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PROTECTION OF ATHYMIC (NU/NU) BALB/c MICE AGAINST PLASMODIUM
BERGHEI BY SPLENOCYTES FROM NORMAL (NU/+) BALB/c MICE (*)

José J. FERRARONI (1,2), Thomas G. DOUGLASS (2) and Clarence A, SPEER (2)

SUMMARY

Athymic BALB/¢ (Nu/Nu) mice died at 7-12 days after incculation (DAI) of
Plasmodium berghei NKG65, whereas their heterozygous (Nu/+) littermates died
at 7-8 DAI, Nude (Nu/Nu) mice, reconstituted with 2 x 107 splenocytes from unin-
fected heterozygous (Nu/+) littermates at 20 days before parasite inoculation
(DBI), died about 2 days earlier than control nude mice; nude mice reconstituted
at 10 or 2 DRI lived 2 to 4 days longer than control nudes; and nude mice re-

.constituted 2 DATI lived even longer and some survived. These findings indicate

that P. berghel NK65 induces at least two T-cell dependent immune phenomena,
one suppressive and the other stimulatory, Reconstitution of nude mice with
T-cells from BALB/c (Nu/+) mice appeared to reduce or bypass suppressive T-cell
activities which allowed the formation of a protective immune response by some
of the nude mice. ‘

INTRODUCTION

UDC -616.993

Several species of rats and voles serve as

hosts for the NK65 sirain of Plasmodinm ber-

ghei in which the infection is rarely fafal215,
However, the NK65 strain of P. herghei has
been found to be 100% lethal for all strains
of laboratory mice tested to date13.25.26,27.33,37,
Long lasting immunity to P. berghei NK65 has
been achieved only by using parasite inoculation
and ' drug cure (ELING; FERRARONI &
SPEER)$1,  Tymphocytes from such solidly
jmmune animals are capable only of transier-
ring some degree of resistance to P. berghei
(FERRARONI & SPEER) 2, Acquired resistan-
ce to plasmodia has been shown to depend upon
both bone marrow and thymus-derived lym-
phocytes 3. However, in g preliminary study we
found that naive athymic nude mice inoculated

with P. berghei NK65 survived significantly lon-
ger than their hirsute (Nu/J-) littermates. Re-
cently, WAKI & SUZUKI® were able to abro-
gate resistance to P. berghei NK65 by reconsti-
tuting athymic nude mice with thymocytes at
three weeks before parasite inoculation.

It is still not known how soon after re-
constitution by thymocytes that athymic mice
become immunologically competent. The effects
of reconstitution on both humoral™ and cell
mediated ¥-2 immunity have bheen determined
only for three or more weeks after thymic im-
plantation or injection of thymocytes.

In order to determine the efficacy of ma-
ture lymphocytes upon P. berghei infections in
athymic nude mice, splenic lymphocytes and
culture-derived spleen cell supernatants from

(*) This study is bhased on a dissertation submitted by J. J, Ferrargni to the Graduate School of the University of
Montana in partial fulfillment to the requirements for the Doctor of Philosophy degree
(1) Universidade do Ammazonas/CNPy, Campus Universitdrio, Departamento de Palologia — ICB — 69.000, Manaus, Ama-

zonas, Brasil

(2) Depariment of Microbiology, University of Montana, Misscula, Montana, 59812 — USA
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naive heterozygous (Nu/+) mice were adopti-
vely transferred to nude mice at various inter-
vals before or after parasite inoculation. The
results obtained from these studies are report-
ed herein,

MATERIJIALS AND METHODS

Animals — Congenic athymic nude (Nu/
Nu) BALB/c mice and their hirsute (Nu/+)
littermates were raised in the Microbiology De-
partment animal facility at the University of
Montana. All mice were 8-weeks-old at the beg-
inning of each experiment, except for experi-
ment No, 3 in ‘which the athymic mice were 5-
weeks-0ld. Mice were kept in covered cages
with sterile sawdust and fed sterile mouse lab
chow ad libifum. Tetracycline (5mg/1) in ste-
rile water was given ad libitum: to the mice un-
til 10 days before parasite inoculation. Swiss-
Webster outbred mice served as hosts for pa-
rasite maintenance. The University of Montana
BALB/c athymic mouse colony and Swiss'Web-
sier mice were originally obtained from the Na-
tional Institute of Allergy and Infectious Disea-
ses, Rocky Mountain Laboratory, Hamilton, MT.

