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Abstract

Mice lacking T cells with e TCR (TCR f—~/-) or ¥6 TCR (TCR &-/-) were infected with the
erythrocytic stages of the malaria parasite, Plasmodium chabaudi chabaudi (AS). Mice without T3

T cells could control and reduce a primary infection of P. chabaudi with a slight delay in the time of
clearance of the acute phase of infection and significantly higher recrudescent parasitaemias
compared with contral intact mice. TCR §—/— mice had higher levels of both serum Ig and
malaria-specific antibodies of the isotypes 1gG3 and IgG1 compared with control mice. TCR

f—— mice, despite a striking increase in NK1.1* cells and the presence of y& T cells, were unable to
clear their infection. Although the plasma of TCR f~/~ mice contained all Ig isotypes before and
during a primary infection, they were unable to produce significant levels of malaria-specific IgG
antibodies, suggesting that in the absence of aff T cells y8 T cells are not able to provide efficient

help for antibody production.

Introduction

T cells that exprass a v& TCR constitute only a small minarity
of peripheral T cells in mouse and man (1-3), but have baen
often associated with a variety of infectious and parasitic
diseases including malaria (4-8). An elevation in the numbers
of v& T cells has bean cbszerved in the peripheral blood
and spleens of individuals with an acute or convalescent
Plasmadium falciparum infection (7,9,10) and during fever
pargxysm associated with a P vivax infection (11). However,
the reasons for their expansion and the role they play in
immunity to malaria are not known.,

The importance of CD4% T cells in the protective immune
respanse to erythrocytic stage parasites in experimental
models is well accepted (12-15). However, a contribution of
cther types of lymghocytes, particularly in the acute phase of
a P chabaudi infection, cannot be ruled out. In order to
determine the possible functions of ¥& T cells in malaria,
mouse models of infection have been studied {5,16-18). An
increase in the number and proportion of ¥§ T cells in
the spleens of mice infected with P chabaudi chabaudi,
B chabaudi adami and P yoelii has been reporiad (18-18).
This is particularly proncunced in rice which are deficient in

Bs-microglobulin and hence lack most CD8™ T cells (16} and
in B cell-daficient mice {19). Furthermore, in mice lacking
CDA* T cells or in adoptive transfer experiments, there is
some evidence that 48 T cells can contribute to the reduction
of parasitagrmia (16,17). Human 18 T cells have been shown
to inhibit the growth of P falciparum in vitro (20).

The availability of mice lacking subsets of lymphocytes due
to targeted gene disruption allows the direct evaluation of the
roles of different cells in the immune response to rodent
malarias. Using mice lacking «f T celis (TCR B—/— mice, 21
or lacking v& T cells (TCR §—/— mice, 22) it has beer
demonstrated that ¥& T cells can control 10 some extent £
pre-erythrocytic infection of P yoelii in mice immunized with
irradiated sporozoites (23). Here, we have investigatec
whether there is any indication of a role for y6 T cells in the
clearance of & primary infection with the erythrocytic stages
of P chabaudi chabaudi and in the production of malaria:
specific antibodies. Qur results indicate that yd T cells alone
are not able to control a primary enythrocytic infection o
P chabaudi malaria and are very inefficient as helper cells
for B cell production of malaria-specific 1gG antibodies in vivo
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Methods

Farasites and mice

Female mice homozygous for the targeted mutations of the
TCR B and TCR § genes (22,23) and their respective wild-
type or helerozygous littermates (Fa(C57BIE X 129) were used
in these studies. They were bred and maintained in conven-
tional facilities, using steriized water, bedding and food, at
the Max-Planck-Institut fiir Immunbislogie. Mice aged 6-10
weaeks were infected with P chabaudl chabaudi (AS) by
i.p. inoculation of 10° infected erythrocytes as described
previously (13,14). The course of infection was monitored by
axamination of Giemsa-stained biood smears performed three
times a week throughout the experimant.

