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Lethal and nonlethal murine malarial infections differentially affect

apoptosis, proliferation, and CD8 expression on thymic T cells
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SUMMARY

Although thymic atrophy and apoptosis of the double-posi-
tive (DP) T cells have been reported in murine malaria,
comparative studies investigating the effect of lethal and
nonlethal Plasmodium infections on the thymus are lack-
ing. We assessed the effects of P.yoelii lethal (17XL)
and nonlethal (17XNL) infections on thymic T cells. Both
strains affected the thymus. 17XL infection induced DP
T-cell apoptosis and a selective decrease in surface CD8
expression on developing thymocytes. By contrast, more
severe but reversible effects were observed during 17XNL
infection. DP T cells underwent apoptosis, and prolifera-
tion of both DN and DP cells was affected around peak
parasitemia. A transient increase in surface CDS8 expres-
sion on thymic T cells was also observed. Adult thymic
organ culture revealed that soluble serum factors, but not
IFN-y or TNF-o, contributed to the observed effects.
Thus, lethal and nonlethal malarial infections led to multi-
ple disparate effects on thymus. These parasite-induced
thymic changes are expected to impact the naive T-cell
repertoire and the subsequent control of the immune
response against the parasite. Further investigations are
required to elucidate the mechanism responsible for these
disparate effects, especially the reversible involution of the
thymus in case of nonlethal infection.
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BACKGROUND

Malaria, a devastating illness caused by bloodborne pro-
tozoan parasites belonging to Plasmodium spp, may
remain uncomplicated or may result in severe disease lead-
ing to lethality. Studies on murine malaria models have
led to a better understanding of the pathogenesis of the
disease and the immune responses it elicits (1,2). Four
species of the malarial parasite, P. chabaudi, P. vinckei,
P. berghei and P yoelii, are used in experimental infec-
tions, and they vary in their pathogenicity and the
immune response they induce (3,4). There are reports that
demonstrate a reduction in thymic cellularity post-infec-
tion using some of these Plasmodium species (5-7); how-
ever, till date, there are no systematic studies investigating
the effect of lethal and nonlethal malarial infections on
the murine thymus. A comparative evaluation of a severe
vs. self-limiting malarial infection will further our under-
standing of the malaria-induced effects on the thymus.
P, yoelii is well suited to study such immunological aspects
of the infection (1). The two strains of this parasite, 17XL
(lethal) and 17XNL (nonlethal), differ in their growth
kinetics, cellular tropisms, the type of immune responses
they invoke and the clinical outcomes of their infections
(8-10). The virulent 17XL strain infects mainly mature
erythrocytes, whereas the 17XNL strain preferentially
infects reticulocytes (8). This preference for a particular
erythrocyte type has been traced to single Cys to Arg
replacement in the erythrocyte binding-like protein
involved in parasite invasion (9). Two other markers that
are not linked to the erythrocyte binding-like protein are
also thought to play a role in the virulence of these strains
(10). However, such specificity defines the cell selection
for invasion and does not reflect on the subsequent
molecular events leading to the virulent vs. nonvirulent
phenotypes. The two strains induce distinct peripheral
immune responses, especially in terms of the nature and
kinetics of IFN-y and TGF-f induction (11-13). The two
infections have also been shown to differ in their effect on
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the spleen (11). 17XNL infection causes a temporary clo-
sure of spleen circulation with the formation of syncytial
layers of fibroblasts that form physical barriers (14); such
remodelling does not occur in 17XL infection.

Thymic T-cell development occurs in discrete stages
comprising differentiation, proliferation, selective apopto-
sis and egress that finally results in a T-cell repertoire
capable of providing protection against invaders while
being tolerant to self-antigens. The process starts with thy-
mic progenitor cells from the bone marrow entering the
thymic cortex (15,16). These progenitors express neither
CD4 nor CDS8 and are termed ‘double negative (DN)’.
The DN stage consists of four substages (DNI1-DN4)
defined by the expression of CD25 and CD44. As they
migrate through the thymus, the DN cells rearrange their
T-cell receptor (TcR) genes and first start expressing CD8
to become immature single-positive cells and then CD4 to
become CD4'CD8" double-positive (DP) T cells. The
developing thymocytes undergo extensive antigen-indepen-
dent proliferation at two discrete steps during their transi-
tion from the DN to the DP stage to provide sufficient
numbers of thymocytes for the ensuing stringent selection
processes (17,18). Subsequent positive and negative selec-
tion ensures that the cells that do not express TcRs recog-
nizing self-MHC molecules and those that express TcRs
with high affinity for self-MHC molecules or self-antigens
undergo apoptosis. Almost 95% of all thymocytes die in
the thymus because of these selection processes (19-21).
DP T cells that survive the selection processes lose one of
the markers to become either CD4 or CDS single-positive
(SP) T cells and eventually egress the thymus to replenish
the peripheral naive T-cell compartment. Although the
thymus involutes with age, it continues to produce naive T
cells. This comparative study investigates the effects of
17XL and 17XNL infections on the host thymus. We show
that both strains result in an atrophy of the thymus and
affect apoptosis and proliferation of developing T-cell sub-
populations. DP T cells were predominantly affected in
17XL infection, whereas DN, DP, and CD4" SP T-cell
subpopulations underwent drastic reduction in numbers
during the ascending phase of 17XNL infection. P. yoelii
17XL infection resulted in decreased surface CDS8 expres-
sion on developing thymocytes at the peak of parasitemia.
However, 17XNL infection did not affect CDS8 surface
expression except an upward trend during the early phase
of infection. Adult thymic organ culture (ATOC) revealed
that these effects in case of 17XL infection were not
attributable to either IFN-y or TNF-o. Thus, the two
strains distinctly affected thymic T-cell numbers, apoptosis
and proliferation. In summary, more severe effects were
observed during 17XNL infection at a much lower parasit-
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emia (Y%parasitemia = 5-52 + 1-41) when compared to
17XL infection (Yoparasitemia = 53-93 + 18-86).