Parasite, Plasmodium berghei NK65 was ori-
ginally obtained from the University of New
Mexico, Albuguergue, NM, and had bheen main-
tained by weekly blood passages in Swiss-Web-
ster mice for 5 yr before being used in this
study. Parasitized blood was obtained from
Swiss'Webster or BALB/c mice and washed 3
times in phosphate buffered saline (PBS) at
4°C 'without anticoagulant. All mice were inject-
ed intraperitoneally (IP) with 107 P. berghei-
infected erythrocytes. The interval between
bleeding donor mice and inoculating the infect-
e blood into recipient mice was less than 40
min. The parasitemia was determined for
sach animal by microscopic examination (oil
Immersion lens) of cells in peripheral blood
smears stained with Giemsa.

Splenocytes — Spleens were removed asep-
tically from 8 to 10 week-old donor BALB/c
(Nu/+) mice and forced through a 60-mesh
stainless steel screen into Minimal Essential
Medium (MEM, Gibeo, Santa Clara, CA), pH 74,
containing 100 pg/ml (w/v) streptomycin sul-
fate and 100 U/ml (w/v) potassium penicillin
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(. After allowing the tissue debris to settle for
10 min, the cell supernatant 'was removed and
washed three times with MEM. Erythrocytes
were lysed with 0.15 M ammonium chloride,
alter which the remaining nucleated cells were
washed three times in PBS. Nucleated cells less
than 10 am in diameter were found to be 96%
viable as determined by trypan blue exclusion.
Each recipient animal was injected IP with 0.2
ml MEM containing 2 x 107 viable splenocytes.

In order to compensate for two major va-

. riables (i.e., splenocytes and parasite inocula),

two cell transfer experiments ‘were performed.
In the first experiment, gll animals received
splenocytes from the same preparation, whe-
reas fresh inocula of P. berghei were obtained
from mice at the time of each parasite inocu-
lation. Nine groups of 6 mice each (3 males
and 3 females) were used. Groups 1-6 and 7-9
were BALB/c athymic (Nu/Nu) and BALB/c
\Nu/+), respectively. Groups 1-5 received sple-
nocytes at 20, 10 or 2 days before parasite ino-
culation (DBI), at the time of parasite inocu-

lation (DOI), or 2 days after parasite inocula-

tion (DAI), respectively. Splenocytes were given
to group 7 two DAI and to group 8 at DOIL.
Groups 6 and 9 received no splenocytes and
served as controls.

In the second experiment, all animals were
inoculated with the same parasite preparation,
whereas splenocytes were obtained from mice
at the time of each cell transfer. Four groups
of 7 BALB/¢c (Nu/Nu) mice (4 males and 3 fe-
males) were used. Groups 1-3 received spleno-
cytes at two DAIL, one DAI or at DOI, respec-
tively. Group 4 received no splenocytes and
served as a control.

Splenocyte supernatants — Three fypes of
splenocyte supernatants (SCS 1, 2 and 3) were
obtained as follows. REight hundred million
splenocytes suspended in 50 ml MEM contain-
ing 5% fetal calf serum (FCS) were inoculated
into each of three 32 0z Brockway culture flasks
and then incubated at 37C, 5% CO,, 95% air.
Spleen cell culture No. 1 was cultured 24 h in
the presence of 5 pg/ml Concanavalin A (Con
A, Sigma Chemical Co., St. Louis, Mo.); after
24 h incubation, 5 pg/ml Con A were added to
culture No. 2; culture No, 3 was incubated 24 h
without Con A. After incubation, the superna-
tant was removed from each culture flask, cen
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trifuged at 450 g for 5 min, dialized 16 h at 4°C
in 75 1 distilled water and then concentrated o
20 times by 6 h of evaporation dialysis.

Each raouse in three groups of 5 BALB/c
(Nuw/Nu) mice was injected IP with 0.5 ml
"SCS 1, 2 or 3 (approximately the amount deri-
ved from 2 x 107 splenocytes) at two IDAI of
P. berghei, One group of 5 BALB/c (Nu/Nur
mice served as an untreated control.

