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ABSTRACT Exposure to blood-stage malaria infection is often persistent, leading to
generation of CD4 effector and effector memory T cells that contribute to protec-
tion. We showed previously that chronic exposure to blood-stage Plasmodium cha-
baudi offers the best protection from parasitemia and pathology in reinfection cases,
correlating with an increase in Th1 cells. Although much is known about the fea-
tures of resting or exhausted memory T cells (Tmem), little is known about the func-
tional capacities of chronically stimulated but protective T cells. To determine the
functional capacity of CD4 T cells generated by chronic infection upon reexposure
to parasite, we compared their responses to known features of classical Tmem. The
numbers of cytokine-producing T cells increased following infection in the poly-
clonal populations, suggesting an increase in pathogen-specific T cells. Malaria
antigen-specific B5 T cell receptor (TCR) transgenic (Tg) T cells from chronic infection
proliferated on reinfection and were highly sensitive to TCR stimulation without co-
stimulation, as shown for Tmem in acute stimulations. However, B5 Tmem did not
accumulate more than naive B5 T cells in vivo or in vitro and became apoptotic. Fail-
ure to accumulate was partly the result of chronic stimulation, since eliminating per-
sistent parasites before reinfection slightly increased the accumulation of B5 Tg T
cells upon reinfection. The levels of specific gamma interferon-positive, interleukin-
10-positive T cells, which protect animals from pathology, increased after malaria in-
fection. These data demonstrate that although chronic infection generates a protec-
tive T cell population with increased TCR sensitivity and cytokine production, they
do not reexpand upon reexposure due to increased apoptosis.
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lood-stage malaria infection, like other chronic infections, generates effector mem-

ory T cells (Tem) in mice and humans (1, 2). Children living in areas with high
malaria transmission demonstrate a decrease in the incidence of malaria disease as they
grow older (3). This decrease in malarial incidence is associated with an increased
number of gamma interferon (IFN-vy)-producing effector/effector memory CD4 T cells
upon parasite exposure (1, 2). However, the levels of malaria-responsive T cells and
malaria antigen-specific antibody titers decay over time (4-6), as does clinical immunity.
These data support the conclusion that there are disease-protective memory B and T
cells in individuals repeatedly infected with malaria that decay in the absence of
exposure. However, the effector mechanisms by which these immune cells contribute
to protection from repeated parasitemia and malaria disease are poorly understood.
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Chronic infection with Plasmodium chabaudi maintains a protective immune re-
sponse against reinfection that we are just beginning to understand. Reinfection before
the parasite is cleared naturally or using antimalarial drugs leads to lower secondary
parasitemia than if the parasite is already cleared before reinfection (7). Our previous
work suggests that in the chronic phase of this infection, there is a T cell population
expressing markers of the memory T cell (Tmem) phenotype (CD44h IL-7Ra") (2).
However, the T cell population in the memory phase of this infection also contains a
mixture of effector T cells (Teff; IL-7Ra~) and effector memory T cells (Tem; CD44"
IL-7Rahi CD62L'°), with a small fraction of central memory T cells (Tcm; CD44hi IL-7RaM
CD62LM) (2). In addition, we showed that there is an increase in a Th1 Teff/Tem
population (CD44h" CD62L'° IFN-y* TNF* IL-27) during chronic infection compared to
treated infections that corresponds with increased protection from P. chabaudi infec-
tion during chronic infection. The predominance of effector/effector memory T cells
over central memory T cells could explain the decay of immunity in malaria, since both
Teff and Tem are reported to be short-lived (8). An increase in Tem has also been
documented in several other chronic infections (9). On the other hand, we recently
defined the pathway of generation of Tem in P. chabaudi infection and showed that
both Tem and Tcm are made before the peak of infection, from CD62L" early Teff (10).
We also showed that the ratio of Tcm to Tem is determined before T cell proliferation,
suggesting that there is still much to learn about the generation of Tem and their role
in chronic infection. However, our previous work showed that curing long-term chronic
infection, although it decreases protection, does not change the expression of CD62L
on Tmem (2). This result suggests that there are other important functional features
besides expression of CD62L, or the ratio of Tem to Tcm, required for protection. This
view is consistent with the work of Hikono et al. (11), which showed that the protective
capacity of T cells correlates with several other surface markers of activation besides
CD62L. Together, these data suggest that the functional features of T cells in the
memory phase are more important than their surface phenotype. For example, the
increased protection in chronically infected animals is due to an increase in Th1 cells
and not in Tem overall. Other functional features of Tmem in chronic infection are less
well understood.

The most salient feature of the memory T cell population is an increase in precursor
frequency of pathogen-specific cells, the result of clonal expansion. This increase leads
to increased secondary responses due to faster T cell expansion and more cytokine
production overall on restimulation. Another general feature of Tmem is heightened
intrinsic T cell receptor (TCR) sensitivity, including a reduced requirement for costimu-
lation (12). Although there is a significant amount of literature documenting the
functional features of memory T cells formed in response to acute stimuli, little is
known about the mechanisms of immunity that are dependent on reexposure (13, 14).
Furthermore, it is not clear which features are most important to the overall memory
effect or to protection, especially in chronic infection. Although memory T cells are
reported to respond faster than naive cells to generate an improved immune response
to reinfection (15, 16), the secondary T cell response to persistent infections has not
been fully studied.