MATERIALS AND METHODS

Mice

Male BALB/c mice (6-8 weeks old) were obtained from
the local animal breeding facility at the Tata Institute of
Fundamental Research, Mumbai, India. Mice were bred
and maintained under specific pathogen-free conditions.
All experiments were conducted in accordance with the
guidelines and recommendations of the Committee for the
Purpose of Control and Supervision on Experiments on
Animals, Tata Institute of Fundamental Research.

Parasites and infection

P. yoelii 17XL and 17XNL strains were revived from fro-
zen stocks. The infection was initiated by intraperitoneal
(i.p.) injection of 10* parasitized RBCs (1). Progress of
infection was monitored by microscopic examination of
Giemsa-stained thin blood smears. All experiments were
carried out at least thrice, and three mice were sacrificed
at each time point tested. The data for each time point are
represented as mean + SEM (n = 3).

Antibodies and other reagents

The following antibodies and reagents were obtained from
BD Pharmingen (San Diego, CA, USA): PE-labelled anti-
mouse CD4 (#553652), PE-CyS5-labelled anti-mouse CD8
(#553034), FITC-labelled anti-mouse Thy 1.2 (#553013),
FITC-labelled anti-BrdU (#556028), FITC-labelled Annexin
V (#556419), purified anti-mouse CD16/32 (#553142), perox-
idase-labelled goat anti-mouse IgG (#554002), anti-mouse
IFN-y-neutralizing antibody (#551216) and propidium iodide
staining solution (#556463). Anti-mouse TNF-a-neutralizing
antibody (#506105) was purchased from BioLegend Inc, San
Diego, CA, USA. Protein G-sepharose beads were obtained
from GE Healthcare Life Sciences, Buckinghamshire, UK.

Flow cytometry

Cell surface staining

Thymi and spleens were harvested, single-cell suspensions
were prepared, and erythrocytes were removed by lysis
using ACK buffer (0-15 M NH4CI, 10 mm KHCO3, 0-1 mm
Na,EDTA). The cells were resuspended in FACS buffer
(1% v/v FBS and 0-01% NaNj in PBS) and incubated with
blocking antibody (anti-mouse CD16/32) for 15 min at RT
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(room temperature) prior to incubation with respective anti-
bodies and isotype controls for 20 min at 4°C (5).

Apoptosis detection

Thymocytes were resuspended in 100 pL. annexin-binding
buffer (10 mm HEPES, 140 mm NaCl and 2-5 mm CaCl,,
pH 7-4) followed by staining with FITC-labelled annexin
V, anti-CD4 and anti-CDS8 antibodies for 15 min at RT
according to manufacturer’s instructions (Sigma-Aldrich,
St. Louis, MO, USA). Alternatively, 1 million cells were
incubated on ice with 10 pL of PI solution (50 pg/mL) for
10 min followed by acquisition on a flow cytometer.

BrdU labelling and detection
One milligram Bromodeoxyuridine (Roche, Basel, Switzer-
land) dissolved in 0-15 m NaCl was administered as a sin-
gle ip. injection. The mice were sacrificed 2 h post-
injection. The thymocytes were processed for detection of
BrdU incorporation as described by Lucas et al (22).
Briefly, the cells were resuspended in ice-cold 0-15 m NacCl,
fixed with 95% ethanol at —20°C, permeabilized using 1%
paraformaldehyde and 0-01% Tween-20 in PBS for 30 min
at 4°C, and incubated with DNase I buffer (0-15 m NaCl,
4.2 mm MgCl,, 10 pm HCI and 50 000 units/mL DNase I)
for 40 min at 37°C. The cells were then stained with
FITC-labelled anti-BrdU antibody for 30 min at RT.

All samples were acquired on PAS, Partec (Gorlitz, Ger-
many), and analysed using FLomAX software (Partec, Gor-
litz, Germany).

