillation (Prior and Kreier , 1972 , 1972a) have density character—
- - istics which cause them to float in bands with densities somewhere be-

S tween iii. and 18% ficoll. Thus gradient centrifugatlon may be useful for
collecting free parasites as well as parasitized erythrocytes.
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Abstract

I A population of P. berghei rich in merozoites was obtained by differ- 
4 

-

ential centrifuga t ion of para sites freed from infected red cells by

continuous flow sonication . These parasites were used as limnunogens in

vaccina tion studies. Rats of three age groups were used to evaluate the

vaccine with or without the addition of adjuvanta . .

Immunization with the freeze-thawed free parasites without adjuvants

caused enhancement of infections in young weanling rats. In contrast , in S

1 young adul t ra ts and mature adult ra ts, the antigen without adjuvants had

S 
$ slight protective effect. Immunization with freeze—thawed free parasites

-• with adjuvant gave protection in rats of all weight groups. Five x

freeze— thawed free parasites with saponin given intramuscularly in a single

dose protected 70 to 9O gram CDF rats from the effects of challeng e one

. 1 week later and this protection persisted for 8 weeks , the longest time

• tested. The freed parasites did not lose antigenicity when stored frozen for

two weeks. Saponin was at least as effective an adjuvant as Freund ’s

Co~~lete Adjuvant (FC~) with-this antigen. The soluble portion of the

- freeze-thawed parasite preparation appeared to be as protective as the

insoluble portion and injection of material washed from the surface s of the

parasites gave about the same degree of protection as did injections of

prepara tions of freeze—thawed parasites. Rats which were given freshly

prepared whole unbroken free parasites emulsified in FCA developed severe

• infections on challenge one w~ek later and if unchallenged sometimes developed

parasitaemias after 9 or 10 days.

H .
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Introduction

I!
With the growing awareness of the limitations of the conventional

methods of malaria control there has developed a new interest in malaria

- 
immunology (V.11.0,, 1975). The recent remarkable advances in immunological

- knowledge and technology have greatly facilitated and encouraged study of

1 : this particular aspect of malaria.

Perhaps the salient feature that is emerging from current research is

L the recognition of the complexity of the immune response to plasmodia l

infection . The need today is to define the components of the immune response ,

to assess the respective contributions of the cellular and humora l mechanisms

1! to the control of the parasite and to caaracterize and purify the specific

- antigens important for protection. Some antigens , possibly only a few , may

j J - be parti cularly important in initiating protective immunity. Many probably

have no such function , while others may initia te responses tha t ar e frankly

harmful to the host. S

- Attempts at immunization of birds or monkeys by injection of killed

or attenuated blood forms or sporozoites obta ined from infected mosquitos

go back to the first quarter of the century (Sergent and Sergent , 1910).

- Research on immunization against malaria has been stimulated by early

- 

reports of success in immunization against malaria of monkeys , birds, and

rats (Mulligan and Sinton 1933; Freund et al., 1945, 1945a , 1948; Corradetti

. 
et al., 1966). More recently various methods of vaccination employing

- • I_i fractions of plasmodial parasites from the blood of rodents (Simpson , et al., /9~~Y

,404;(D’antonio, 1972) and monkeys D’an tonio, 1974) or vaccination with

irradiated sporozoites (tlussczweig at .,  1967) , formalized gametocytes

I U 35
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(Gwadz 1976) , exoerythrocytic merozoites (Holbrook ~~ al , 1974) or erythro-

cytic merozoites (Mitchell et al., 1975) have fur ther encouraged workers

to search for practica l vaccines against malaria .

L Sonic oscillation carried out in a continuous flow sonication system S

releases intraerythrocytic P. berghei. The sonicated preparations when

S subjected to differential centrifugation , yield populations , of P. berghei

- rich in aerozoites (Prior and Kreier 1912; 1972a ; Prior et al ,, 1973; Kreier

et al., 1976). The parasites obtained by these procedures are morphologically

intact , and antigenic . Other workers have also obtained merozoites (Mitchell ,

Butcher , and Cohen , 1973; Dennis et al , 1975) and used them to study immun-

ization against plasmodial infection (Mitchell 
~~ ~~~ 

1975).