In order to understand the functional features of the T cell population in chronic P.
chabaudi, we investigated the responsiveness of antigen-experienced (CD44") malaria
antigen-specific CD4 T cells 2 months postinfection (p.i.), in the presence or absence of
persistent infection. In this study, we test the functional attributes of memory T cells
that develop in malaria infection by comparing the responses of naive and memory T
cells to reinfection with P. chabaudi. In short, we show that the polyclonal memory T
cell response to reinfection is enhanced during chronic P. chabaudi infection. However,
although merozoite surface protein 1 (MSP-1)-specific B5 TCR transgenic (Tg) memory
T cells are more sensitive to suboptimal stimulation and able to proliferate, they do not
accumulate more than specific naive T cells and appear to be apoptotic. Furthermore,
the responsiveness of the memory T cells 2 months after infection does not improve
substantially with the clearance of antigen with the antimalarial drug chloroquine (CQ),



suggesting that the failure of these cells to accumulate is not primarily due to exposure
to chronic infection. Importantly, the interleukin-10 (IL-10) response of malaria antigen-
specific Th1 cells is maintained, suggesting a potential mechanism for the reduction of
pathology provided by T cells generated in this infection.

RESULTS

The polyclonal malaria-antigen-responsive CD4 T cell number is increased
postinfection. CD4+ memory T cells are known to respond faster to a secondary than
a primary challenge (17), and an increase in the precursor frequency of pathogen-
specific T cells in the polyclonal T cell population is likely the most important contrib-
utor to this effect. Memory T cells are frequently defined in the literature as antigen-
experienced T cells that reexpand in response to secondary stimulation. Despite the
reexpansion assay being a standard assay of memory cell function, the reexpansion of
CDA4 T cells has not been clearly linked to protection, especially from chronic infections,
where effector memory T cells predominate. To examine the relationship between
expansion and protection in the context of malaria infection, we first tested whether P.
chabaudi infection generates an increase in malaria parasite-specific T cell frequency
after infection. BALB/c mice were first infected with P. chabaudi-parasitized red blood
cells and reinfected 45 or 60 days later during the chronic phase of infection. For each
study, controls consisted of age-matched animals that were either naive mice or mice
that had been infected only once 3 days prior to isolation of their splenocytes for
analysis. Three days after the secondary challenge (i.e., day 48 of the secondary
infection [d48-2°] or d63-2°), we measured the fraction of endogenous CD4 T cells that
responded to reinfection by expressing an early activation marker (CD69) or by
producing cytokines (IL-2, IFN-y, and IL-10).

Over the course of the infection, there was an increase in the number of CD4 T
cells up to d45 of the primary infection (Fig. 1A). A 3-day infection does not lead to
an increase in CD4 T cells in the spleen after either the first (1°; day 3) or second
(d48-2°) infection. To determine the fraction of T cells activated in the first and second
infections, we used CD69 to mark recently activated CD4 T cells. There was a significant
increase in the fraction of CD69* T cells both day 0 and day 3, and even up to day 60,
after primary infection. We also observed an increase in CD69+ CD4 T cells from day 60
postinfection to day 3 postreinfection (d63-2°, Fig. 1B). The increase in the proportion
of CD4 T cells that are CD69" on day 3 of the second infection compared to day 3 of
the first infection suggests that the T cell population after the primary infection
includes more malaria antigen-responsive T cells than the naive population due to
clonal expansion occurring during the first infection. In addition, naive T cells are likely
to be activated in the second infection, as in the first. We also observed a higher
proportion of IFN-y* multi-cytokine-producing CD4 T cells (IL-2* IFN-y* and IL-10*
IFN-y*) by day 3 of the second infection (d48-2°) than after the first infection (Fig. 1C
and D), suggesting a faster cytokine response. Increases in IFN-y™ IL-2* T cells occur
in @ manner similar to that for the CD69* T cells, although the differences before
the secondary response were not statistically significant (Fig. 1C). The fraction of
IL-10* IFN-y* T cells was strongly increased by day 45 of infection (Fig. 1D). IL-10
expression by IFN-y* CD4 T cells has been shown previously to start on day 15 after
infection with P. chabaudi (18).

In order to test whether CD4 T cells are sensitive to apoptosis in P. chabaudi
infection, as previously described (19), we measured the apoptotic marker annexin
V (exposed phosphatidylserine) 5 days after the first or second challenge. We
observed a significant increase in annexin V-positive CD4 T cells after the second
infection (d60-2°) compared to the level after the first infection (Fig. 1E). Taken
together, these data suggest that there is an increase in malaria-responsive T cells
in the spleen after a P. chabaudi infection that express markers of activation or
cytokines in the second infection. However, the T cells present after P. chabaudi
infection also show an increased propensity for apoptosis.
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FIG 1 More polyclonal CD4 T cells are activated quickly after a second infection than after the first infection.
Endogenous CD4 T cells from the spleens of P. chabaudi-infected age-matched BALB/c mice were analyzed after
primary or secondary infection. (A) Total CD4 T cell numbers recovered on day 0, 3, or 45 after primary infection
or day 48, 3 days after a second infection (d48-2°). (B) Percentages of CD69* CD4 T cells on day 0, 3, or 60 of a
primary infection or day 63, 3 days after a second infection (d63-2°). (C and D) Contour plots and summary graphs
showing cytokine profiles of IFN-y and either IL-2 (C) or IL-10 (D) by intracellular cytokine staining of CD4+ T cells
from day 3 after primary or day 3 after secondary infection (day 48). (E) Histogram and summary graphs showing
annexin V staining of CD4 T cells at day 5 p.i. of a first (1°) or second (2°) infection (day 50). The data represent three
independent experiments with five mice per group, and error bars represent the standard errors of the mean (SEM).
The plots are contour plots with outliers of a representative mouse from each group. **, P < 0.01; ***, P < 0.005
(Student t test).