H & E staining

The sectioning and staining of the thymi were carried out as
described by Achtman et al. (23). Thymi were snap-frozen in
liquid nitrogen, embedded in cold OCT compound, and serial
S5-um cryosections were mounted on glass slides. Slides were
allowed to dry at RT followed by fixation in 90% acetone at
4°C for 20 min. The sections were stained with haematoxylin
(Sigma-Aldrich) and eosin (Sigma-Aldrich) as per manufac-
turer’s instructions. Briefly, the slides were first stained in ha-
ematoxylin solution for 1-5-3 min, washed and incubated for
20-60 s in acid alcohol. After washing, the slides were incu-
bated in Scott’s Tap Water Substitute for 5-60 s, counter-
stained with eosin, dehydrated in graded alcohol, cleared with
Histoclear (Fisher Scientific, Waltham, MA, USA) and
mounted in DPX (Sigma-Aldrich). The slides were observed
under Olympus BX41 microscope (20x magnification), and
images were captured using Nikon D50 camera.

Adult Thymic Organ Culture

Thymic explant culture was carried out as described by
Whalen et al. (24). 1-mm? thymic explants were cut using
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Mclllwan tissue chopper and cultured on filters (0-45-pm
filters, Millipore, Bedford, MA, USA) placed on top of Ab-
gel gelatin sponges (Shri Gopal Krishna Laboratories,
Mumbali, India) placed in 6-well plates. The sponges were
hydrated overnight in DMEM at 37°C and 5% CO, atmo-
sphere prior culture. The thymic explants were cultured at
37°C and 5% CO, atmosphere in DMEM + 10% normal
mouse serum and supplemented with various factors (out-
lined below) for 12 or 24 h as indicated. The cells were
extracted from explants by homogenization and assessed for
viability, CD4, and CD8 expression as described. The cul-
ture medium was supplemented with either of the following:

1. Infected/normal RBCs to a haematocrit of 5%: Blood
was collected from uninfected, and 17XL (parasitemia
>30%)-infected mice in ACD and washed with DMEM.
Four millilter diluted blood was layered upon 2 mL of
Histopaque (Sigma-Aldrich) and spun at 1500 rpm for
20 min at RT (without brakes). RBCs were separated
from PBMCs and resuspended in DMEM.

2. Crude parasite protein extract or normal RBC extract
(1 mg/mL): Parasite protein extract was prepared by
resuspending the parasite (P. yoelii 17XL) pellet in 2-3
volumes of 0-15% saponin (in PBS) containing a cock-
tail of protease inhibitors (1 pg/mL leupeptin, 1 pg/mL
pepstatin and 0-5 mm PMSF; Sigma-Aldrich), incu-
bated at 37°C for 15 min with intermittent mixing and
centrifuged at 13 000 rpm for 10 min. The pellet was
washed till the red coloration of haemoglobin was lost,
resuspended in 3-4 volumes of 1% Triton X-100 (in
PBS) containing the cocktail of protease inhibitors,
incubated on ice for 1 h and spun at 13 000 rpm for
30 min to obtain the supernatant containing the para-
site protein extract.

3. 10% Ig-depleted or undepleted serum from infected/
uninfected mice: Prior to use in culture, serum was Ig-
depleted using protein G-sepharose beads (GE Health-
care Life Sciences) as per manufacturer’s instruction. Ig
depletion was confirmed by dot-blot that was developed
using the ECL PlusTM (Amersham Biosciences, Piscat-
away, NJ, USA).

4. 10% serum from infected mice depleted or not of IFN-
v/TNF-a: Serum from infected mice was incubated with
up to 50 ng/mL of neutralizing antibody — anti-mouse
IFN-y (BD pharmingen) or anti-mouse TNF-a (Bio-
Legend Inc) — for 6-12 h at 37°C, treated with protein
G-sepharose beads to remove Ig and centrifuged at
4000 rpm before use.

Statistical analysis

Statistical significance was calculated using nonparametric
Kruskal-Wallis test followed by Dunn’s post hoc test
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(GRAPHPAD INSTAT 3.0 software, La Jolla, CA, USA). The
data are represented as mean + standard error mean
(SEM). P values less than 0-05 were considered significant.

RESULTS

Parasite growth kinetics

Mice were infected with 10* infected RBCs, and parasit-
emia was monitored at different time points post-infection
(p.i.). The 17XL infection showed rapid growth kinetics
and reached a high parasitemia — 53-93 + 18-86% (n = 3
mice per time point), resulting in death between Day 9
and Day 11 (Figure la inset). Hence, for all the experi-
ments with the lethal strain, the mice were sacrificed at
Day 8 or 9. In agreement with previous reports, 17XNL
infection showed slower growth kinetics as compared to
17XL strain (11) and it resulted in a peak parasitemia of
552 £ 1-41% (n=3 mice per time point) (Figure 1b
inset). The infection was self-limiting, and the parasites
were usually cleared by days 22-25.