Since it appears that immunity to plasmodia can be at least partiall y

explained in terms of-antibod y action against merozoites , (Cohen and BuLcher S
1970; Cohen !~ ~~~~~~ 1961; 1969; 1972; jerusalem et al., 1971; Hamburger

and ~reier 1975, - 1976) , it is, therefore , very likely tha t protection from

the ravages of the blood forms of plasmodial parasites will be conferred by

- 
inoculation with antigens from erythrocytic merozoites.

This study provides data on the immunization of rats against Plasmodiunt

1. ~~~~~ with antigens of a sonically freed prepara tion of erythrocytic

parasites rich in merozoites. -

- 

.
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MA TERIALS AND METHODS

I Parasites

• The Pla smodiu m berg]~ei strain used in these studies was obtained from

the Walter Reed Army Institute of Research. It is high ly pathogenic to

S 
mice and causes death , ge.~erally within a week after onset of patency .

Weanling rats may die when infected with this strain but young adult and

adult rats usually survive.

The parasites were grown in adult CDF rats infected by the intravenous

route with fresh parasitized rat blood . To reduce the possibility of anti—

genic variation when populations of parasites were being produced , parasites

of the reference strain stored in Alsever’s solution plus lO7~ (v/v ) glycerol

in liquid nitrogen (-193 C.) were used to tnitiate infections in the donor

S i-at each timc p~r~z~tc~ ~~~ produced for ant~gcn or challenge.

S Animals -

I .  Male CDF rats (Fisher 344, Charles River Anima l Laboratories , N.

: Wilmington, Massachusetts) were used throughout the experiments for both
- 

antigen production , as the source of challenge inocula , and as the test

I animals. The rats used were either young weanling rats weighing 40-50 grams,

young adult rats weighing 70-90 grams , or mature adult rats weighing

• 1: 250—280 grams. 
. -

The test animals were alloted by a modified random selection system
- 

into the various groups. The rats wer~e weighed before allotment , grouped

J by weight and were randomly alloted to the test groups front the groups of

S equal weight . This was done to assure tha t the average and range of

- weights in all groups were nearly equal.

1 ’  -

- 
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An tigens

[ Harvesting of free parasites (FP): Free parasites were harvested

-- from the blood of infected rats. The blood was collected from the animals

after paras itaemia had reached about 507.. In order to obtain 507. para-

~ I. 
sitaemia in the harvested blood , it was necessary to increase the reticulocyte

count in the rats. To do this , on day 0 the rats received ‘intraperitoneally

30 mg/kg of pheny lby drazine hydrochloride in a 1.57. aqueous solution (Kreier

- et al., 1976). This dosage was repeated on day 2. The animals were infected
5 

by intravenous injection of one ml. of heavily infected rat blood on day 5.

- 
- Blood was harvested 3 days later. Infected blood wa s collected into Alsever ’s

solution a~d washed twice by centrifugation at 650 g for 10 minutes. A

107. suspension of the infected blood cells was passed through a column of

filter paper powder prepared in 50 ml. syringes to remove leukocytes. After

an additional washing , the blood cells were diluted to give a 107. suspension .

~~

, The erythrocytes were disrupted by treatment in a continuous flow sonication S

- 
system by methods previously described (Prior and Kreier , 1972, 1972a).

~ 1. The suspension of sonicated blood cells was placed in 10 cm . high tubes

(8 cm. fluid column) and was centrifuged at 650 g for 10 minutes and the

superna tant which contained predominantly small parasites was collected

and washed in the same way once in Alsever ’s solution by centrifugation

- . ;  at 2520 g for 10 minutes. While these centrifugation conditions differ

L somewhat from those previously reported~(Hamburger and Kreler , 1975;

Kreier et al ., 1976) , they provide a larger parasi te yie ld than tho se
- 

previously reported and for the purposes of immunization the increased amount

of contamination by host material is not significant .

1~i 
- 

. 

. 
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Free parasites were used fresh or after storage in liquid nitrogen in

the whole unbroken state. Freeze-thawed antigens were prepared just before

use by three cycles of freezing in a dry ice bath and thawing in tepid

1. water .