Malaria-specific memory T cells do not expand as well as naive T cells in
response to reinfection. To test whether malaria antigen-specific T cells respond to
the second infection with different kinetics than the first, we adoptively transferred P.
chabaudi merozoite surface protein 1 (MSP-1)-specific B5 T cell receptor (TCR) trans-
genic (Tg) T cells before infection. Purified CD4" B5 TCR Tg T cells (2 X 10°) were
transferred into age-matched Thy1.1 congenic mice. The transfer of B5 TCR Tg T cells
does not affect parasitemia, as previously reported (20). Animals were then infected
either the next day and again 2 months later (2°), or only once at 2 months after T cell
transfer (1°), as shown in Fig. 2A. This was done to directly compare primary and
secondary cell numbers by flow cytometry of the samples on the same day. Unexpect-
edly, when analyzed on day 5 after each infection, B5 TCR Tg T cells did not expand
more after the second infection compared to the ~6-fold expansion in response to the
primary infection (Fig. 2B). One potential explanation for this consistent observation is
that the persistence of parasites in the chronic infection, documented to last up to 3
months (20), inhibits the proliferation of T cells, as recently reported in human P.
falciparum infection (21).

To test whether chronic parasitemia was indeed inhibiting T cell proliferation, we
treated P. chabaudi-infected mice with chloroquine from days 30 to 34 postinfection
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FIG 2 MSP-1-specific memory T cells do not expand more than naive T cells. The experimental design is
schematically represented in panel A. The primary-infection group was Thy1.1 recipients of adoptively
transferred B5 TCR Tg T cells (2 X 109) infected with P. chabaudi one time, 60 days after T cell transfer.
In the secondary-infection groups, recipients were infected the same day as the adoptive transfer and
again 60 days later. Recipients in the secondary +CQ group were also treated with the antimalarial drug
chloroquine between days 30 and 34 p.i. (B) Representative cytometry plot and graph of number of
recovered CD4* Thy1.2* B5 T cells per spleen on days 0 and 5 p.i. for the 1° group and days 0 and 5 after
secondary infection for the 2° and 2° +CQ groups. Data are representative of six independent experi-
ments with five mice per group. (C and D) On day 60 posttransfer, all mice were given BrdU for the first
3 days of infection and then analyzed. Graphs indicate proliferating (BrdU+) CD4 T cells (C) or B5 TCR Tg
(Thy1.2"%) cells (D). (E) Contour plots showing BrdU staining and CD62L expression on CD4* and B5 TCR
Tg (Thy1.2* CD4*) T cells. Error bars represent the SEM. #, P < 0.05 compared to —CQ; ***, P < 0.005
compared to 1°% *, P < 0.05; NS, not significant (Student t test).



(p.i.). Chloroquine has been previously shown to eliminate chronic P. chabaudi para-
sitemia (22). We have also shown that chloroquine treatment at this time point reduces
protection from parasitemia and decreases polyclonal secondary B and T cell responses
to this infection (7, 23, 24). In this experiment, chronic exposure of T cells to parasite
antigens was eliminated for approximately 24 days before reinfection. This treatment
significantly increased the number of malaria antigen-specific B5 TCR Tg T cells
recovered 5 days after the second infection compared to untreated (2°+CQ versus
2°—CQ). However, treatment did not cause the T cells to expand as much as we
observed in response to the first exposure (1°, Fig. 2B). To directly measure T cell
proliferation, we monitored bromodeoxyuridine (BrdU) incorporation into the DNA of
dividing polyclonal or MSP-1-specific B5 TCR Tg cells over the first 3 days p.i. in the
context of chronic or treated infection. We observed a small increase in the early
proliferation of total CD4 T cells after secondary challenge compared to primary
challenge, which became significant in the chloroquine-treated mice (Fig. 2C). This
observation supports the increased responsiveness of the polyclonal population seen
above, at least in treated infection. There were no detectable changes in division of B5
TCR Tg T cells among groups in this short period of exposure to parasite and BrdU (Fig.
2D), but BrdU staining was clearly detectable in both CD4 and B5 TCR Tg T cells (Fig.
2E). BrdU staining is validated by the increased division in the activated (CD62L'0)
population. These data suggest that MSP-1-specific T cells present after primary infec-
tion do not expand in numbers as much as they did when they were naive.

Deficient secondary activation is partially due to chronic infection. A caveat to
the previous experiment is that secondary infection during the chronic infection (—CQ)
leads to a secondary parasitemia that is a log less than in animals treated with
chloroquine to clear chronic infection before rechallenge (+CQ), as shown previously
(7). Parasite load is likely to affect the degree of proliferation. Therefore, we tested
whether the reduced proliferation of T cells seen in the chronically infected (—CQ)
group compared to the chloroquine-treated (+CQ) animals would be similar in the
presence of equal parasite antigen. In order to test this possibility, we repeated the
adoptive-transfer strategy used in the previous experiment, replacing the secondary
challenge with equal doses of irradiated (nonproliferating) blood-stage parasites (10°
irradiated infected red blood cells [iiRBCs]), as shown in Fig. 3A. This approach allowed
us to make a direct comparison of the proliferative abilities of resting (+CQ) and
chronically stimulated (—CQ) T cells in response to equal amounts of antigen. It is not
known whether irradiated P. chabaudi trophozoites are protective, and we did not test
this here. Interestingly, we observed that resting B5 TCR Tg T cells (+CQ) were more
highly activated by iiRBCs, as measured by CD69, than chronically stimulated memory
T cells (—CQ, Fig. 3B). Strikingly, the number of resting (+CQ) B5 memory T cells
increased by 2.9-fold by day 5 versus day 0 after iiRBC challenge (day 60 after primary
infection), whereas the chronically stimulated cells did not increase in number at all
(Fig. 3C). The numbers of chronically stimulated B5 T cells were higher to start with in
this experiment. Therefore, to test expansion, we compared the fold increases. The
percentage of resting (+CQ) memory T cells expressing CD69 increased significantly
from day 0 to day 5 postchallenge, and the number increased 6.1-fold (Fig. 3D). These
data suggest that reducing the chronic stimulation in the memory phase of P. chabaudi
infection restores some responsiveness, even under conditions of equivalent challenge
dose.

