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Immunity to Plasmodium yoelii and Babesia microti:
modulation by the CBA/N X-chromosome*

ANIL N. JAYAWARDENA' & JoHN D. EMP 2

CBA/N mice carry an X-linked recessive defect expressed in cells of the B cell lineage.
The major deficiency in these mice is an almost complete inability to respond to certain
thymus-independent antigens, such as pneumococcal polysaccharide type III (S III). We
have examined the responses of mice carrying the CBAINX-chromosome to the malaria
parasite Plasmodium yoelii and thepiroplasm Babesia microti. We havefound that the dur-
ation and severity of these infections is increased in mice carrying the CBA/NX-chromo-
some and that this is associated with a markedly defective IgM antibody response to the
parasitized red cell and a failure to produce autoantibodies to bromelain-treated mouse
RBCs. An autoimmune response directed at modified determninants on the red cell mem-
brane may be one of the factors involved in the control of these infections.

CBA/N mice carry an X-linked recessive immuno-
logical defect characterized by a reduction in the
number of splenic B cells, low serum IgM levels, and a
failure to respond to certain thymus-independent anti-
gens, such as pneumococcal polysaccharide type III (S
III), polyinosinic-polycytidilic acid (poly I-poly C)
and dinitrophenol-lysyl-Ficoll (DNP-Ficoll) (1-4).
These mice do, however, make substantial responses
to T-dependent antigens, such as trinitrophenylated
sheep red blood cells (TNP-SRBC) (4), and the par-
ameters ofT cell (3) and macrophage function (5) that
have been examined so far have been found to be nor-
inal. The primary immune defect in these mice appears
to reside in ceUls of the B cell lineage and is thought to
reflect incomplete maturation and/or differentiation
of certain B celU subsets (6). We are at present
examining the responses of these mice to certain para-
sitic infections in which B cell-mediated responses
appear to play a role in the development of resistance
to the parasite or contribute to the immunopathology
of the disease. This report is concerned with the res-
ponses ofmice carrying the CBA/NX-chromosome to
the protozoan parasites Plasmnodium yoeiii and
Babesia micro ti.
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MATERIALS AND METHODS

Mice
Homozygous CBAIN mice were originallyobtained

from the National Institutes of Health and have been
maintained at Yale by Dr R. K. Gershon. F, crosses of
CBA/N females witb either BALB/cJ or C57BI/6J
males were used to produce the defective F, male mice
and the reciprocal crosses BALB/cJ or C57B1/6J
females x CBA/N males were used to produce normal
F, male mice, which served as controls. The mice used
in these experiments were 10-15 weeks of age. All mice
in any particular experiment were age matched.

Parasites and estimationt ofparasitaenzia
The 17 X strain of P.yoelir and King's strain of

B. miicroti were used in these experiments. The infec-
tive inocula were prepared by the methods described
previousJv (7). Percentage parasitaemia was estimated
from Giemsa-stained thin blood films. Estimates of
mean parasitaemia wvere based on groups of 5 or more
mice.

Fluorescent antibody titration

Fluoreseent antibody determinations were carried
out on serum pooled from groups of 5 mice using the
indirect fluorescent antibody method for malaria
parasites as described by Vollei (8). Goat antimouse
IgG,, IgG2, and 1gM sera conjugated with fluorescein
isothiocyarate were obtaincd from Meloy Labora-
tories.
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Fig. 1. Mean percentage parasiteemiss In normal (solid line)
and defective (broken lineW mice infected with 104 P. yoe/ii-
parasitized RBCs intraperitoneally. Each group consisted of
5 mice. (CBA/N x BALB/cJ) Fl hybrid mice were used.

Plaque-forming cells to bromelain-treated
mouse RBCS

Assays for plaque-forming cells to bromelain-
treated mouse RBCs were carried out according to the
method of Cunningham (9). Briefly, mice were bled
into Alsever's solution and the red cells washed 3 times
in phosphate-buffered saline (PBS). The washed
RBCs were incubated at 37 °C for 30 min as a 50'o sus-
pension in PBS wvith bromelain at a final concen-
tration of 10 mg/mil. After incubation, the cells were
washed 3 times and used as target cells in a plaque-
forming cell assay (10) against spleen cells from
normal or infected mice. The results are expressed as
the number of plaque-forming cells (PFC) per spleen.
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The kinetics of infection
The course ofa typical P. yoeii infection in normal

(BALB.cJ female x CBA/N male) male F1 mice is
shown in Fig. 1L The pattern ofinfection in normal F,
males in this experiment was essentially similar to that
observed im normal CBA mice (7)-peak parasit-
aemias of 10% being observed around day 11 and
complete clearance of the blood parasitaemia being
achieved by day 17. In "defective" (CBA/N female x
BALB/cJ male) F1 male mice, parasitaemias in-
creased progressively until day 14, stabilized at this
level for 5-6 days, and were cleared only on day 24.
This experiment has been repeated in the same and in
other F1 hybrids several times. While some variation
in the intensity and duration of infection has been
observed in individual experiments, the increase in
severity and prolongation of infections in defective
male F1 mice has been a constant fiding.
The course of B. microti infections was also sub-

stantialy altered in mice carrying the CBA/N X-
chromosome (Fig. 2). While normal mice resolved
their primary infection within 30 days, in defective
mice infections were considerably more severe (up to
90o RBC parasitized on day 13), and in the primary
phase of infection parasites were detected in blood