Soluble antigens were separated front insoluble ones by centrifugat ion

of three times freeze—tha~.ed parasites at 30,000 g’s for 30 minutes. The dose

of the fractions given was the amount of the fraction obtained from the

comparable dose of unfract ionated parasites (i.e. 5 x iO~ free parasites) .

For comparisons of immu nogenicity of whole unbroken parasites with S

- solubilized parasites , fresh free parasites or freeze—thawed preparations

- were emulsified with FCA as described by Mitchell et al ., (1975).
- 

Infectivity of these preparations were tested by intramuscular injection

- 

into mice and rats. 
S

It The ~~~5bh o~i: aotigen wa6 prepared by suspending about S x i0~ who le -

- free parasites in 2 ml. cold physiologica l saline. The free parasites were
- spun gently with a magnetic stir bar and plate in the cold for 2 hours.

The washed free parasites were then separated from the released material

- 
by centrifuging at 30,000 g for 30 minutes. Saponin was added to the S

I . antigen as an adjuvant . Each 0.2 ml. of the supernatant contained one dose S

of antigen. 
-

- 

2 Disc gel electrophoresis analysis was carried out on the capsular 
- 

S

antigen by methods previously used (Kreier ~~!.i• ’ 1976). Relative

wbilities were calculated and these were compared to those of a freeze—

I thawed extract of small parasites freed by sonic treatment . 
-

~rytbrocyte membrane antigen used as control antigen , was made by
- S water lysis of CDF rat red cells. The dose used was the volume of membranes

• 
equal to the volume of 5 x io8 free parasites.

• . S

S 
. 39U - .
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- Immuniza tion S

I i~ 
S

A number of vaccina tion experiments were carried out , these experiments

I were designed to determine the relationship of a variety of factors to

the abili ty of ra ts to respond to immuniza tion with an tigens of small

• 

• free erythrocytic forms of Plasmodium berghei . These variables included

• the maturity of the rats (indicated by the rats weight), the type and

I dose of antigen, the presence or absence of adjuvants and the type of

adjuvant , the number of doses of antigen given and the time between inmtuniza-

tion and challenge (Table I). 
- 
All vaccines were given intramuscularly. S

- .

1! - S
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Results

Relationship of antigen dose to immunological response in weanling (40-50 g.)

and young adult (70-90 g.) rats:

In veanling rats (40-50 g.) given various doses of freeze-thawed P. -

LI berghei parasites without adjuvant of any kind the severity of the infection S

following challenge was roughly proportiona l to the dose (Figure lA). In

- U 
- 

rats of this age group the injection of plasmodi~l antigen without adjuvant

enhanced the severity of the infection . When saponin was added to the antigen

the infections were generally milder in the animals which received plasmodial

• antigen than in those which received red cell membranes and this amelioration

was in general proportiona l to the dose (Figure lE). The infections in the

• ~
- - 40 to 50 gram rats which received red cell membrane antigen with saponin

(Figure 18) were more severe than were the infections in the 40—50 g. rats S

- which received red
• 
cell membrane antigen without saponin (Figure lÀ).

The infections following challenge in the young adult rats (70—90 g.)

• R which had been given various doses of free parasite antigen without adjuvant

were in general more severe than were the infections in the respective red

cell membrane control rats but there was no obvious relationship between

•amoun t of antigen given and the degree of enhancemen t of the infection (Figure

1! lc). The young adult rats which received various doses of free parasite

- - antigen with saponin added at first developed infections which were similar

• or possibly slightly more severe than those in the rats which received red

cell membranes with saponin but they aborted their infections more rapidly

than did the rats which received red cell membranes and controlled their S

relapses better. The degree of amelioration of the relapses in the rats of 5 ,

1 the various groups was roughly proportional to the size of the dose of

antigens the rats received (Figure lD).
- 

‘

S 

- 

~‘ 

- .
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In the young adult animals , the infections after challenge in the rats

which received red cell membranes with saponin added (Figure lD) were not

or possibly only slightly more severe than were the infections in the young

adul t rats which received red cell membranes without saponin (Figure IC).