Antibodies to mouse lymphocyte surface markers

mAb specific for mouse TCRP, TCRS, CO3, CD4, CO8 and
MK cells labelled with sither bictin, flucrescein or phycoerythrin
weare obtained from PharMingen (San Diego, CA); polyvalent
flucrescein-labelled goat anti-mouse IgG, streptavidin-
flucrescein and streptavidin-phycoerythrin from Dianova
{Hamburg, Germany): and streptavidin-Tricaler from Medac
{Hamburg, Garmany). mab specific for B220 (RA33A.1) and
labelled with bigtin or flucrescein wera prepared from cultures
grown in the laboratory. For use antibodies were diluted in
PBS containing 1% BSA, 0.1% MNahy and 0.05 mM EDTA
{sorter buffar)

Flow cytometric analysis

Splenic cells and lymph node cells or purified T cell fractions
thereof (see below) from infected or contral mice were
incubated sequentially with biotin-, fluorescein- or phyco-
ernythrin-labelled antibodies in the presence of anti-FeR anti-
bodies (PharMingen). Each incubation was for 30 min on ice,
followed by two washes in sorter buffer. In the case of three-
colour staining, streptavidin=Tricolor was added together with
the last antibody. Two- and three-colour flow cytometry was
carried out and analysed with a FACScan (Becton Dickinson,
Mountain View, CA) using Becton Dickinson Lysys software.
Viable lymphoid cells were gaied using forward and 90°
scatter.

ELISA assays

Circulating mouse IgM, 1gG1, 1gG2a, 1gG2b, 1953 and IgE
were measured in the sera of malaria-infected mice using
geat anti-mouse-igh (Paesel, Frankfurt, Germany), -1gG1,
-lgG2a, -1gG2b, -IgG3 and -IgE (Nardic Immunclogy, Bochurm,
Germany) respectively as coating antioody. The appropriate
mouse |g isotypes (IgM, igG1, I1gG2a, IgG2b. 1gG3, Sigma,
Deisenhofen, Germany; IgE, PharMingen) were used as stand-
ards. The specificity of the isctype reagents was tested by
using the standards of all the other isotypes as negative
contreéls up to & concentration of S00 pg/ml,

. In addition, malaria-specific antibodies of the various
Isotypes, except IgE, were measured in the sera of mice by
using a_lyaate of the erythrocytic stages of £ chabaudl as
the coating antigen (24). Hyperimmune serum obtained from
mice challenged several times with a high dose of P chabaudi-
infected erythrocytes was used as standard. Goat anti-mouse-

Igh., -lgG1, -IgG2a, -igG2b, -1gG3 (Southern Biotech
Harmburg, Germany) and -IgE {PharMingen) conjugal
alkaline phosphatase were used to detect specifically
mouse lg of the respective isolypes. For the malaria-
isotypes, the results arg expressed as oGy valles of 2
units as calculated from a standard hyperimmune
where the hyperimmune serum was assigned an z
value of 10,000 units for each isctype. |t should be no
the uniis of malariz antibody are relevant only for p
of comparison within a particular isotype and should
used 10 compare the relative levels of the diffgrent is

Results

Course of a P chabaudi infection in TCA f=/= al
&=/= mice

TCR B—/— mice and sex-matched heterozygous it
controls were infected with 10° F. chabaudi-infected
cytes (Fig. 1). Although these mice are F4{C5TBL%
the course of the initial infection in the heterozygol
mate controls resembles that observed previgusly in
C57BL/E mice (13). The larger SEM parasitaemia val.
reflect this mixed background. Peak parasitaemias
45% were observad within 8 days after inoculation of pz
This acute infaction was resolved within 25 days. In ¢
to BL/E and BALB/c mice {13,14), no recrudescent pa
mias >0.02% were recorded within the 45 day obsi
period except in a single mouse (not shown in Fig,
TCR f—/— mice were unable to clear their parasite
and generzlly the parasitasmias remained between
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Fig. 1. Courses of a primary infection of P chabaudi in fem
B—/= and heterozygous contrad mece. Twa independent 2xp.
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40% for the duration of the experiment. Only ona of 11 mice
in the two experiments shown died (day 46) during the
observation period of 80 days. Therefore in the absence of
af T cells mice are unable to clear their parasites but do not
die of fulminating parasitasmias.