In order to determine the efficacy of nude
and heterozygous mice to clear parasites from
their peripheral circulation, 05 ml of blood
containing 2.5 x 107 P. berghei-infected red
blood cells was injected iniravenously into
each of two nude mice and two heterozygous
mice. The parasitemia of each animal was de-
termined by microscopic examination of blood
smears stained with Giemsa at varying inter-
vals, starting at 2 min and ending after 18 hs.
Significant differences among various experi-
mental groups were determined by the Stu-
dent’s t-test at P values of — 0.05.

RESULTS

Course of P. berghei infection — Figure 1
shows the mean daily parasitemia (MDP) up
until the time of death of BALB/c athymic
mice inoculation with P. berghei at various
times relative to their receiving 2 x 107 spleno-
cytes from the same splenocyte preparation.
Table I gives the mean day of death (MDD)
and the mean parasitemia the day prior to
death. Because two of the athymic mice in the
group which received splenocytes 2 DAT sur-
vived and their parasitemia never exceeded 1%
{(Table III), they were not included in Fig. 1.
The MDP and the MDD of the athymic mice
which received splenocytes 20 DBI did not differ
significantly from those of control nude mice.
In the other groups, there 'was a diregt corre
lation between. the beneficial effects of sple-
nocytes and the time of splenocyte transfer re-
lative to time of parasite inoculation {Fig. 1).
The MDP rose slower and the mice survived
longer in nude mice which received splenocytes
at 10 DBI, 2 DBI, DOI and 2 DAI than in con-
trol mice. Splenocytes given 2 DAI caused rmore
delay in rise of parasitemia as well as in day
of death. It was In this group only that animals
survived.

TABLE 1
Plasmeodinm berghei infection in athymic BALB/c (Nu/Nu)
mice with or without reconstitution with splenoccytes from
BALE/c (Nu/+4) mice, from the same splenocyte prepsrafion

Mean % par.

Nurnber of Mean asitemnia,
Day of splenacyle surving day of day prior
Group! inoculation animals death  to death
1 20 DB1 0 1 7.2
2 10 DBI i} 13 43.5%
3 2 DBI 0 15 3.5
4 DOI 0 19 80.5
5 2 DAI 2 21 79.32
8 ® 0 11 76.0

1= 6 rmice per group

2 =} death not due to the malarial infection
* = Controls received no splenocytes
DAI == Days after parasite inoculation

DRI = Days before parasite inocuiation

DOI = Day of parasite inoculation

Figure 2 shows the MDP until the time of
death of nude and heterozygous (Nu/+) mice
which were infected with the same inoculum of
P. berghei but which received splenocytes from
different preparations at the same time of one
Or 2 DAIL Table II gives the MDD and the mean
parasitemia the day prior to death for the sa.
me mice, No significant differences were gbser-
ved between control heterozygous (Nu/-+) mice
and heterozygous mice that received splenccy-
tes (Tahle I). Heterozygous mice always suc-
cumbed earlier with a lower parasitemia than
nude mice. Because four of the nude mice
which received spleen cells 2 DAI survived and
their parasitemia never exceeded 1% (Table
1II), their MDP was not included in Fig. 2. As
noted in the previous experiment, a direct cor-
relation existed between the benificial effect of
the time of splenocyte transfer and the time of
parasite inoculation. The greatest beneficial
effect was observed in those mice that receiv
ed splenocytes at 2 DAI; their parasitemis re-
mained relatively low (<5%) for 17 DAI and
then Increaséd to > 85% by 27 DAI, which
was dlso thg" MDD.

Table 1I1 gives the individual daily para-
sitemia of mice which received splenocytes 2
DAI in experiments 1 and 2. In experiment 1,
parasites were present in the peripheral blocd
of all mice (except mouse No. 2) from day
six until death- or resolution of the infection.
In experiment No, 2 parasites were usually not
observed at 9 to 17 DAI after which parasites

305



FERRARONI, J. J.; DOUGLASS, T. G. & SPEER, C. A. — Protection of athymic (Nu/Nu) BALB/c mice against Plas-
modiom berghel by splenocyies from normal (Nu/+4) BALB/¢ mice. Rev. Inst, Med. trop, Sfo Paule 27:303-311, 1985.