I smears up to day 44. When these mice were checked 6
weeks later, a defimite recrudescence of infection was

I observed in the defective mice (Fig. 2), while in the
normal group only occasional parasites were detected
over a 40-day period of observation (parasitaemias in
normal mice <0. I%). Hence, while normal mice
appear to be able to control a B. microti infection

i effectively, the same parasite induces a chronic infec-
tion in defective mice with repeated waves of para-
sitaemia.
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Fig. 2. Mean percentage parasitaemias in normal (solid line) and defective (broken line) mice infected with 10' B. microti-
parasitized RBCs intraperitoneally. Mean parasitasmias are based on data obtained from two separate experiments. Each
group consisted of 4 mice in both experments. (CBA/N x CB7BI/BJ) Fl hybrid mice were used.
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IMMUNITY IN CBA/N MICE

Fluorescent antibody levels

In addition to examining the kinetics of primary
P.yoeiii and B. nicroli infections, antibody pro-
duction against parasitized RBCs was measured by the
indirect fluorescent antibody test (Tables 1 and 2). In
both P. yoeiii and B. microti infections tlhe most
striking difference between the normal and defective
groups was the failure of defective mirce to elicit an 1gMl
response comparable with that observed in normal
mice. Significantly, in both situations substantial IgM
responses were observed at about the time the infec-
tions were cleared. lgG, and IgG2 levels were also
somewhat lower in the early phase of these infections,
but the production of these immunoglobulin classes
was less strongly affected than that of IgM.

Table 1. Fluorescent antibody levels (expressed as the recip-
rocal of the last dilution showing positive fluorescence) in
normal and defective mice infected with P. yoelii

IgG, IgG; Tgm
Day

Normal Defectie Normal Defective Normal Defectiv
6 - - a 8 256 8

11 612 256 2048 1024 512 8

21 102-4 1024 4098 4096 128 64

- - na antibody detected

Table 2. Fluorescent antibody levels in normal and defective
mice infected with B. microt;

luG, IgG: lgm
Day

Normal Detactive Ncmrrial Derective Norrmal Defective

5 - - 64 16 128 16

9 32 16 256 64 256 32

16 1024 1024 2048 2048 1024 64

23 1024 512 2048 2048 1024 64

44 512 1024 2048 2046 512 512

Anti-erythrocyte cuwtoantibody production

NWe also evaluated the ability of normal and defec-
tive mice infected with P. yoelii or B. inicroti to pro-

duce autoantibodies to bromelain-treated mouse
RBCs using a direct plaque assay(9). A comparison of
PFC responses on day 9 of the infection is shown in
Table 3. Detailed kinetic analyses of these responses

Table 3. Direct PFC/spleen against bromelain-treated
mouse RBCs in normal and defective mice infected with
P. yoelbi and B. microti (day 9 of infection)

Group P0C/splen

Norral uninfected 700

Defecive uninfected 0

Normal P yo4iinfecLed 4200

Defective P yoe, inftected 200

Normal S. 'nlc,om infected 4500

Defective S. m-rot: infected 0

will be reported elsewvhere (Jayawardena et al., unpub-
lished results, 1978). As is evident, normal mice
showed a several-fold increase in PFCs after infection
with either P. yoeii or B. microti. Uninfected defective
mice showed no "background" response to bro-
melain-treated mouse RBCs and even after infection
produced only a few PFCs despite showing as much
splenomegaly as the normal group.

DISCUSSION

The primary immunological lesion in the CBAI'N
mouse appears to be confined to cells of the B-cell
lineage (6). Our results therefore reinforce the exist-
ing evidence for B cell-mediated immunity in P. yoelii
and B. niicrohi infections. Further, as the defect in
these mice is thougnt to be restricted to a subset of B
cells, our findings imply that this particular subset of
cells participates in the development of an effective
immune response against these parasites.
The importance of B cell-mediated imnmune mech-

anisms in the development of resistance to P yoelii is
quite apparent. Their role in the host response to
B. microti has been less completely explored. In the
case of P. yoelii, r-suppressed mice fail to resist this
normally nonfatal infection (11). T cell-deprived mice
(7) and nude ;mice (12) are also unable to respond
effectively and their failure to respond is associated
with impaired antibody and germinal centre responses
(7). Further, hyperimmune serum transfers protectioni
to nonimmune recipients (13) and immune B cells can
transfer resistance effectively to normal naive reci-
pients and also to recipients deprived of their T cells
(13). P. yoelii-immune T cells purified on anti-Ig col-
umns transfer significatldy less immunity than com-
parable rnumbers of immune B cells but can be shown
to synergize witb and augment the activity of immune
B cells in adoptive cell transfers (Jayawardena et al.,
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unpublished results, 1978). Hence, there is consider-
able evidence suggesting a role for B cell-mediated
immunity in the control of primary P.yoeli infec-
tions. While the generation of this immunity is largely
T-cell dependent and appears to involve the produc-
tion of JgG antibodies (7), the possible role of other
types of antibody-mediated responses -notably
thymus-dependent and thymus-independent IgM re-
sponses-has not been critically examined.
Our results are particularly interesting in that they