S 
• The relationship between parasitaemia following challenge and time after

immunization at which challenge takes place.

- The pattern of parasitaemia following challenge of 70-90 gram rats

8which had been given one injection of antigen from 5 x 10 free parasites

without any adjuvant was not very different from the pattern of parasitaemia

~in similar rats given an equivalent volume of red cell membranes. This was -

I I i true whether the challenge was at one , two, four or eight weeks af ter

- immunization (Figures 2E, F, C and H). In rats which received the plasmodial

antigen with aapor.in added howcver, the parasit~c~iao followIng challenge

were much milder than they were in the respective contro l rats which received

- 
red cell membranes. The least ambiguous differences occurred in rats challenged

S 
- at one and two weeks following immunization but fairly clear differences

occurred at 4 and 8 weeks also (Figures 2A , B, C and D).

comparison of the immunngenjcity of freshly prepared free parasite antigen

and free parasite antigen which had been stored frozen for two weeks.

Storage in the frozen state had no obvious effect on the antigen, as

S parasitaemias following challenge were almost identical in the rats which •

( “ received the stored antigen and those which received the fresh antigen

(Figure 3). - S

1~2
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Effect of maturity of the rats upon immunization.

• 
~~ young weanling rats (40-50 g.) four injections of 5 x 10

8 freeze-

thawed free parasites wi thout adjuvant markedly aggrava ted the parasi taemia

following challenge (Figure 4A). In young (70-90 g.) adult rats (Figure 41)

I : • and in mature (250-280 g.) adult rats (Figure 4C) identical treatment reduced

• • the severity of the secondary relapses which occurred in the rats which

received erythrocyte membrane antigen but otherwise had little effect.

In rats of the same age groups which received the same doses of antigen on

the same schedule but with saponin added (Figures 4D, E, F) the parasitaemias
- following challenge were lower than they were in the respective control rats.

- 
In the weanling (40-50 g.) and young adult (70-90 g.) rats (Figures 4D and E)

which received the p . berghei antigen with saponin the primary parasitaemias

developed almost as they did in the unvaccinated controls but the vaccinated

animals brought the parasitaemias under control more rapidly than did the

- control animals. The mature adult (250-280 g.) rats which received

plasmodial antigen 1.n saponin had mild primary parasitaemia s and no relapses

(Figure 4F).

S 

~~aoarison of the relative effects of saponin and Freund’s complete adjuvant

on the immune response.

S p Young adult rats (70-90 g.) which received 4 injections of 5 x io8

freeze-thawed parasites with saponin (Fjgure 5A) had about the same degree

• S of amelioration of their parasi taemias as did young adult rats which received
- 

the antigen in FC~ (Figure 51).

S S I S 
•
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£~~parison of the relative i~mnunogenicity of the soluble and insoluble

E components of freeze—thawed parasites. -

j . Young adult rats (70-90 g.) which received one injection containing the

- -  
insoluble components of 5 x 108 freeze-thawed free parasites with saponin

• 1. developed parasitaem ias after challenge which were very similar to the

parasitaemias which developed after challenge in similar rats which received

all of the components of 5 x i~8 freeze-thawed free parasites. The para-

f sitaemias after challenge in the rats which received only the soluble

components were slightly more persistent than• were the parasitaemias in

the other two groups of immunized rats , while all of the immunized rats had

milder parasitaentias after challenge than did the rats which received red

- cell membranes (Figure 6). • 
-

- ~omoarison of the relative imunogenicity of whole unbroken and freeze-

thawed free parasites.

• • 

Fresh unbroken and freeze-thawed free parasites to which saponin was

• 

S 

added were essentially equivalent in their immunogenicity as parasitaemias

j after challenge were similar in rats which received a single dose of

5 x io8 parasites prepared either way. Both preparations stimulated a sub—

• stantial protective response in the injected rats , for the parasitaemias

in the rats which received the antigen were considerably lower than those in

the control rats which received red cell , membranes (Figure 7A). The rats

1 • which received 5 x 108 freeze— thawed free parasites emulsified in FCA also

developed considerable immunity as their parasitaemias were similar to those

in the rats which received parasites in saponin and were considerably less

[1 severe than the parasitaemias in the rats which received erythrocyte membranes