Malarial infection causes reduction in thymic T-cell
numbers

Changes in thymic weight and cell yield during both 17XL
and 17XNL malarial infections were recorded at different
days p.i. (Figure la and b). Both infections caused thymic
atrophy and resulted in decreased thymic weight and thy-
mic cellularity. Typically, the reduction in thymic weight
and cellularity began later (days 5-7) in 17XL infection
when the parasite load was high (parasitemia between 8
and 16%; n = 3) (Figure la). Such thymic changes began
at a comparatively lower parasite load in 17XNL infection
(0-98 £ 0-04; n = 3) (Figure 1b). In majority of the ani-
mals (63%), 17XNL infection-associated thymic changes
occurred at parasite load as low as 4-0 + 1-2%, suggesting
that the two strains had differing effects on the thymus.

P. yoelii 17XL and 17XNL infections have differing
effects on thymic T-cell subpopulation numbers

Flow cytometric analysis conducted to determine the rela-
tive frequency and absolute numbers of thymocyte subsets
defined by Thy 1.2, CD4, and CD8 staining revealed clear
changes in the composition of the subsets following malar-
ial infection. Thy 1.2 is one of the earliest markers on
developing T cells, and numbers of DN, DP, and SP T
cells were ascertained from Thyl.2*-gated population (Fig-
ure S1). Figure 1 shows representative dot plots of the
thymus of single animals sacrificed at various time points
after 17XL (c) and 17XNL (d) infection, respectively. Bar
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graphs in panels (e) and (f) summarize the data of three
animals from a representative experiment. The insets in
panels (a) and (b) show parasitemia profiles for that par-
ticular experiment. In agreement with published data, the
number of DP cells decreased in the lethal infection (5,7).
The reduction in thymic weight and yield coincided with
the DP decline. By Day 9, the number of DP cells in the
thymus declined by ~99% of the control population (Fig-
ure le). Interestingly, CD4" SP T-cell numbers also
decreased significantly by Day 9, but this effect was less
drastic (Figure le); the number of CD4" SP T cells
declined by ~87% of the control population. The numbers
of DN and CDS8"* SP T cells, on the other hand, remained
unaffected.

In case of 17XNL infection, DN, DP, and CD4"* SP T-
cell numbers were significantly affected, while CD8* SP T-
cell numbers remained unaffected (Figure 1f). DP T-cell
numbers showed the greatest decline (>90% reduction at
peak parasitemia; Figure 1f). All subpopulations started to
rebound during the descending phase of the parasitemia
and returned to near normal values post-parasite cearance.

Thus, 17XL and 17XNL infections resulted in thymic
atrophy. Both infections resulted in decreased DP and
CD4" SP T-cell numbers, but only 17XNL infection led to
a decrease in DN T-cell numbers as well.

Cortical but not medullary thymocytes decrease in
numbers during both 17XL and 17XNL infections

Different compartments of the thymus are populated by dif-
ferent subpopulations of maturing thymocytes. DN cells
that enter the thymus are largely found at the cortico-med-
ullary junction and the capsule. DP cells are found in the
cortex, whereas SP cells localize primarily to the medulla
(25). We examined thymic sections of mice infected with the
17XL (Day 9) and 17XNL (peak parasitemia) strains to
assess the effect of the infections on thymic histopathology.
Histological analysis revealed a decreased cortex cellularity
during late stage of 17XL (Figure 2b) and at peak parasit-
emia in case of 17XNL (Figure 2c) infection, but the thymic
medulla remained unaffected. This selective depletion of
cortical, but not medullary, thymocytes has also been
observed for P berghei ANKA-infected CBA mice (6).
However, we did not observe a loss of delimitation of the
cortico-medullary junction as reported by Andrade et al.
(7) for P. berghei ANKA-infected BALB/c thymi, suggest-
ing that the extent of histological changes in the thymus
could vary depending on the species of the parasite. The
dramatic reduction in DP cell numbers observed at the late
stage of 17XL infection (Figure le) or at peak parasitemia
of 17XNL infection (Figure 1f) is likely to be a major con-
tributor to the decreased cellularity of the cortex.

© 2015 John Wiley & Sons Ltd, Parasite Immunology, 37, 349-361
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Figure 1 Change in thymic weight and T-cell numbers during P. yoelii 17XL (lethal) and P. yoelii 17XNL (nonlethal) infection in BALB/c¢
mice. Representative graphs depicting changes in thymic weight and cell yield during lethal (a) and nonlethal (b) infection. Thymocytes
from uninfected and infected mice at different days p.i. were stained with anti-Thyl.2-FITC, anti-CD4-PE and anti-CDS8-PE-Cy5.5
antibodies. Representative flow cytometric dot plots of cells gated for Thyl.2* cells show CD4 and CD8 SP and DP numbers at different
days p.i. during lethal (c) and nonlethal (d) infection. The bar graphs (e, f) show numbers of different thymic T-cell subpopulations at
different days p.i, in lethal and nonlethal infection, respectively. The insets depict the parasitemia profile of the particular experiment. Data
are expressed as mean + SEM (n = 3). Similar results were obtained in three independent experiments. Statistical significance determined
by Kruskal-Wallis test followed by Dunn’s post hoc test. *P < 0-05 when compared to Day 0; n.s. = not significant.
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P. yoelii 17XL; Day 9