Malaria antigen-specific T cells proliferate and die. Another potential caveat in
the design of the experiments shown in Fig. 2 is that the naive T cells acquired their
ability to expand during the long incubation in vivo. This possibility arises due to
reports that naive T cells can attain a pseudo-memory T cell phenotype over time in a
naive recipient and reexpand like memory T cells (25). Therefore, we also tested
proliferation of naive and memory T cells that were generated in different donor
animals and then transferred into naive animals the day before challenge. The exper-
imental design is shown schematically in Fig. 4A. First, we sorted CD4* memory T cells
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FIG 3 Rested memory T cells expand more than chronically stimulated memory cells in response to
equivalent irradiated parasite challenge in vivo. As shown in panel A, B5 TCR Tg T cells (2 X 10°) were
transferred into Thy1.1 congenic mice, which were then infected with P. chabaudi. Chloroquine was
administered to the 2° +CQ group on days 30 to 34 p.i. On day 60 p.i., all animals were given irradiated
infected red blood cells (iiRBCs, 10°), and splenocytes were analyzed both before and 5 days after challenge.
(B) Contour plots with outliers of concatenated data from five animals to identify CD69* B5 TCR Tg cells.
The percentages of B5 TCR Tg cells that are CD69* or CD69~ are shown on the plots. (C and D) Summary
graphs of the total numbers of B5 TCR transgenic cells (C) and the percentages or numbers of CD69+
Thy1.2+ and CD69+ CD4* T cells (D). Numbers on the graph represent average fold increases between
groups. Error bars represent the SEM. *, P < 0.05 (Student t test).

(CD44hi CD257) from P. chabaudi-infected (day 60 p.i.) B5 TCR Tg mice and naive T cells
(CD44'> CD257) from age-matched, uninfected B5 TCR Tg mice. Next, we transferred
the sorted cells (2 X 10°, CFSE™) into congenic (Thy1.1) animals, which were then
infected with P. chabaudi on the same day as the adoptive transfer. Five days later, we
measured the parasitemia of recipient animals, splenic T cell proliferation, activation
(CD25™), and apoptosis (annexin V™). There was no significant difference in parasitemia
between the groups on day 5 p.i. (Fig. 4B). This finding supports our previous data
showing that transfer of B5 TCR Tg T cells into Thy1 animals does not affect parasitemia
(20). Surprisingly, we observed higher proportions and numbers of proliferating (CFSE'®)
B5 memory T cells on day 5 p.i. than naive T cells (Fig. 4C). Total B5 T cell numbers
(Thy1.2* CD4™") on day 5 p.i. were significantly higher in animals receiving naive T cells
than in animals receiving memory T cells (Fig. 4D). This was striking given that memory
T cells showed greater proliferation, and both groups received equal numbers of
transferred cells on day 0. Memory T cells were significantly more activated than naive
T cells after 5 days of infection (CD25", Fig. 4E).

To better understand why memory cells proliferated but did not expand, we

measured early apoptosis. Memory T cells were significantly more apoptotic (annexin
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V+, Fig. 4F), suggesting activation-induced cell death of reactivated memory T cells.
Therefore, chronically stimulated memory T cells responding to malaria infection sense
antigen and divide but do not expand numerically as the naive T cells. Taken together,
these findings led us to conclude that the memory T cells proliferate significantly more
than naive T cells but fail to accumulate in their second encounter with parasite,
potentially due to increased activation-induced cell death.

Malaria antigen-specific T cells are more sensitive to TCR stimulation after
infection than naive T cells with the same TCR. The functional avidity of the TCR
increases for both effector and memory T cells compared to naive cells (26). In order to
test memory T cells generated in P. chabaudi infection for improvement in sensitivity of
TCR signaling in memory cells compared to naive bearing the same TCR, we stimulated
B5 TCR transgenic T cells in vitro using proliferation as a readout. To do this, we sorted
and carboxyfluorescein succinimidyl ester (CFSE) labeled memory T cells (Tmem, CD44hi
CD257) from chronic malaria-infected B5 TCR Tg mice on day 60 p.i. (—CQ) and also
from infected and subsequently chloroquine-treated mice (Tmem +CQ). The Tmem
groups were compared to naive (CD44'° CD25~) CD4 T cells from uninfected B5 TCR Tg
mice. Equal numbers of cells per well (10/ml) were stimulated with increasing con-
centrations of plate-bound anti-CD3, and proliferation was measured by flow cytometry
at 5 days poststimulation. Memory T cells are more costimulation independent than
effector cells (12). Therefore, in order to test for memory T cell behavior, we did not
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FIG 5 Memory T cells generated in P. chabaudi infections have high intrinsic TCR sensitivity. Naive (CD44'°
CD25~) or memory (CD44h CD25—, day 60 p.i., +CQ or —CQ, on days 30 to 34) B5 TCR Tg CD4 T cells were
sorted, CFSE labeled, and stimulated in vitro with plate-bound anti-CD3 («CD3) for 5 days before analysis.
(A) Percentages of recovered proliferating (CFSE') T cells. (B) Histogram of proliferating cells, as measured
by CFSE dilution after 5 days of stimulation with anti-CD3 at 1 wg/ml. Results for unstimulated, CFSEM T cells
are indicated by the dotted line; each division is marked. (C) T cells collected per sample after culture. Data
are representative of two independent experiments, with one well per condition. The average numbers of
Tmem (middle three concentrations) were significantly different from the average numbers of naive T cells,
as determined by Student t test (Tmem [+/—CQ]> naive; *, P < 0.05).