•H L  

- 
. 
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in FCA. Parasitaemias in the rats which were given a single dose of fresh

whole unbroken parasites in FCA and challenged one week later were more 
S

severe than were parasitaemias in the rats of the red cell control group.
S 

Mice and rats given fresh whole parasites in FCA sometimes became infected

between one and two weeks later. Infection did not occur in mice or rats

given freeze-thawed antig~n in FCA or with antigen of any type prepared with

1] saponin . 5

ç
~~

par ison of the immunogenicity of an antigen washed fr nn the surface of

• free parasites to that of the unfractionated parasite antigen.

- - 
On disc gel analysis (Figure 8, right hand side), the preparation

L 
obtained by washing small free parasites contained one major band the S

• 

- components of which had a relative mobility of between 56 and 60 (Table II).

Xinor bands ccrre~~or.d~ng to the bands prc~ent in the soluble fractions of

I freeze—thawed free parasites were also present . 
-

- 

The unfractionated freeze-thawed preparation had only minor bands in
• 

• 1! the 56 to 60 region (Figure 8, left hand side and Table II). The 70-90
S 

- • gram rats which were given one injection of the amount of material washed
S 5s~~ from 5 x i.o8 free parasites containing saponin developed parasitaemias af ter

11 challenge one week later not very differen t from the parasitaemias in the 
-

rats which were given 5 x io8 freeze-thawed free parasites with saponin.

Both these groups of rats had parasitaeaias af ter challenge which were much

less severe than were the parasitaemias in the rats which received red

cell membrane control antigen (Figure 9).

S 
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1~ Discussion S

The selection of a suitable laboratory anima l for testing the immun-

ogenicity of P. berghei vaccines may determine the success of the study.

The mouse does not seem to have the immunological and physiological abili ty

to control P. berghei •(Krettle and Nussenzweig 1974) and therefore probably

cannot respond well to plasmodial vaccines either. The young adult CDF S

• rat (70-90 g.) which like man can usually control plasmodial infection has

been demonstrated in this stud y to be a good laboratory anima l in which to

evaluate plasmodial antigens. The infection in these animals is sufficientl y

intense that parasitaemias can be used as a measure of the success of immun-

ization , and their immune response is sufficient to elicit an observable level

of protection when appropriatel y stimulat ed. It is also possible to study

the development of the immune response in these rats as their ability to

control their infections increases as they mature.

When the freeze-thawed Plasinodium berghei parasite preparation was used

- as a vaccine without adjuvants there was a demonstratable enhancement of the

• - infection in 40-50 gram rats. In contrast , in- 70-90 and 250-280 gram rats , 
S

the antigen without addition of adjuvant had a demonstratable protective - .