P. yoelii 17XNL; Day 10

P. yoelii 17XNL; Day 23

Figure 2 Depletion of cortical thymocytes during lethal and nonlethal infection. Thymic sections from uninfected (panel a) and P. yoelii-
infected BALB/c mice (panels b—d) were stained with haematoxylin and eosin and observed at 20x magnification. P. yoelii 17XL-infected
BALB/c mice (parasitemia = 36-9 + 5-3%) show depletion of thymocytes (arrows) from the cortex, whereas the medulla remains unaffected
(b). A decrease in cortical thymocytes (arrows) was also observed at peak parasitemia in P. yoelii 17XNL-infected BALB/c mice (c) and the

normal structure was regained post-parasite clearance (d).

Malarial infection affects surface CD8 expression on
thymic T cells

Flow cytometric analysis of Thy 1.2 CD4" or CD8" cells
revealed that malarial infection resulted in a significant
change in the overall surface expression of CD8 on thymic
T cells, which includes cells at all stages of development.
Figure 3a and b are representative histograms of Thy 1.2-
gated CD8™ cells at Day 0 and Day 9 in 17XL infection.
Figure 3c is a bar graph depicting the median fluorescence
intensity (MFI) of CD4 and CDS8 as the infection pro-
gresses towards lethality. The MFI for CD8 expression on
developing thymocytes decreased significantly at Day 9 of
17XL infection (Figure 3c). Although CD4 showed a
trend towards increased expression during the course of
infection, it was not statistically significant.

The changes in surface expression of CD4 and CDS in
the course of 17XNL infection are presented in Fig-
ure 3d-h. The representative histograms in Figure 3d-g
depict MFI of Thy 1.2-gated CD8" cells at days 0, 5, 10,
and 23 post-infection. In contrast to what was observed in
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17XL infection, no significant change in surface CDS§
expression was observed in the course of 17XNL infec-
tion. We observed a transient spike in CD8 expression at
Day 5 post-infection (Figure 3e,h); however, it was not
statistically significant (P = 0-0704).

Lethal and nonlethal malarial infections have differing
effects on proliferation and death of thymic T-cell
subpopulations

The reduced thymic cell yield could be a result of
decreased rate of thymocyte proliferation or an increased
thymocyte apoptosis or both. We used pulse 5-bromode-
oxyuridine (BrdU) incorporation to investigate thymocyte
proliferation in uninfected and 17XL- or 17XNL-infected
mice. The mice were injected i.p. with 1 mg BrdU 2 h
prior to sacrificing. BrdU incorporation was assessed by
flow cytometric analysis of CD4", CD8*, and BrdU™" cells.
To examine whether apoptosis plays a role in reduction in
thymic T-cell numbers during malarial infection, we per-
formed Annexin V, CD4, and CDS staining.

© 2015 John Wiley & Sons Ltd, Parasite Immunology, 37, 349-361
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Figure 3 Alteration in surface CDS8 expression on thymic T cells during P. yoelii 17XL (lethal) and P. yoelii 17XNL (nonlethal) infection in
BALB/c mice. Representative histograms of CD8 expression at Day 0 (a) and Day 9 (b) on Thyl.2-gated cells in P. yoelii 17XL infection.
(c) Bar graph showing median fluorescence intensity of CD4 and CD8 expression during the course of 17XL infection. Similarly, panels
(d—g) are representative histograms showing CD8 expression on Thyl.2-gated cells at Day 0 (d), 5 (e), 10 (f) and 23 (g) during 17XNL
infection. (h) Bar graph depicting median fluorescence intensity of CD4 and CDS expression. Data are represented as mean + SEM

(n = 3). Statistical significance determined by Kruskal-Wallis test followed by Dunn’s post hoc test. *P < 0-05 when compared to Day 0.

Although no significant reduction in %BrdU cells was
observed during the course of 17XL infection (Figure 4a),
a marked reduction in %BrdU cells was observed at Day 3
post-infection (parasitemia = 1-23 + 0-:60) in 17XNL
infection (Figure 4b), before peak parasitemia. This reduc-
tion in proliferation was reversible as normal level of pro-
liferation was regained at Day 16 post-infection. Both

© 2015 John Wiley & Sons Ltd, Parasite Immunology, 37, 349-361

17XL and 17XNL infections resulted in an increase in %
AnnV™ cells, at Day 8 post-infection in the case of former
and at peak parasitemia in the latter (Figure 4c,d).