include anti-CD28 in the stimulation conditions. Memory T cells from both chloroquine-
treated and untreated mice proliferated in response to even the lowest doses of TCR
stimulation (anti-CD3, 0.01 wg/ml), while naive B5 TCR Tg T cells did not proliferate until
exposed to anti-CD3 at 0.5 wg/ml (Fig. 5A). These data indicate that the memory T cells
generated in P. chabaudi infection do have enhanced functional TCR avidity. Upon
comparing the average proliferative response of 0.05 to 0.5 wM anti-CD3 for naive and
memory T cells, both the +CQ (P = 0.044) and the —CQ (P = 0.046) groups exhibited
significantly more proliferation than did naive cells using a one-sided t test. At the
highest concentration of anti-CD3 (1 wg/ml), Tmem from chloroquine-treated mice
proliferated slightly more than chronically stimulated Tmem and naive T cells (Fig. 5B),
a finding consistent with the previous results. However, the difference between Tmem
from chloroquine-treated and untreated mice was not statistically significant. Most
naive T cells died by day 3 of culture, especially at the lower stimulation levels (Fig. 5C).
The number of resting memory T cells collected increased with increasing stimulation
and proliferation. Tmem wells have significantly more cells alive at day 5 than naive
(Fig. 5C). Intriguingly, chronically stimulated memory T cells (—CQ) survived with even
the lowest levels of stimulation but did not accumulate. On the other hand, resting
memory T cells (+CQ) accumulated slightly at the highest (1 wg/ml) stimulation, an
observation consistent with the in vivo results. Taken together, these results suggest
that even though malaria antigen-specific memory T cells do not expand in vivo as
naive T cells do, they are still highly sensitive to restimulation, and they did not require
costimulation to survive or proliferate, even at low concentrations of anti-CD3. These
data also support a T cell intrinsic basis for the slight increase in responsiveness seen
in rested compared to chronically stimulated memory T cells in vivo.
IL-10-producing Th1 cells are maintained beyond acute infection. The primary
function of CD4 T cells in fighting infection is to produce cytokines. In this malaria
infection, IFN-y and IL-10 are required to reduce parasitemia and pathology, respec-
tively (18). Therefore, we investigated the ability of chronically stimulated memory T
cells to produce these cytokines on restimulation. Previously uninfected or infected
adoptive recipients of naive B5 TCR Tg T cells were reinfected on day 45 or 60 (as shown
in Fig. 2A), and we tested for intracellular IFN-y and IL-10 at 5 days after primary (day
5) or secondary infection (Fig. 6A). There were higher proportions of IFN-y* IL-10" B5
TCR Tg T cells on day 45, as seen in the polyclonal population (Fig. 1). These double-
cytokine-producing cells were maintained up to day 45, but did not increase on day 5
after rechallenge with parasite. This observation suggests that this persistent infection
maintains production of regulatory cytokines by T cells. Therefore, we tested the role
of chronic infection in maintenance of CD4 T cell cytokines by treating the animals with
chloroquine (days 30 to 34 p.i.) and measuring IL-10 production 30 days later on day 60
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FIG 6 IL-10-producing Th1 cells remain increased after infection. Thy1.1 recipients of adoptively transferred
CDA4T cells (2 X 109) from B5 TCR Tg mice were infected with 10° P. chabaudi organisms (1°), and some mice
were treated with the antimalarial drug chloroquine (CQ) on days 30 to 34 p.i. The second infection (2°) was
administered on day 45 or 60 (as indicated), and the spleens were collected after 5 days (as for Fig. 2A).
IFN-y and IL-10 secretion was determined by intracellular cytokine staining on day 5 p.i. of the primary or
secondary infection. (A) Plots show the results for representative mice in each group, while the summary
graph shows the percentages of B5 Tg cells that are IFN-y* IL-10*. (B and C) Graphs show the total numbers
of (B) CD4+ or (C) B5 TCR Tg T cells that are IFN-y* IL-10*. (D) Numbers of single positive IL-10* IFN-y~
B5 T cells at 60 days p.i. The data represent five mice per group from two independent experiments. *,
P < 0.05; **, P < 0.01; ***, P < 0.005; NS, not significant (Student t test).

p.i. We observed a trend toward decreased numbers of CD4" IFN-y* IL-10* T cells (Fig.
6B), but not malaria antigen-specific B5 T cells (Fig. 6C), in chloroquine-treated (+CQ)
animals compared to untreated animals. However, this trend does not reach signifi-
cance, suggesting that IL-10 production in IFN-y* CD4 T cells is programmed earlier
than day 30. The total numbers of B5 TCR Tg T cells producing IL-10, but not IFN-y, were
significantly increased in chronically infected (—CQ) mice at day 60 of infection (Fig.
6D). These data suggest that IL-10 production increases over the course of infection and
is promoted by chronic infection.