effect although it was slight in the 70-90 gram rats. A study by Gravely,

~~~~~~ (1976) indicated that during infection of weanling CDF rats (40-50 g.)

there is a reduction in numbers of T and B cells and tha t the anima l does not

• have the capacity to mount a successful immunological response to the infection

• and dies of an overwhelming parasitaemia . They also showed that during

infection of adult CDF rats (70-90 g.) the T and B cells proliferate , the

rat develops a successful immunological response, and eventua lly is resistant
S 
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E to the disease. Thus injection of plasmodial antigen into rats causes immun—

ological responses which would be expected from what is known to occur in

the lymphocyte populations of rats which encounter plasmodia l antigen

Jj as a result of infection. . -

The transfer of immune splenic T lymphocytes did not protect CDF

- rats against P. berghe t, although transfer of B cells alone afforded

protection (Gravely and Kr eier , 1976). This indicates the importance of

- 

antibod y in immunity to plasmodia . Thymus-derived (T) lymphocyte stimulation

P may be critical in developing immunologica l protection , but these cells

most likely function in a “helper cell” capacity in antibod y induction

U (Brown, 1973; Gravely and l~reier , 1976) , and are not needed for the

implementation of the developed immunity. It has been demonstrated

- 
(Hamburger and Kreier 1975, 1976) that administration of protective

S antibody affects the duration of the prepatent period and the early stages

• of the infection but has little effect in the later stages and on the

S I -  final result of the infection , probably because the administered ant ibody - -

- is rapidly eliminated. None of the immunization procedures we carried
- 

Out affected the duration of the prepatent periods which indicates that

S I i : litt le or no protective an tibody was in the serum of the immunized animals - .

• at the time of challenge . The differences between the immunized groups

- - and the control groups occurred following challenge and after the primary

p stage of parasltaemia. This indicates that immunization with free parasites

• brought about changes in the cellular components of the immune system

which probably resulted in the development of memory cells. These memory

cells did not start secreting antibody until after they were given an

- additiona l stimulus from the challenge infection . It was thus an

anamnestic response in the immunized rats which controlled the infection. S

147
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[ The enhancement of infection we observed in 40-50 gram rats given

r killed parasite antigen without adj uvan ts indicates that the inability of

the young rat to control malaria is a result of the action •of parasite antigen

on the cells of the young rats immunological system and not just some other

- 
physiological characteristic of young rats such as susceptibility of young

- red cells to parasites as suggested by Zuckerman (1970).

Vaccination of 40-50 gram rats with free parasites without adjuvants

- .  resulted in enhancement of infections . When adjuvant was added , on the

P other hand, the antigen was protective to rats in all weight groups. In

rats given the antigen with adjuvant , infections were milder than in controls ,

and the peak parasitaeinias and patent periods were reduced . The adjuvants 
S

S 
- commonly used in experimental work are the oil and water mixtures such as •

• 
• Freund ’s adjuvant used for experimental malaria immunization by Freund

et .1., (1945, l945a , 1948) , Thomson !t al., (1947), Coffin (1951) , Brown

• et a l ,, (1970), or adjuvant 65 used by Schenkel et al., (1973, 1975).

L The results of these workers experiments were variable but in general would 
S

- indicate that plasmodial antigens in FCA or adjuvant 65 stimulate an
- 

adequate level of protective immunity. Unfortunately FCA and all other

oil based adjuvants are unacceptable for use in humans because of the

- 
abscesses and oil embolisms which often result from their use .

I. When we compared the efficiency of saponin and FCA as adjuvants , we

p 
observed that rats which received free parasites with saponin had as good

or better immunity as rats which received free parasites incorporated into

- 

FCA. Saponin given in the amounts used in this study did not appear to cause

abscesses or other persistent effects but did cause local inflammation . 7~t’
U is possible tha t the cellular infiltration and proliferation associated

I_ ~~~~~S55S 5S 
5
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. 
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- 
with the inflammation which characterizes adjuvant reactions is necessary

1.. to produce the desired immunological response. Saponin , used in this study

S as an adjuvant , has also been reported by other workers to have adjuvant

effects (Richards, 1966; Desovttz , 1975). Our results support those of

Desowits , who reported tha t saponin improves the immunological character-

- 
istics of plasmodial antigens. S

1. The 40-50 gram rats which received red cell membranes with saponin

developed more severe infections than the 40—50 gram rats which received S

red cell membranes without saponin. In the 70-90 gram rats this difference

did not occur. Saponin injection into the young rats thus increased sus-

- 
ceptibi lity to the infection but the antigen in saponin partially reversed

the effect of saponin alone. The amount of saponin given to the small rats

caused quite severe but transitory inflaminations at the site of injectio:’~.

If it entered the circulation it could have caused some hemolysis and a