Q0 —-]
80
70
<
= 60 .
Lel
=
2 50
x
&
40 4
'-..
=
3 30 ~
x & splenocyies 20 DB
E () control, no spienocytes
20 @ splenccytes on 10 DBI
O splenocytes on 2 DBI
A splenccytes on DOl
10 M splenccytes on 2 DAl
G- 1 T T 1
3 4 5 10 15 20 23

DAYS AFTER INOCULATION

Fig. 1 — Mean daily parasitemia of BALB/c (Nu/Nu) and phenotypically normal (Nu/4-) niice
inoculated with 10° P, berghei-parasitized erythracytes from different sources and splenocytes from

the sawme preparation from BALB/c {Nu/4) mice;

A, received spienocytes 20 DBI; (O, conirol,

received no splenocytes; @, received splenocytes 10 DBI; {J, received splenocytes ¢ DBI; A TE

ceived splenocytes DOT;

TABLE II
Plasmodium berghei infection in BALB/¢ (Nu/Nu) and
(Nu/+) mice given spienocytes from (Nu/4) mice at the
fime of or at 1 or 2 days affer parasite inocculation. AR
animals were inoculated with the same parasite preparation

Mean % par-

Day of Mean  asitemnia

Mouse spieen cell  Animal day of day prior

Group! Genotype inoculation survival death to death
1 (Nu/Nu) 2 DAl 4 7 85.0

2 ” 1 DAL 0 17 85.0

3 " DOI 0 15 84.5
4 " > 0 i1 85.7
B (Nu/4) * 0 8 56.0

R i 2 Dal 0 8 62.0

-

= T miee per group

»

= Controls received nha splenocytes
DAI = Days after parasite inoculation
‘DOT = Day of parasite inoculation

reappeared in the peripheral blood. After the
parasifes reappeared in the blood, the infection
proceeded until the mice died or the infection
was resolved.
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=, received splenocytes 2 DAIL

Figure 3 shows the MDP of nude mice that
received SCS 2 DAI of 107 P, berghei-parasitized
erythrocytes. No significantly differences occur-
red between the groups of nude mice which
received SCS 1, 2, or 3 and the control group.

The heterozygous mice were more effica-
cious in removing infected red cells from their
peripheral circulation than nude mice (Table
IV).

DISCUSSION

WAKI & SUZUKI*® found that athymic nu
de (Nu/Nu) mice infected with P. berghei NK65
survived significantly longer than their hirsute
(Nu/+} littermates. They also found that the
survival time of nude mice that had been re-
constituted with neonatal thymocytes from hir-
sute mice three weeks before parasite inocula-
tion was not significantly different than that
of their thymic competent littermates. DBased
upon these observations, these authors suggest:
ed that nude mice lived longer during a P.
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TABLE III

Individual daily Parasitemia of athymic (Nu/Nu) BALB/¢ mice which received 2 x 10" splenoccytes from

rozygous (Nu/4) BALB/c mice iwo days after inoculation with Plasmedium berghei

normal hete-

g Drays after parasite incculation
-
g 2 8 7T 8 9 1 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
-
B 1 1(*y 2 5 11 14 17 21 29 33 36 40 49 58 69 M —(**) — — — —_ - — ——
g 2 0 /S U U S SR A S § .1 1 A1 A1
g 3 1 1 1 2 8 5 B —(*) — — — — . . — _ — — — _— _
% 4 1 111 1
H 5 1 1 1 2 5 711 14 20 27 34 29 46 52 63 68 B =) — — — —
] 1 3 5 8 11 13 20 27 31 37 43 39 53 56 T0 76 81 85 —(**) — — — —
= 1 109 .1 1 .8 15 27 39 48 60 79 75 B0 85 —(*?)
g 2 3020 3 42 50 59 68 8 84 —(**)
3 2 1 1 8 .8 5§ 3.2 .2 11
E 4 1 1 1 1 2 1 17 26 34 45 53 67 73 79 86 —(**)
E 5 1 5 1 .5 2 4
z 8 1 201 1 1 T B |
% 7 1 1
) .
(*) Percent parasitemia
(**) Day of death i
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Fig. 2 — Mean daily parasitemia of BALB/c nude mice which received splenacytes from different heterozygous

BALB/c (Nu/4) sources after inoculation of 107 P. herghei-infected erythrocytes.
no splenccytes; A, control heterozygous (Nu/+) mice, received no splenocytes; [, BALB/c (Nu/+) mice re-
ceived splenocytes DOT; 4, nude mice received splenceytes DOI; g, nude mice received splenocytes 1 DAL

nude mice received splenoeytes 2 DAL

), control nude mice, received

berghei NK65 infection because they lacked a cate that there is no immunopathologic respon-
T.cell.dependent immunopathologic response. se associated with mature splenic derived T-cells

The results obtained in the present study indi- in mice infected with P. berghei NEKG5.