DISCUSSION

Immunity to malaria is not strong enough to prevent heterologous reinfection, and
the nature of T cell memory to malaria is poorly understood (27). In other systems, some
enhanced features of memory T cells, such as increased accumulation in response to
second infection, have been identified. In order to determine whether memory T cells
generated in malaria infection acquire these improved features compared to naive T
cells, we tested the responses of T cells generated by a primary malaria infection in
response to a secondary infection. The assays that we applied were designed to test for
the functional attributes of memory T cells described in previous literature. From work
in model systems, the memory T cell population is expected to include an increased
antigen-specific precursor frequency after infection, to maintain the ability to expand
and produce cytokines faster, and to lack a requirement for costimulation in reinfection,
as well as show a higher intrinsic TCR sensitivity than naive T cells (12, 17, 26, 28-30).
Our results show that the polyclonal T cell response to P. chabaudi has some of the
general features previously described for T cell immunity. The specificity of the poly-
clonal T cell response to parasite antigens is suggested primarily by the increased
fraction of CD4™ T cells that are primed by parasites on reinfection compared to a first



infection. There is also an increased fraction of fast-responding cytokine producers in
the polyclonal response compared to the first infection. The increase in polyclonal
activation that we observed in our studies is likely due to an increased precursor
frequency within the memory T cell pool. In addition, the total T cell numbers increased
up to day 45 postinfection. This finding is similar to an increase observed in studies of
CD8 Tem-inducing vaccination, which expands the T cell pool and the spleen size (31).
We also determined that MSP-1-specific T cells from the memory phase of P. chabaudi
have increased TCR sensitivity, demonstrate a reduced need for costimulation, and can
proliferate in response to low doses of TCR stimulation even in the presence of chronic
subpatent parasitemia in most animals at 2 months p.i. (as documented previously [7]).

Although there were some similarities, not all predicted memory T cell functions
were observed in B5 malaria epitope-specific TCR Tg T cells. For example, whereas
MSP-1-specific memory T cells are able to divide more than naive TCR Tg T cells on
reinfection, they do not accumulate more either in vivo or in vitro. This results in a lower
number of memory T cells than naive T cells 5 days after reinfection, even though
Tmem clearly divide more than naive T cells, even in the context of an equivalent
infection. Our data suggest that this is due to a higher rate of apoptosis in restimulated
T cells in the memory phase, which is suggestive of increased activation-induced cell
death. Interestingly, CD8 memory T cells generated in response to P. berghei ANKA
expand less than Tmem generated in response to Listeria (32).

Since Tcm are expected to respond to restimulation by expansion, secondary
proliferation has often been used as a measurement of the memory capacity of T cells
(33-36). We demonstrated previously in both polyclonal (23) and transgenic (2) CD4 T
cells that Tem make up more than 70% of the memory cells in P. chabaudi, with effector
T cells around 10% in the memory phase of chronic infection. The current work focused
on T cells in the spleen, as previous work has suggested that there is no T cell activation
in lymph nodes in P. chabaudi. We have also shown previously that memory T cells
found in lymph nodes at later time points mostly have an effector memory phenotype,
similar to that observed in the spleen (2). Tem may not be expected to expand as
efficiently as Tecm. Furthermore, Tem are predicted to be activated and prone to die
upon activation, as seen here, like effector cells (35, 37). Although the lack of reexpan-
sion could be due to continued effector T cell activation, and this has been correlated
with a large fraction of Tem among memory cells, we have not defined the T cell
subsets within the responding cells in the current work. Furthermore, in previous work,
we showed that there is no detectable increase in the fraction of memory that is Tcm
upon chloroquine treatment 1 month after infection (2), suggesting that the ratio of
phenotypic Tcm to Tem does not explain the small difference between>€Q seen here
in proliferation or sensitivity. Intriguingly, we have recently shown in another report
that only stopping the infection after 3 days (with mefloquine) can increase the fraction
of Tcm produced in response to P. chabaudi infection (38), a system more suited for
further inquiry.

Interestingly, CD4 memory T cells do not always reexpand more than naive, even in
acute model antigen systems. Jenkins and coworkers showed recently that antigen-
experienced CD4 T cells divide but expand less than their naive counterparts on
challenge with ovalbumin (OVA) and that successful reexpansion can be restored after
2 weeks in a naive recipient (33). Interestingly, inflammation, specifically IFN-v, rather
than antigen, was shown to be responsible for the delay of acquisition of this memory
trait in CD8 T cells (39), and both IFN-y and low autocrine IL-2 have this effect on CD4
memory cells (34). In our system, reexpansion was not restored after 1 month in a
treated mouse, suggesting that inflammation may be slow to be restored to homeo-
stasis. These would be interesting targets to explore in this system as well. Indeed,
extended expression of type | IFN or IFN-y has recently been shown to inhibit germinal
center production in chronic P. berghei and P. yoelii infections (40, 41).

Studies of the T cell response to chronic infection have primarily focused on defects
termed exhaustion, which reduce proliferation and cytokine production of memory T
cells. This exhausted phenotype has been reported for CD8 T cells in chronic infections,