Both the reduction in proliferation and increase in
apoptosis were confined to only DP T cells in 17XL infec-
tion (Figure 4e—g). In 17XNL infection, a transient reduc-
tion in proliferation of both DN and DP T cells was
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Figure 4 Decreased thymic T-cell proliferation and increased thymocyte apoptosis during infections induced by P. yoelii 17XL and P. yoelii
17XNL in BALB/c mice. Thymic cell proliferation was estimated by pulse BrdU incorporation, whereas apoptosis was determined by
Annexin V staining. 17XL (panels a, e, f)- and 17XNL (panels b, h, i)-infected mice were injected i.p. with 1 mg of BrdU 2 h prior to
sacrificing. Thymocytes were harvested, stained for surface CD4, CDS, fixed, permeabilized and treated with DNase I prior to staining
with anti-BrdU antibodies. A decrease in total thymic T-cell proliferation (% BrdU+ cells; panel a) and DP T-cell proliferation (f) was
observed in the lethal infection. DN T-cell proliferation remained unaltered (e). A decrease in the proliferation of total thymic (b), DN (h)
and DP T cells (i) was observed during early stages of the nonlethal infection, which reverted to normal in the later stages of infection.
Thymocytes from mice infected with 17XL (c, g) and 17XNL (d, j) were stained with Annexin V-FITC, anti-CD4-PE and anti-CD8-PE-
CysS antibodies and analysed by flow cytometry. Lethal malarial infection led to an increase in total %Annexin V+ cells (c) and DP T cells
(g). An increase in total %Annexin V+ cells (d) was also observed during the ascending phase of nonlethal infection with maximum
apoptosis at peak parasitemia. This increase in apoptosis occurred in all the thymic subpopulations (j). The numbers of apoptosing cells
reverted to normal values in the descending phase of the infection (d, j). Data are represented as mean + SEM (n = 3). Statistical
significance determined by Kruskal-Wallis test followed by Dunn’s post hoc test. *P < 0-05 when compared to Day 0 unless otherwise
indicated. n.s. = not significant.

observed at Day 3 and Day 7 post-infection followed by a knowledge, this is the first report that demonstrates differ-
significant increase to regain the normal level of prolifera- ential effects of an infection on DN and DP thymic T-cell
tion (Figure 4h—i). Such hyperplasia has been reported in proliferation.

a number of conditions that induce transient but reversible
thymic atrophy (26). A similar increase in apoptosis in DP
T cells was observed around peak parasitemia in 17XNL
infection (Figure 4;j).

Thus, 17XL and 17XNL infections affect DN and DP

Infected serum causes a reduction in DP T-cell numbers,
but this effect is not attributable to either antiparasite
Igs, TNF-a, or IFN-y

T-cell proliferation differently. The former results in We attempted to identify factor(s) responsible for
reduced proliferation of DP T cells only, whereas the latter increased thymic cell death and decreased cellular
affects proliferation of both DN and DP T cells. To our proliferation using in vitro adult thymic organ culture
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(ATOC). Thymic explants from uninfected BALB/c mice
were cultured under various conditions for up to 48 h
and the cells were harvested and analysed by flow
cytometry. When cultured in the presence of parasitized
RBCs or crude parasite protein extract (P. yoelii 17XL),
the viability and numbers of the different thymic T-cell
subpopulations in the thymic explants remained
unchanged (Figure S2). Serum from 17XL-infected mice
was Ig-depleted using protein G-sepharose beads, and
depletion was confirmed by a dot-blot (Figure 5a). Ex-
plants cultured with or without Ig-depleted serum from
17XL-infected mice (parasitemia >30%) resulted in
decreased thymocyte viability and increased DP T-cell
death (Figure 5b and c). This suggested that a soluble
factor present in infected serum could be responsible for
some of the observed effects on the thymus and that
the decline in viability was not attributable to antipara-
site Igs.

To determine whether serum TNF-o or IFN-y had a
role in the observed thymocyte depletion, each of these

(b)100 - 5 *

i

% Viability
3

'
o
1

[ )
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cytokines was depleted from 17XL-infected serum using
neutralizing antibodies and the cytokine-depleted sera
were used in ATOC. Neutralization of either of these cyto-
kines did not reverse the increased DP T-cell death caused
by the infected serum (Figure 5d). Although DP T-cell
numbers showed a downward trend when cultured in the
presence of IFNy-depleted infected serum, this change was
statistically insignificant. Further experiments will help
elucidate whether IFNy depletion reversed the effect of
malarial infection on the thymus. To summarize, the
increase in DP T-cell death could not be attributed to par-
asite proteins, antiparasite Igs, IFN-y, or TNF-o.

DISCUSSION

Severe reversible atrophy of the thymus has been reported
during acute sepsis, viral, bacterial, fungal, and protozoan
diseases (27). However, systematic studies establishing the
effect of these infections on the thymus and the developing
thymocyte subpopulations have received less attention. In
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Figure 5 Serum-derived factors other than the cytokines TNF-o and IFN-y cause decrease in thymocyte viability and DP T cells. Serum
was depleted of Ig using protein G-sepharose beads (a). The viability and proportions of different thymic T-cell subpopulations of thymic
explants cultured in the presence of Ig-depleted (b,c) and Ig-undepleted (b) infected serum was estimated at 12 and 24 h time points (b,c).
Panel (b) depicts % viability of the thymocytes at 12 and 24 h. Panel (c) shows the percentage of DN, DP and SP cells at different time

points in the explants. Panel (d) depicts the changes in viability of

different subsets in the explants cultured in the presence of serum

depleted of TNF-a or IFN-y. Data are represented as mean + SEM (n = 3). Statistical significance determined by Kruskal-Wallis test

followed by Dunn’s post hoc test. *P < 0-05.
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this study, we have investigated the effects of P yoelii
17XL and 17XNL infections on the thymic T-cell subsets
in BALB/c mice. We found that both strains differentially
affect thymocyte death and proliferation. In addition, they
also affect CDS8 expression on the developing thymocytes.