We
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TFig 3 — Mean daily parasitemia of BALB/c nude mice receiving splen cell supernatant {(SCS) from
splenocytes of BALB/¢ (Nu/+) mite with or without ConA and inoculated with 10° P. berghei-
perasitized erythrocytes 2 DAI. @, control, no SC8; (O, SCS; A, from splenocytes cuitured in
presence of ConA for 24 hr; {1, SCS from splenocytes cultured for 24 hr and then treated with Cona

TABLE IV

Clearance of FP. berghei — infected erythrocyles from the
btood of (Nu/Nu} and (Nu/) BALB/c mice at 2 io 1080
min after intravenous inoculation of 2.5 x 107 infected

erythrocytes
Time in min (Nu/Nuy (Nu/4)

2 0.12 0.11
15 0.10 0.05
45 0,12 0.05
90 0.08 0.02
120 0.10 0.00

240 0.11 0.005

360 0.17 0.004

1080 0.54 0.002

(1} Number represents mean of percent parasitemia

found that nude mice reconstituted with sple-
nocytes at 20 DBI showed no benificial or harm-
ful effect and that those reconstituted at 10 or
fewer DBI or at 2 DAI showed a decrease in
onset of parasitemia and an increased survival
tirne, and some mice even survived. Reconstitu-
tion with neonatal thymocytes probably provi-
des a greater number of T-cell recognition and
effector functions than reconstitution with sple-
nocytes. Reconstitution of nude mice with thy-
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mocytes at three weeks before inoculation
may allow sufficient time for the develop-
ment of suppressor T-cell activity. Splenocy-
tes may lack a full complement of T-cell subsets
necessary to generate suppressor T-cell activity
of a magnitude similar to that obtained by thy-
mocyte reconstitution as observed by WAKI &
SUZUKI ®. Thus, P. berghei appears to induce
at least two T-cell dependent immune phenome-
na, one suppressive and the other stimulatory.
Reconstitution of nude mice with splenocytes
from phenotypically normal heterozygous mice
appears to reduce or bypass the suppressive T-
cell activities which allows the formation of a
protective immune response to P. berghei by
some of the nude mice.

Several mechanisms are probably involved
in the ahbility of splenocytes from thymic com-
petent mice to protect nude mice against P.
berghei NK65. Macrophages of nude mice have
a greater capacity to phagocytose and kill
certain viruses, bacteria and yeasts than ma-
crophages of thymic competent mice (CAU
LEY & MURPHY+ CHEERS & WALLERS
EMMERLING ef al.?9; FAUVE & HEVINID,
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MONGENSEN & ANDERSEN?2; NICKOL &
BONVENTRE 2; ROGER et al.), However,
enhanced activity by the reticuloendothelial
system (RES) does not appear to be respon-
sible for the increased survival time and pro-
tection against Plasmodium and Babesia by
mice that had received Bacille Calmette-Gue-
rin (BCG) or killed Corynebacterium parvun
(BAZAR-MALIK !, CLARE et al.§; CLARK,
COX & ALLISONT7, MURPHY Z: NUSSENZ-
WEIG?#; SMRKOVSKI & STRICKLAND ),
In the present study, nude mice did not clear
malarial parasites from their peripheral blood
as rapidly as thymic cormapetent mice. Thus,
the delay in onset of parasitemia in nonre
constituted nude mice does not appear to be
due to enhanced activity of the RES,

Recently, WAKI & SUZUKI¥ reported
that nude mice infected with P. berghei and
cured by pyrimethamine primed the animals
so that a secondary antibody response was
elicited upon parasite challenge. They conclud-
ed, therefore, that at least one parasite anti-
gen 'was thymus independent and that primed
B-cells were the dominant cells generated dur-
ing a primary infection in nude mice. However,
B-cells can be primed by thymus dependent
antigens in the absence of T-cells®. Immune
serum from mice driven to immunity by re-
peated cycles of P. berghei infection and Fan-
sidar cure (pyrimethamine + sulfadoxine) has
been found to suppress parasite development
in naive mice, but only if administered on a
daily basis (FERRARONI & SPEER) 12