Female TCR 8—/— and control mice were infected as
described above. These mice are also of a mixed genelic
background. Two experiments are shown (Fig. 2). In all cases
TCR &6—/— mice were able to clear their parasitaemias to
subpatent levels (<0.001% parasitasmia) within 40-50 days
after the first infection. The peak of parasitaemis (15-35%) at
8-9 days after injection of 10° parasites was not significantly
higher than that of the heterozygous control mice. However,
these parasitaemias were maintained 3-4 days longer and
were reduced to <0.001% at 3-7 days later than the controls.
In the experiments shown, the parasitasmias were monitored
for 60 days: three of nine and three of six TCH §—/— mice in
experiments 1 and 2 respectively exhibited substantial patent
recrudescences of up to 8% which were later cleared. In
contrast, only one heterozygous mouse (experiment 2) had a
patent recrudescence. These data show that mice lacking 16
T cells can clear their infections as do their littermate controls.
However, they also suggest that v8 T cells may contribute to
reducing the period of acute infection and to controliing
recrudescences.

Fiow cytometric analysis

Splenic cells from TCR f—/-, TCR &=/- and control mice
were analysed by flow cytometry throughout a primary infec-
tion of A chabaudi. Spleens of C57BI6 and other strains of
mice increase in size during a primary erythrocytic infection
with P chabaudi (18) as with other mouse malarias (25), and
this was observed also in all three groups of infected mice in
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Parasitemia (log10)
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Fig. 2. Courses of a primary erythrocytic infection of P chabaudiin
female TCA §=/= and control mice. SEM in the upper graph ware
calculated from four heterozygous and nine TCR §-/— mice. and in
the lower graph from five heterozygous and six TCR &—/- mice. The
infections indicated by the doned lines are of individual TCR §-/-
and control mice.
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these experiments. The nucleated cell content of the spleens
of TCR p—/— mice was somewhat variable before infection
(Table 1) but their numbers increased substantially during
infection (9-fold after 60 days of chronic parasitasrmia). A
smaller increase in total numbers of cells was observed in
the control mice (Table 1) and the TCR §-/— mice (not
shown), which returned to normal levels after reduction of
the parasitaemia (3—4 weeks).

Apart from the absence of v6 T cells in the TCR §—/— mice,
there were no differences between TCR &—/— and control
mice in the major lymphoid populations of the spleen (data
not shown). Flow cytometric data from TCR B—/— mice and
controls are shown Table 1. During the acute infection in
intact animals (between days 10 and 18) and throughout
infection in tha TCR B—/- mica, ~40% of the viable nucleated
cells could not be identified by any of the antibodies used.
This is in agreement with previgusly published findings (18.25)
and is thought to reflect the increased haematopoeisis ocour-
ring after erythrocyte destruction by the parasite. Since the
parasitaemia is not cleared in TCR B—/— mice, there is
prolonged splenomegaly due to the production of these cells.
This results in a reduction in the relative proportion of B cells
at this stage of infection (5.6% compared with 43% in control
mice which have cleared their infection).

Although & T cells increase in total numbers and proportion
in TCR B—/- mice after prolonged infection (3% in uninfectec
mice increasing to 8.6% after 60 days), CO3™ T cells remainec
at <10% of the analysed cell population. Interestingly, aftes
60 days of chronically high parasitaemias in the TCR B—/-
mice, the major cell population stained positively with the
MNK.1.1 antibody (up to 35% of the total gated cell population)
suggesting an increase in the numbers of NK cells in the
spleens of infected TCR /- mice.

uf and v T cells in malaria

Total plasma lg levels in infected TCR f=/=- and TCR &—/-
mice during 2 P chabaudi infection

The circulating levels of Ig of the different isotypes were
measured in the plasma of uninfected TCR B=/— and TCF
&—/— mice, and at intervals during & primary infegtion. #
representative experiment is shown in Fig. 3. IgM was presen
in the plasma in similar amounts in uninfected TCR B—/—
TCR §—/— and control mice. Whereas the amounts of Igh
increased somewhat in controls and TCR &—/— mice during
the primary infection, IgM in the TCR f—/— mice remained g
the same level or decreased. All the 1gG isotypes wen
present at low amounts in uninfected TCR B—/— mice an:
did not increase during infection. 1gE could not be detecter
at any time in these mice.