demonstrate a relationship between a defective IgM
antibody response to the parasitized red cell and a pro-
longation of the period of primary parasitaemia in
mice carrying the CBA/N X-chromosome. In the case
ofP. yoelii, although the primary parasitaemia is pro-
longed, the ability of defective mice to withstand a
second challenge inoculum is indistinguishable from
that of normal controls (data not presented). With
B. mcroti, in addition to exhibiting a prolonged pri-
mary infection, defective mice are unable to maintain
a state of effective immunity, resulting in the emerg-
ence of a relapse infection. The possibility that the
second wave ofinfection is due to an antigenically dis-
tinct population that arises in the face of a less effec-
tive immune response is currently under investigation
as antigenic variation is known to occur in Babesia sp.
(14). Interestingly, although IgM responses have not
been directly incriminated in the development of a
protective antiplasmodial immune response, it has
been shown that relapsing P.falciparum infections in
man induce repeated boosts in the IgM antibody res-
ponse (15).

While the most striking deficiency in the antibody
response of mice carrying the CBA/N X-chromosome
was in IgM production, we also observed a delay in the
kinetics of the lgG response-particularly of the IgG2
response-in the early phase of B. microti infections.
Hence, it is probable that the effects observed were
due in part to a quantitative deficiency in the IgG
response. Experiments designed to determine the rela-
tive importance ofIgM and IgG antibodies at different

phases of these infections and the degree to which
these responses are thymus dependent are currently in
progress. Our results to date in the P. yoelii system are
consistent with the idea that both IgM and IgGrespon-
ses contribute to the control of these infections.
The manner in which an IgM antibody response

might contribute to the overall defence mechanism
and the exact nature of the antibody involved are un-
certain. However, there is now considerable evidence
that parasitization induces changes in the structure of
the red cell membrane (16, 17). As such surface modi-
fications ofthe red cel membrane are known to induce
the production of autoantibodies of the IgM class
and/or display reactivity with them (18), it seems
likely, particularly in view of the failure of defective
mice to produce autoantibodies to bromelain-treated
mouse RBCs, that one of the responses involved in
controlling an intraerythrocytic parasitic infection is
an autoimmune response directed at altered determi-
nants on the red cell membrane.

Clearly other responses are also activated in the in-
fected host; an increase in natural killer cell activity
has been observed in P. chabaudi infections (Wigzell,
personal communication, 1978) and cells with the
characteristics of natural killer cells (19, 20) are also
activated in the early phase of P.yoelii infections
(Jayawardena et al., unpublished results, 1978).a A
marked T cell-dependent monocyte response is
another prominent feature of the host response to
P. yoelii (7). Such cellular responses could act sep-
arately or synergistically with the antibody responses
discussed here. In summary, it would seem that as the
infection evolves, a series of immune mechanisms are
recruited into the host response. The precise sequence
of these responses, the extent to which they are acti-
vated in different situations, and the manner in which
they interact to form an effective defence mechanism
are still to be determined.

a See also the paper by Eugui & Allison in this issue, p. 231-238
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RPSUMt

EFFETS CHEZ LES SOURIS CBA/N DU CHROMOSOME X SUP, LA RtPONSE IMMUNITAIRE
A PLASMODIUM YOELIET A BABES MICRO77

Les souris de la souche CBA/N sont porteuses d'un gene est une incapacitk presque touale i r6pondre i certains anth-
r&cessif lib au chromosome X et dont I'action s'exprime au g6nes thymo-ind6pendants, comme 'antigene pnelumo-
ruveau des cellules B. Chez ces sousis, la d6ficience principale coccique polyosidique de type III (S 111). Chez les souris
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porteuses de ce gene, la reponse au parasite du paludisme
murin Plasmodiumyoelir et i Babesiamicroti(piroplasma) a
W 6tudi6e au moyen d'une serie d'exp&riences. CelJes-ci ort
monlrE quc la duree et la gravit6 de ces infections etaient
accrues; paralllement, on a constat6 un deficit marqub de la
reponse en IgM suscmt6e par les hLibaLies parasit6es, ainsi

qu'une incapacit6 chez ces souris de produire des autoanti-
corps contre des 6rythrocytes de souris trait6s i la brom6iine.
II est possible qu'une reponse autoiinmune dingee contre Jes
constituants modifies de la membrane &rythrocytaire soit
l'un des facteurs intervenant dans la lutte contre Jes infec-
tions en cause.
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