Two lines of evidence indicate that anti-
body is probably not involved in the anti-
malarial protection of nude mice reconstitut
ed with normal splenocytes. First, WAKI &
SUZUKI¥» found that nude mice immunized
against P. berghei were not protected against
parasite challenge even though they developed
significant levels of parasite-specific anti
bodies. Second, we found that the nude mice,
which had been reconstituted with splenocy-
tes and survived a primary P. berghei infec-
tioh, succumbed to a challenge inaculation 40
days later (about 10 days after parasite clea
rance of the first inoculation), Thus, such re-
constituted nude mice evidently have no me-
mory of their earlier infection snd the factors
involved in the elimination of the parasites in
the primary infection are short-lived.

Certain investigators 15,16,17,3541 have - sug-
gested that interferon or interferonlike subs-
tances may be responsible for the enhanced
resistance to blood protozoa by animals treat-
ed with various nonspecific immunopotentia-
tors such as endotoxin, statolon, polyriboino-
sinie acid, New Castle Disease virus (NDV)
and BCG1,6,7.16,17,24,30,81,34,36, JAHTEL ef al 16
found that interferon inducers provided mice
with some degree of protection against P. ber-
ghei and were able to detect inferferon in the
serum of mice infected with NDV or treated
with statolon. Nude mice are usually infected
with mouse hepatitis virus® and presumably
support low grade chronic infections with
other viruses as well as bacteria. Mature
T-cells primed by interaction with various in-
fectious agents already in the nude mice may
result in the production of substances which
would nonspecifically protect the host against
P. berghei. Because we found that the protec
tion afforded by splenocytes was shortlived,
interferon does not appear to be the substance
respongible for protecting nude mice against
P. berghei. However, a shortlived substance
prossessing activities similar to those of inter-
feron might have been provided to the nude
mice by splenccytes from thymic competent
mice. The lability of such an interferon-like
substance may account for the fact that the
greatest degree of protection of nude mice
against P. berghei was obtained when spleno-
cytes were transferred 2 DAI of P, berghei.

During the ontogeny of the immune sys
tem the ability to suppress a specific immu-
ne response usually develops affer the ability
to respond to specific antigen®. In addition,
soluble T-cell suppressor substances are usual-
ly not produced for about 48 h following the
interaction of T-cells with specific antigen,
whereas T-cell helper substances are known to
be produced as early as 12 h1%32, A greater de
gree of protection was obtained in nude mice
that received splenocytes at or one and fwo
days before parasite inoculation {present stu:
dy). This indicates that helper T-cells may
play an important part in the resistance of
splenic reconstituted nude mice to P. herghei.

RESUMO

Protecio de camundongos atimices BALB/c
(Nu/Nu) contra Plasmodium berghei por
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esplendeitos oriundos de camundongos
normais BALB/¢ (Nuw/+)

Camundongos atimicos BALB/c (Nu/Nu)
sucumbem entre 7-13 dias apds a inoculagio
(DAL) da cepa NK65 de Plasmodinm berghei.
Todavia, seus  singenéicos heterozigotos
{Nu/4) morrem em -7-8 DAI. Camundongos
nude (Nu/Nu) reconstituidos com 2x107 esple-
nocitos de camundongos heterozigotos singe-
néicos normais ndo infectados (Nu/+) 20 dias
antes da inoculagio a (DBI) do parasita, su-
cumbem 2 dias anftes gue os animais controles.
Camundongos nude reconstituidos 10 ou 2
DEBI, vivem 24 dias a mais gue 05 animais
controles e alguns deles sobrevivem. Hsses
achados indicam gue a cepa NK65 de P. ber
ghei induz, no minimo, dois imunofendmenos
dependentes de linfécitos T; um supressivo e
outro estimulatério. A reconstituigio de ca-
mundongos nude com células T de camundon-
gos BALB/c (Nu/+) parece reduzir ou “By-
pass” a atividade supressora das células T, ©
qual leva & formagio de uma resposta imune
protetora por alguns dos camundongos nude.
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