Plasma of uninfected TCR §—/— mice contained IgG of 2
isotypes. 1gG1, 1gG2a and IgG3 were at significantly highe
concentrations compared with control mice. At 14 days ¢
infection there were increases in the all |gG isotypes compare
with uninfected mice. The levels dropped by day 28. Simila
but less marked increases of IgG3 and IgG2a were observe
in control mice. The increase in IgG1 was comparable in bot
controls and TCR §—/- mice. IgE was present at detectabl
levels in uninfected TCR §—/— (variable) but not in contre
mice. At 14 days of infection IgE became detectable also |
control mice.
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Fig. 4. Malaria-specific antivody responsas of TCR §—/— (open
columns), TCR p—/- (shaded columns) and control mice (filled
columnng) at different times during a primary infection with P chabaudi.
The units of malariz-specific antibody were calculated as described
in Metnods and should be read only as comparisons of the amount
of gne isotype produced in the different mica. SEM shown are
calculated from the geometric means of five to six individual animals
at each time point as described in Fig. 3,

sensilivity responses and granulomsa formation dependent
upon IFN-y production was found to be lacking in TCR p=/—
mice infected by Listeria monocytogenes despite the ability
of these mice to contral their infections (35). In this case it
was suggested that y8 T cells mediated their anti-listerial
effects by means other than IFN-y production.

afi and v8 T cells in malaria 1009

v6 T cells can also be cytolytic (34,36), so it is possiole
that this is & mechanism for controlling the erythracytic
parasite stages. In this regard, it has baen shown that human
¥8 T cells can inhibit the growth of F falciparurm in vitrg with
activity directed primarily against the extracellular mergzoite
{20). Clearly it will be of interest 1o determing whether mouse
+& T cells kill blood stage parasites similarly or whether| their
effects are mediated through activated macrophages, Our
prasent data with P chabaudi contrast to some extent with
the finding that the course of P yoeli blood stage infections
are unaffected by the absence of y5 T cells (23). The small
differences seen in the clearance of the acute P chabaudi
parasitagrnia in mice with and without ¥8 T calls may reflect
a more imporant role for antibody-independent immune
mechanisms in this infection compared with £ yoeliinfections
as suggested previously (37).

The TCR B—/- mice did not die of a fulminating infaction
and, indeed, rarely died during the course of the experiments,
suggesting that parasitaemias could be partially controlled in
the absence of off T cells. The factors responsible for this
contrel are not clear. The expansion of ¥ T cells in F. chabaud-
infected mice in vivo has been shown to be dependent on
CO4* T celis (17) and CO4* T cells or IL-2 are required for
optimum growth of human ¥8 T cells in vitro (38). Therefors
possible sub-optimal activation and thus lower numbers of
effector 48 T cells may result in only partial control of para-
sitaemia. Howaver, TCR f—/— mice have been shown to
control a pre-erythrocytic infection of malaria (23) and a
primary Listerig infection (35), suggesting that v& T cells can
be activated appropriately in wivo without of T cells.

The majority of identifiable cells in the spleens of chronically
infected TCR B—/— mice were NK1.17 NK cells. These cells
have been shown to produce IFMN-y, TNF-c and granulocyte
macrophage colony stimulating factor {39,40), and are cap-
able of activating macrophages to become tumcricidal (41}
and able to kill intracellular pathogens such as L. mongeyto-
genas (42). Thus it is likely that this T-cell-independent path-
way of macrophage activation can contral the parasitaemia
to a limited extent. NK cells often appesar early at sites of
infaction with Listeria, Corynybacterium parvumn (43) and a
variety of virus infections (44,45), and have been shown
to expand in nufnu and SCID mice infected with different
pathogens (40). It has been proposed that the MK cell is 2
component of an innate mechanism of immunity against
infection or altered self {39,40). Although we have ngt yet
investigated the cytokine profiles of TCA B—/— mice infected
with 2 chabaudi, it is clear that this expanded NK population
together with the ¥§ T cell in these mice are insufficient to
resolve a primary parasitasmia.