such as lymphocytic choriomeningitis virus (LCMV) infections (42, 43). Exhaustion has
been implicated in P. falciparum, P. yoelii, and P. chabaudi malaria (44-46). However,
there is no indication of functional unresponsiveness in CD4 T cells in malaria (2, 45, 46).
Actually, CD4 T cell exhaustion has not been well documented in any situation. Instead,
there is a concerted change in the cytokine profile of chronically stimulated T cells in
LCMV and malaria away from Th1 or Tfh commitment (40, 41, 47-49), suggesting that
the effect of chronic infection on CD4 T cells is different than that on CD8 cells. On the
other hand, PD-1 is expressed on human T cells in P. falciparum infections (44), and T
cell proliferation is reduced in areas of continuous exposure to P. falciparum compared
to those with successful control programs (21). The reduction in T cell proliferation in
chronically exposed children supports the finding here that this is a factor in the
reduced accumulation of T cells upon reinfection. Although there is no known function
for CD8 T cells in protection, blocking PD-1 and LAG3 does lead to complete clearance
of P. chabaudi after day 30 of infection (45), and PD-1 knockout (KO) CD8 T cells play
arole in this, implying a role for CD8 exhaustion in this infection (50). In our studies, Teff
quickly become PD-1"t (2), a finding in agreement with studies in Mycobacterium
tuberculosis showing that PD-1""t Teff are proliferative, are short-lived, and produce
cytokines (51), suggesting that PD-1 expression at the peak of infection does not define
unresponsive CD4 T cells. In summary, the effect of chronic infection is not the primary
factor responsible for reducing T cell expansion in response to reinfection, and the
mechanism responsible for the slight, but significant, improvement of secondary
proliferation upon elimination of the chronic phase with drug treatment is unclear.

We have previously shown that chronic infection protects animals from high para-
sitemia (7) and that T cells from chronic infection protect better than those from treated
infection (2). Enhanced protection is due to the presence of persistently activated Th1
cells within the Teff, Tem, and resident memory T cell populations (2, 13, 52). Therefore,
in contrast to expectations of T cell inhibition by chronic infection, the data in chronic
infections suggest that previously activated cells, even if they do not reexpand, are
protective. The best example of this is that persistent Leishmania skin infection protects
from new lesions and visceral dissemination. To date, leishmanization remains the most
successful vaccination protocol for this disease due to the persistence of the parasite
and activated T cells in the healed lesion (13, 53). Enhanced protection cannot be
explained by exhaustion; therefore, antigen-specific T cells that survive due to contin-
uous exposure can be helpful, as suggested by Zinkernagel and Hengartner (54).

The memory T cells generated by P. chabaudi proliferated in response to suboptimal
stimulation with anti-CD3. This is consistent with the lower activation threshold and
costimulation independence expected of memory T cells. This increased sensitivity for
memory T cells has been attributed to more extensive lipid rafts with prephosphory-
lated proteins (28, 29). Chronically activated memory T cells also have increased basal
phosphorylation of TCR signaling chains (30). Phosphatidylinositol 3-kinase and Akt,
which signal downstream of costimulation and cytokines, regulate the apoptosis of
expanding effector or effector memory CD8 T cells (55). Therefore, it will be interesting
to test the contribution of these molecules to the poor secondary expansion seen here,
since they may provide a mechanism for the regulation of proliferation and accumu-
lation by activation-induced cell death.

Cytokine production by CD4 T cells is critical for protection against malaria (20,
56-58), and the balance of IFN-y, tumor necrosis factor (TNF), and IL-21 with the
regulatory cytokines IL-10 and transforming growth factor 8 (TGF-B) in response to
parasite antigens is associated with protection against malaria disease in naturally
infected people (58, 59). IL-10, in particular, plays an important role in protection from
pathology in both mice and human malaria by reducing the production of pathogenic
inflammatory cytokines (58, 60). Mice deficient in IL-10 succumb to P. chabaudi infec-
tion, and the survival rate is decreased further by inhibition of the regulatory cytokine
TGF-B or reduced by neutralization of TNF (61). IL-10 has been shown to increase
throughout chronic infection (18). The finding that IL-10 remains elevated into the
memory phase and is dramatically higher upon secondary infection than upon primary



infection represents an important mechanism of protection from pathology by
malaria-specific T cells in the memory phase of chronic infection. Similarly in
humans, children exposed to two or more malaria infections showed an increase in
IFN-y- and IL-10-coproducing CD4 T cells (59). However, the difference in IL-10
presented here does not explain the protection to parasitemia elicited by chroni-
cally infected animals compared to chloroquine-treated animals, which we believe
is controlled by an increase in Th1 cells (2).

Overall, our data suggest that whereas chronic infection generates a memory T cell
population that remains highly sensitive to restimulation, similar to classical memory T
cells (12), these cells do not accumulate significantly in response to reinfection,
potentially due to higher rates of apoptosis. Given that we have shown that chronically
stimulated T cells protect in P. chabaudi infection (2), we propose that reexpansion
upon reinfection is not essential for CD4 T cells to be protective. Instead, it is possible
that they are primarily required to maintain an elevated malaria-specific precursor
frequency and a high level of sensitivity to antigen and to produce a well-balanced
cytokine response that promotes parasite killing while limiting immunopathology.