I - compensatory reticulocytosis which would have increased the rats susceptibility

to infection. The immune response stimulated by the antigen partially

Li reversed this susceptibility. The larger rats with more body mass were

J apparently not affected systemically by the saponin.
S. 

- 
It has been suggested that the immunogenic effect of malarial antigens

- 

may ultimately prove to reside not in a soluble component of the plasmodium

but in a relatively insoluble one (Jacobs 1943). In thi s work we carried 
S

U out several experiments to test this hypothesis. When the freeze-thawed

preparation was separated into soluble and insoluble components by centri—

fugation, protective ability resided in both components. Freeze-thawing

may dislodg, some but not all of the antigens from the membranes. If this

in fact occurs, then antigens capable of stimulating a protective response

149 .
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[ may in fact be membrane associated as suggested by Speer et a l.  , (1976)

and still appear in the soluble component of the freeze-thawed parasites.IS’• The protection stimulating characteristics of the preparation we obtained

[ by washing the free parasites supports more strongly the proposal that a

soluble antigen is important in malarial immunity. Malaria merozoites have

been reported to have a relatively loosely attached surface coat (Miller

- • e~~~~~ , 1975). While we do not yet have any proof that our wash off

-j  preparation is in fact surface coat, the disc gel analysis indicates that

it is largely, but not entirely, a concentrated preparation of at most a

few of the components present In the soluble freeze-thawed parasite 
S

preparation. A surface coat or capsular preparation would be the most

S • likely material to be washed from the parasites by the washing procedure

-; 

- 
we used. 

- S

Antigenic variation has been reported to occur in plasmodia and the

• variable antigen is reported to be associated with soluble antigens,

1! (Brown 1974). The procedures using stabilates for antigen production and 
S

- 
• challenge which we followed in this study were specifically designed to

avoid an effect of antigenic variation upon our test system but will permit

f J~ 
the controlled study of antigenic variation if it occurs. Capsular material

of trypanosomes appears to be the variable antigen (Vickerma n and Luckins

1969; Seed 1972). A surface coat would be an excellent candidate as the

• seat of a variable antigen on plasm odia also. - 

-

• We observed that injection of fresh unbroken parasites emulsified in

I ~~~ appeared to cause an increase in the severity of infection on challenge

- 
of the test rats one week later , but that injection of freeze—thawed parasites

• under the same conditions gave protection. We also observed that unbroken

50
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fresh parasites emulsified in FCA could cause infection. Cohen and his

j
~ 

colleagues (Mitchell et al , 1975) reported that fresh P. knowlesi inerozottes

• in PCA stimulate complete immunity to challenge in rhesus monkeys. Our

immunization was with a single dose and challenge was one week later just

- 
when some of the animals were developing patent infections from the vaccine.

- .  
- . The monkeys which Mitchell et al., (1975) vaccinated with merozoites in

• FCA were given a series of injections over a fairly prolonged period and
- 

could possibly have been preiminunized by the vaccination procedure well

S before challenge .

Only Cohen and his associates (Mitchell et a l . ,  1975) have reported

an anti-plasmodial vaccination procedure which yielded complete protection.

L In our study, as in most other studies, there has been a rt.luction in the

- pathological effects of the disease following vaccination rather than

P absolute protectlen. M~zny have argued that thIs reduced pathological 
S

effect may just possibly be the best available and useful to help combat

- human mal aria (Sthton, 1939; Edozien, 1964; Desowitz et al., 1966). If

complete protection is in fact not possible then the administration of

- 
plasmodial antigens with an acceptable adjuva nt may be justified if it

S 

tides the individua l over the severe clinical attacks following first -

S - exposure while permitting him to obtain treatment or to establish active

-
• immunity to the parasite. 

S

~ii 
- 

-

S 

S 
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Table I
S 

. 
- . S

S - Explanation of Symbols -

S F—T Freeze—thawed free parasites

S RCM Red cell membranes
- 

; Fr Freshly prepared free parasites

S.F. Free parasites which had been stored frozen

i Insoluble components of freeze-thawed free
S parasites S

S Soluble components of freeze-thawed free

S 
parasites S

- 

- 
- 

UnD - 
Unbroken free parasites

‘
I F~T-W Un2ract Loriated fresze-th:wcd free parasites

S SC Material washed from the surface of the unbroken
L. - free parasites 
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t i: 
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- Table ll - -

S 

Relative mobilities of protein bands in a preparation washed from
- 

- 

free parasites (left) or extracted from free parasites by freeiing and
• thawing three times (right).

i i  Wash Of f Preparation ~~eeze-thawed Parasites (Kreier

- 
et al.,197i

0 0
S 
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12. 12
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20. 22
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25
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56. 2 one thick band* 56
- 

5 - 60. ) 60
63. 63

— 71
78. 
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S j  List of Figures 
5 -