In agreement with earlier reports, we found that both
17XL and 17XNL malarial infections resulted in thymic
involution and reduced cell yield (5-7). The effects of
17XL infection were evident predominantly in the later
stages of the infection when parasitemia exceeded 10%,
whereas the effect of 17XNL infection was observed at
very early stages of the infection, when the parasitemia
was 0-98 £ 0-04%, suggesting that these effects were nei-
ther directly related to parasite load nor were they a func-
tion of the number of days the mice were exposed to the
parasite.

The earliest observed effect on the thymus, in both
lethal and nonlethal infection, was the disappearance of
DP T cells with concomitant thymic atrophy. This atrophy
was attributable to increased thymocyte apoptosis and
decreased thymocyte proliferation. The thymocyte subpop-
ulations were differentially affected by the two strains of
the parasite used. 17XL infection predominantly affected
only DP and CD4" SP T cells. However, all the developing
subpopulations except CD8* T cells underwent drastic
reduction in numbers early during the ascending phase of
17XNL infection.

In a healthy young adult, DP T cells form ~80% of the
developing T-cell population in the thymus and this subset
is central to the T-cell developmental process (28-30).
During the DP-to-SP stage transition, the cells are sub-
jected to selective pressure and only ~5% cells survive the
selection processes. Our data show > 80% reduction in
DP numbers during both 17XL and 17XNL infection.
This reduction was the result of increased apoptosis and
decreased proliferation. Typically, almost 95% of the
developing thymocytes undergo apoptosis in the thymus as
they fail to express TcRs with an optimal affinity for the
selecting intrathymic peptide-MHC complexes (20,31,32).
Majority of the cells undergoing apoptosis are at the DP
stage of development, and DP cells are known to be apop-
tosis-sensitive (21,33). Hence, it was not surprising that
both the infections resulted in apoptosis of DP T cells, as
has been reported for other murine malarial infections
(5,7). In the course of their ontogeny, developing thymo-
cytes undergo massive proliferation before TcR gene rear-
rangement. This proliferation occurs at two distinct stages
of development. The first expansion occurs during DNI1-
to-DN3 transition before the TCRf gene rearrangement,
and the second occurs during the DN-DP transition
before TCRa gene rearrangement (34,35). The control of
these proliferative stages and the molecular players
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involved are still being investigated, although signalling
through MYC, NOTCHI1 and IL7R is known to be
involved (36). We found that 17XL and 17XNL infections
affected proliferation of developing T cells differently. Only
DP stage proliferation was reduced in 17XL infection,
whereas proliferation of both DN and DP stages was
affected in 17XNL infection. Further investigations are
needed to understand the mechanism underlying this
effect.

Another major finding was that 17XL infection resulted
in a decrease in surface CD8 expression in developing thy-
mocytes with increasing parasitemia. In 17XNL infection,
there was a transient upward trend in surface CDS8 expres-
sion in the early stages of infection; however, this increase
was not statistically significant. Such changes in thymic
coreceptor expression have not been reported in any other
infection (27). Recent transcriptome analysis suggests that
apart from the Cd4, Cd8a, CdS8bhl and Rorc genes, several
regulators such as Chdl, Klf7, Mef2a, Meirl, Pou6fl and
Suhw4 (Zfp280d) maybe involved in transition from DN
to immature single-positive stage when CDS8 is first
expressed on the thymocytes (36). However, regulators
involved in controlling levels of CD8 expression in the
developing thymocytes remain unknown. Changes in sur-
face CD8 expression on developing thymocytes are likely
to affect the thymocyte selection. T-cell maturation
involves positive and negative selection, both of which are
mediated by interactions between a TCR and CD4 or
CDS8 on a maturing thymocyte and an MHC-self-peptide
ligand on a selecting cell. Studies have shown that thymo-
cytes expressing markedly enhanced levels of CD8 are
selectively deleted in the process of thymic maturation
(37-40). Thus, it is likely that the aberrant transient
increase in surface CDS§ expression in the early stages of
the 17XNL infection and the decline in the later stages of
infection could affect the process of T-cell maturation.