MATERIALS AND METHODS

Mice and parasites. Female BALB/c mice were maintained in the breeding facilities of the MRC
National Institute of Medical Research or purchased from The Jackson Laboratory. Thy1.1 BALB/c
congenic mice (N15 BALB/c) were kindly provided by David Tough (Jenner Institute, Compton, United
Kingdom) or purchased from Jackson Laboratories (Bar Harbor, ME) and further backcrossed four
generations to BALB/c (MRC) or BALB/cJ mice for adoptive transfers. B5 TCR Tg mice (kindly provided by
Jean Langhorne, NIMR, London, United Kingdom) were generated as described previously (20). The B5
TCR recognizes MSP-1 (1157 to 1171, ISVLKSRLLKRKKYI/I-Ed); B5 TCR Tg mice were typed using the
primers Va2 (GAACGTTCCAGATTCCATGG and ATGGACAAGATCCTGACAGCATCG) and VB8.1 (CAGAGAC
CCTCAGGCGGCTGCTCAGG and ATGGGCTCCAGGCTGTTCTTTGTGGTTTTGATTC). Mice, 6 to 8 weeks of
age, were infected with 10° P. chabaudi chabaudi (AS)-infected erythrocytes (iRBC, intraperitoneally [i.p.])
for all experiments. Figure 3 used irradiated P. chabaudi parasites (iiRBCs), which were gamma irradiated
on ice in a 3’Cs source for 30,000 rads, and 108 nonproliferating parasites were given i.p. to each animal.
To eliminate chronic infections in some studies, mice were treated three times with 50 mg/kg chloro-
quine (Sigma, Dorset, United Kingdom) in saline (Sigma) on alternate days between days 30 and 34 p.i.
P. chabaudi (AS) is sensitive to chloroquine at a low parasite density, as on day 30 p.i. (7). Animals were
maintained in sterile caging in a specific-pathogen-free animal facility with ad libitum access to irradiated
food and water. All experiments were carried out in accordance with the protocols approved by the
National Institute of Medical Research Institutional Ethical Review Panel and The University of Texas
Medical Branch Institutional Animal Care and Use Committee.

Flow cytometry. Single-cell suspensions of spleens were made in Hanks balanced salt solution,
incubated in red blood cell lysis buffer (Sigma), and stained in phosphate-buffered saline (PBS), 2% fetal
bovine serum (FBS; PAA Laboratories, Somerset, United Kingdom), and 0.01% sodium azide (staining
buffer) with anti-CD16/32 (24G2) supernatant, followed by combinations of fluorescein isothiocyanate
(FITC)-, phycoerythrin (PE)-, peridinin chlorophyll protein (PerCP)-, biotin-, or allophycocyanin (APC)-
conjugated antibodies (Cambridge Biosciences, Oxford, United Kingdom). For the second-step reagents,
streptavidin-PerCP (BD Biosciences) and streptavidin-PE (Invitrogen) were used. For intracellular cytokine
staining, the cells were stimulated for 5 h in complete Iscove medium (cIMDM; Sigma), 10% FBS, 2 mM
L-glutamine, 0.5 mM sodium pyruvate, 100 U of penicillin, 100 mg of streptomycin, and 50 mM
B,-mercaptoethanol (Gibco/Invitrogen) with phorbol myristate acetate (50 ng/ml), ionomycin (500
ng/ml), and brefeldin A (10 mg/ml; all from Sigma) for the last 2 h. Cells were fixed in 2% paraformal-
dehyde for 20 min and resuspended in staining buffer overnight. Cells were then permeabilized in
Perm/Wash buffer (BD Biosciences) for 25 min and washed twice; they were then incubated for 40 min
with anti-IFN-y-PE (XMG1.2), IL-2-APC (JES6-5H4), or IL-10-APC (JES5-16E3; all from BD Biosciences). The
cells were washed three times in Perm/Wash solution and resuspended in staining buffer. The cells were
then collected and compensated on a FACSCalibur, using CellQuest software (BD Biosciences), or on a
nine-color CyAn ADP (Dako, Beckman Coulter), using Summit software (Cytomation) or BDFortessa (BD
Biosciences), and analyzed in FlowJo (Tree Star, Ashland, OR). Further compensation was performed in
FlowJo using single stained splenocytes.

Cell sorting and in vitro culture. For in vitro stimulation and adoptive transfer of naive and memory
T cells, B5 Tg CD4* cells were purified by positive selection using Miltenyi magnetic CD4-microbeads to
95% purity (Miltenyi, Germany) or by negative selection with the EasySep biotin selection kit (STEM-
CELL Technologies, Vancouver, Canada) using biotinylated anti-CD8a (55-6.7), B220 (RA3-6B2), CD11b
(MI/70), CD11c (N418), F4/80 (BM8), and Ter119 (eBioscience). Enriched T cells were then stained with
anti-CD4-FITC, CD44-APC-Cy7, and CD25-PE for naive (CD44'> CD25-) or memory (CD44" CD25") cell
sorts. Cells were sorted on a FACSAria | using FACSDiva software (BD Biosciences). Sort purity was
consistently99%. The cells were washed three times in calcium- and magnesium-free PBS and then
labeled for 10 min at 37°C with 1 mM CFSE (carboxyfluorescein succinimidyl ester; Sigma) or Cell Trace



Violet (CTV; Invitrogen) and transferred i.p. For in vitro cultures, the cells were labeled with CFSE, plated
at 10° cells/ml, and stimulated with the stated concentrations of plate-bound anti-CD3 (OKT3).

Adoptive transfers. Splenic CD4" T cells were purified by magnetically activated cell sorting (MACS)
positive selection (95% purity; Miltenyi). Equal numbers of B5 TCR Tg CD4* T cells (1 X 106 to 2 X 10°)
were transferred into congenic Thy1.1 BALB/c mice on the same day for all groups. Recipient mice were
infected once at 60 days posttransfer for the primary (1°) group. The secondary (2°) group was infected
the day after adoptive transfer and again 60 days later. To minimize variation in flow cytometry analyses,
infections were staggered so that flow analyses for all groups occurred on the same day. When memory
(CD44h CD25~ from day 60 p.i.) and naive (CD44' CD25~ from uninfected cells) B5 TCR Tg CD4+ T cells
(MACS purified, sorted) were transferred into uninfected Thy1.1 congenic recipients, the same numbers
of each were transferred into their respective recipients.

Statistics. Statistics were performed in Prism (GraphPad, La Jolla, CA). All groups in an experiment
were compared by analysis of variance and individually by using an unpaired Student t test, with P < 0.05
considered significant.
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