~~~
- Figure 1 

- - -

‘ h S 
-

The rela tionship of antigen dose to immunological response in weanling

(40—50 g.) and young adult (70-90 g.) rats. A) The course of parasitaemia

following challenge in 40-50 gram rats given four injections of various

S numbers of small free plasmodium berghei parasites (F L) without adjuvant.

- 

B) The course of parasiteemia following challenge in 40-50 gram rats

given four injections of various numbers of small free Easmodium berghei 
S

parasites (F P,) with saponin. C) The course of parasitaemia in 70—90

- gram rats given four injections of vsr ious numbers of small free parasites

-(F.P.) without adjuvants. D) The course of parasit-aemia in 70-90 gram rats

- 
given four injections of various numbers of small free parasites (F.P,)

with saponin. The control rats received red blood cell membrane antigen

- (RBCM) in a value equal to the volume of parasites given to the immunized

rats. All free parasites were freeze-thawed three times before injection.

1 Figure 2 -

jj The relationship between parasitaemia following challenge and time S 

- .

after immunization at which challenge takes place . The figure shows the 
S

S course of paraaitaemia after challenge in 70-90 gram rats given a single
freeze—thawed - S

dose of 5 x-l08’free parasites (F.P.~ with or without saponin and challenged
- at one week (A and B) 2 weeks (B and F) four weeks (C and C) or eight

weeks (D and H). Each challenged group had its corresponding control group

which received red blood cell membranes (RBCH) .’ -

• 
.

. 
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-
- Figure 3 .

Comparison of the immunogenicity of freshly prepared free parasi te -

antigen (Fresh F.P.) and free parasite antigen which had been stored frozen

L (F.P. stored frozen) for two weeks. The control group received red blood 
S

- 

cell membranes (RBcM). The test rats weighed 250—280 grams and no adjuvant

- 

was added to the parasite preparati on. The free parasites were freeze-thawed

three times before injection.

Figure 4

Effect of maturity of the rat upon immunization. The course of

parasitaemia in 40—50 gram rats given four injections 5 x io8 free parasites

- (F.P .) or red blood cell membranes (R.BCM) with out (A) or with (D) saponin S

[ (A and D). The course of parasitaemia in 70—90 gram rats given four

- injections of 5 x 10 free parasites (F.P.) or red blood cell membranes

(RECH) without (B) or with ~E) saponin (B and F~). The course of parasitaemia

in 250-280 gram rats given four injections of 5 x io8 free parasites (F.?.)

or red blood cell membranes without (C) or with (F) saponin (C and F).

All parasites were freeze-thawed three times before injection .

S Figure 5 -

I Comparison of the relative effects of saponin (A) and Freund ’s S

Complete Adjuvant (FCA ) (B) on the immune response. These 70-90 gram rats
S 

8
freeze— thawed

S received either four injections of 5 x 1.0 /free parasites (F,?,) in sapontu

I - , or tfl FCA. The control animals received four injections of red blood cell 
- 

S

• s ~s~iibranes (R3ai) with the appropriate adjuvant. 
-
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Figure 6

Comparison of the relative immunogenicity of the soluble (Soluble S

V .P .) and the insoluble (Insoluble F .P .) component s of freeze-thawed free

parasites. The positive control rats received one injection of unfraction—

ated material from 5 x 10
8 
freeze-thawed parasites (F5P.) while the negative

control rats received red blood cell membranes (RBcM) . S

Figure 7

Comparison of the relative inwiunogenicity of whole unbroken (Unbroken

V.P.) and freeze—thawed (Broken F.~ .) free parasites. The antigens were

injected with saponin (A) or with FCA (B). Control rats received red blood

cell membranes (RBCM) in the appropriate adjuvants.
I

S Figure 8 - 

S 

S

Disc gel electrophoresis patterns obtained with the soluble portions

of freeze-thawed free parasites (left column) and of the soluble material S

washed from free parasites (right column).

r Figure 9 
S 

S

comparis on of the immunogenicity of an antigen washed from the surface

of free parasites (wash off antigen) to tha t of the unfractionated parasite

antigen (V.P.). The control rats received red blood cell membranes (RB CM). S
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