Adult thymic organ culture is an accessible means to
study thymic T-cell maturation while maintaining the thy-
mic microenvironmental architecture and the three-dimen-
sional cellular interactions. It has been used in the past to
identify factors that may play a role in thymocyte apopto-
sis and proliferation (41,42). In this study, ATOC was
undertaken in an attempt to understand the molecular
players responsible for the observed thymic atrophy. No
change in thymocyte viability was observed when thymic
explants were cultured in the presence of infected RBCs
and parasite protein extract, suggesting that parasite pro-
teins may not have a direct effect on thymocyte viability.
However, explants cultured in medium supplemented with
serum from infected mice showed decrease in DP T-cell
numbers. Malarial infection results in increased serum
levels of IFN-y and TNF-o (12,43-46). Both these cyto-
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kines have been shown to be involved in DP T-cell death
(47-51). In this study, neutralization of TNF-o and IFN-y
did not alter the apoptosis-inducing capacity of the serum.
In fact, TNF-o neutralization resulted in a further reduc-
tion in DP T-cell numbers. This could mean that in
malaria-induced thymic atrophy, TNF-a plays a protective
rather than a destructive role. This is contrary to what is
observed in Chagas’ disease, another parasitic infection
caused by a closely related apicomplexan Trypanosoma
cruzi, where severe thymocyte depletion has been observed
in parallel with increased TNF-o levels. However, this
depletion is attributed to TNF-induced glucocorticoids
rather than TNF-a directly (51). Thus, it is likely that it is
not the cytokines per se, but downstream molecules
induced by them that are responsible for some of the
observed thymic changes.

The immunopathogenesis of murine malarial infection
varies with the combination of Plasmodium species and
rodent host. Here, we used two different strains of
P, yoelii, 17XL (lethal) and 17XNL (nonlethal), to infect
the same rodent host, BALB/c mice, and observed the
effects induced by both parasite strains on the thymus.
The effects induced by the nonlethal strain were revers-
ible, with the thymic T-cell numbers, apoptosis and pro-
liferation, all returning back to normal levels in the
descending phase of parasitemia. The recovery of mice
from infection is unlikely to be due to the addition of
recent thymic emigrants to the peripheral naive T-cell
pool during the course of infection. Typically, the pro-
cess of T-cell maturation takes around 12-15 days, with
the DN to DP differentiation occurring in the first
7 days (17). In this study, we observed the malarial par-
asite-induced thymic effects (and recovery in the case of
nonlethal infection) within a much shorter time span;
therefore, recent thymic emigrants may not be involved
in the immune response leading to parasite clearance.
Instead, these effects could be attributed to distinct
immunomodulatory functions employed by these two
parasite strains (2). Dendritic cells isolated from mice
with P. yoelii 17XNL infection have been shown to be
fully functional, leading to stimulation of T-cell prolifer-
ation, IL-12 secretion, effective immunoregulatory
responses involving IL-10, TGF-B, and IL-27 (52). Fur-
thermore, Fu ef al. (53) have shown that macrophage-
mediated innate response in case of P yoelii 17XNL
plays a critical role in early control of parasitemi, a
when compared to P yoelii 17XL and is attributed to
the upregulation of the expression of TLR2 and intracel-
lular signalling molecules MyD88, IRAK-1 and TRAF-
6. The presence of these differential immunoregulatory
mechanisms in lethal and nonlethal strains may explain
why despite severe effects on the thymic T-cell popula-

© 2015 John Wiley & Sons Ltd, Parasite Immunology, 37, 349-361
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tions around peak parasitemia, mice infected with nonle-
thal strain manage to recover from the infection and
regain normal thymic T-cell numbers, apoptosis and pro-
liferation levels.

In conclusion, this study investigating the effect of two
closely related malarial parasite strains on the murine thy-
mus reveals that although both infections cause thymic
atrophy, there is substantial difference in the manner in
which they affect the thymus. The lethal strain (17XL)
causes reduction in numbers of DP and CD4" SP T cells,
affects proliferation of DP T cells and downregulates CDS§
expression on the thymic T-cell subpopulations. The non-
lethal strain (17XNL) induces reversible but more pro-
found effects at much lower parasitemia. It causes early
and rapid death of DN, DP, and CD4" T-cell subpopula-
tions and affects the proliferation of DN and DP T cells.
ATOC showed that the increase in DP T-cell death could
not be attributed to parasite proteins, antiparasite Igs,
IFN-y or TNF-a.

A Dbetter understanding of the mechanisms that cause
these thymic changes during malarial infection, especially
those leading to the reversible involution of the thymus
in case of nonlethal infection, would add to the current
information  regarding  host—parasite  interactions.
Although detailed studies on the effect of the malarial
infections on human thymus are lacking, a recent report
links a decrease in thymus size to malaria (54). Whether
malaria-induced thymic atrophy and its interference with
T-cell development affect the number and/or repertoire of
naive T cells egressing to the periphery remains unclear.
This and other murine studies suggest that the thymic
changes may not be relevant to the outcome of a single
round of infection (5-7). However, investigations are
clearly needed to assess the impact of chronic malarial
infection on the naive T-cell repertoire of individuals,
especially children and young adults, living in hyperen-
demic malarial regions.
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