Previous experiments describing a role for 45 T cells |n the
control of liver stage infections of P yoelii (23) emphasize
the essential differences in the immune responses effective
against the different stages of Plasmodium. The elimination
of liver stage parasites in cartain strains of mice immunized
with irradisted sporozoites is thought to be largely dependent
on CD8™ T cells, resulting in a cytotoxic response and/or
praduction of IFN-y (45,47). Presurmably, v§ T cells gould
contribute significantly to the killing of intrahapatic parasites
by similar mechanisms. £ yoelii erythrocytic stage parasites,
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similar to our present findings with P chabaudi, are not
controlled in the absence of «ff T cells (23). Kiling or
destruction of erythrocytic stage parasites therefore requires
additional factors that can only be provided by of T cells,

The erythrocytic infection of P chabaudiin TCR B—/= mice
allowed us 10 investigats whether 48 T cells are able to help
B cells in the production of malaria-specific 196 antibodies.
There is little direct evidenca to date indicating that v& T cells
have this capacity, although it has been reported that v T
cells may help in the production of autoantibadies (48), and
the cytokines produced by some mouse and human & T
cells such as IL-5 and IL-10 {2,49,50) are amongst those
required for B cell differentiation and |g production.

Qur studies demonstrate that most 1g isotypes are present
in the plasma of TCR B—/— mice. With the exception of Igh,
they are presant at much lower concentrations than in control
mice. However, some switch to lgG is clearly possitle in the
absence of uf T cells. These data contrast with the findings
in TCR ¢—~(— mice, where concentrations of all isotypes includ-
ing 1gE were comparable 1o the heterozygote controls (51).
In those studies cytokines such as IL-4, able to promote the
IgG1 and IgE switch, were detected. It is generally thought
that the switch to Ig3 also requires 2 cognate interaction of
gp39 on the T cell and CD40 on the B cell (52,53). gp39 was
not found on the v8 T calls of the TCR e~/- mice (50). Therefore
it was proposed that non-cognate interactions and the appro-
priate cytokings may have been responsible for the production
of 1gG in TCR a—/- mice. A possible explanation for the
differences in 1gG concentrations between the TCR f—/—
and TCR c—/- mice could be that in the TCR a—- mice there
may be small numbers of T cells with TCR composed of B
chain homodimers that are able to provide the necessary
signals andfor cytokines. Our data in the TCR B=/= mice
so far would support some non-antigen driven oligoclenal
expansion and maturation of B cells, since daspite the pres-
ence of circulating igG we were unable to measure significant
levels of T cell-dependent malariz-specific 1gG antibodies.
This is similar to the situation in leaky’ 3CID mica which have
sometimes high levels of Ig in the plasma but do not make
spacific 'T cell-dependent’ antibody responses (54).

lg of all isotypes was present in the plasma of TCR &=/-
mice at levels similar to or higher than intact control mice.
This was reflected to some extent in the specific antibody
response, where 1gG3, 1gG1 and, to a lesser extent, IgG2a,
were present in higher amounts. A reguiatory rele for v& T cells
on lg production or particular lg isotypes has not been
described, but it is feasible that they may influence the
microenvironment through the cytokines they produce such
that particular isotypes are favoured, or that development of
Tnl or Tp2 CD4* T cells is differentially ragulated. We are
currently investigating the cytokine responsss in these
P chabaud-infectad TCR p—/— and TCR §—/— mice.

In summary, these studies indicate a minor role for v8 T cells
and show the importance of of T cells in clearing an acute
infection of A chabaudi It appears that 8 T cells are not
effective alene in providing help for the generation of malaria-
specifiic antibodies, but they may influance the guality and
quantity of Ig produced. These mice will be useful tools with
which to investigate the roles of off and v8 T cells in the
develepment of malarial pathalogy.
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