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A B S T R A C T

The thymus plays a crucial role in T cell differentiation, a complex process influenced by various factors such as
antigens, the microenvironment and thymic architecture. The way the thymus resolves infections is critical, as
chronic persistence of microbes or inflammatory mediators can obstruct the differentiation.

Here, we illustrate that following inflammatory T helper 1 infectious processes like those caused by Candida al-
bicans or Trypanosoma cruzi, single positive thymocytes adopt a mature phenotype. Further investigations fo-
cused on T. cruzi infection, reveal a substantial existence of CD44+ cells in both the cortical and medullary areas
of the thymus at the onset of infection. This disturbance coincides with heightened interferon gamma (IFNγ) pro-
duction by thymocytes and an increased cytotoxic capacity against T. cruzi-infected macrophages. Additionally,
we observe a reduced exportation capacity in T. cruzi-infected mice. Some alterations can be reversed in IFNγ
knockout mice (KO). Notably, the majority of these effects can be replicated by systemic expression of interleukin
(IL)-12+IL-18, underlining the predominantly inflammatory rather than pathogen-specific nature of these phe-
nomena.

Understanding the mechanisms through which systemic inflammation disrupts normal T cell development, as
well as subsequent T cell exportation to secondary lymphoid organs (SLO) is pivotal for comprehending suscepti-
bility to diseases in different pathological scenarios.

© 20XX

The thymus is a primary immune organ where the development of
several types of lymphocytes take place [1,2] as natural killer T (NKT)
cells, regulatory T cells (Tregs), mucosal-associated invariant T (MAIT)
cells, and, more recently, innate CD8+ T cells [1–3].

Under steady-state conditions, the integrity of the thymic microen-
vironment is indispensable for proper T cell development. Alterations
in the cytokine milieu surrounding differentiating cells are critical to
prevent disruptions in T cell ontogeny. In various pathological scenar-
ios, such as infections, changes in soluble factors or antigens within the
thymus may be responsible for deviations from normal T cell differenti-
ation [3–5].

Changes in the thymic microenvironment can arise from two dis-
tinct scenarios: 1) Locally, through the direct infection of the thymus by
various microorganisms [5] or 2) Systemically, due to the influence of

glucocorticoids or inflammatory mediators produced by infections or
inflammatory processes occurring elsewhere [3–5]. In either case, both
situations are capable of disrupting the typical functionality of the thy-
mus, potentially leading to alterations in the nature and status of the
cells exported to SLO.

Multitude of pathogens are capable of infecting the thymus leading
to thymic atrophy, alterations in tissue architecture and extracellular
matrix, induction of pathogen-specific immune tolerance, release of au-
toreactive double negative (DN) or double positive (DP) thymocytes,
and even disturbances in the normal development of thymocytes [5].

Prior research conducted in our laboratory has shown that systemic
Th1 inflammatory or infection processes can disrupt the typical func-
tionality and cellular composition of the thymus. Under these condi-
tions, our laboratory has reported that not only can mature peripheral T
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cells enter the thymus [6], but also the composition of conventional sin-
gle-positive (SP) CD8+ thymocytes (SP8) is altered. We have observed a
substantial increase in innate memory CD8+ T cells within the thymus
following both intraperitoneal Trypanosoma cruzi infection and sys-
temic expression of IL-12+IL-183. In this work, we aimed to analyze
both the local modifications induced within the thymus, as well as the
behavior of T cells exported to SLO during T. cruzi infection. In this con-
text, our hypothesis is that systemic and local Th1 cytokines are trig-
gered after these inflammatory/infectious processes, especially IFNγ,
leading to changes in the thymic biology/structure. Moreover, we be-
lieve that these effects are primarily mediated by the inflammatory me-
diators themselves, rather than solely by the pathogens.

1. Materials and methods

1.1. Mice

Studies used 6–10 week old female and male WT C57BL/6, and
IFNγ KO mice maintained under specific pathogen-free conditions.

The experimental protocols were approved by the Institutional Ani-
mal Care and Use Committee of Centro de Investigaciones en Bio-
química Clínica e Inmunología (CIBICI), Consejo Nacional de Investiga-
ciones Científicas y Técnicas (CONICET). Our animal facility has ob-
tained NIH animal welfare assurance (assurance no. A5802-01, Office
of Laboratory Animal Welfare, NIH, Bethesda, MD, USA).

1.2. C. albicans and T. cruzi infections

T. cruzi trypomastigotes (Tulahuen) were maintained by serial pas-
sages in WT BALB/c mice. Mice used in experimental designs (C57BL/
6) were intraperitoneal (i.p) infected with 5 × 105 trypomastigotes
from T. cruzi diluted in PBS. Mice were euthanized between days
14–16 post-infection.

Yeast cells of Candida albicans were grown on Sabouraud glucose
agar (Britania, Argentina) slopes at 28 °C and maintained by weekly
subculture. B6 mice were i.p. injected with 3 × 107 viable yeast diluted
in PBS. Mice were sacrificed 5 days after the infection.

1.3. Hydrodynamic cDNA injections

The hydrodynamic gene transfer procedure was described previ-
ously by our laboratory [3,6–11]. The designated amount of each DNA
was dissolved in 1.6 mL of sterile 0.9% sodium chloride solution. Ani-
mals were separated into two groups and tail vein injected with control
and test group in less than 8 s. The control group was injected with 15
μg of ORF empty vector control. The test group received murine IL-
12+IL-18 cDNAs expressing IL-12 and IL-18 proteins, respectively.
Specifically, 1 μg of IL-12 cDNA (pscIL-12, p40-p35 fusion gene), with
backbone from pcDNA3.11, CMV enhancer and promoter; SV40 intron;
p35, mouse IL-12 p35 subunit; p40, mouse IL-12 p40 subunit as previ-
ously described [12]), 10 μg of IL-18 cDNA (pDEF pro-IL18) expression
plasmid pcDEF/CMV driven by CMV promoter and human elongation
factor-1 enhancer.

1.4. Peritoneal macrophages (PM)

C57BL/6 mice underwent intraperitoneal infection as described pre-
viously, then normal PM were obtained by several peritoneal washes by
using PBS supplemented with 3% FBS (Natocor, Argentina). Non-
infected animals were processed in parallel as control.

1.5. T. cruzi in-vitro Infection and co-culture experiments

Briefly, blood-derived trypomastigotes were used to infect Vero cell
monolayers. After 7 days, supernatants were collected and stored at

−80 °C. To perform in vitro infection of PM, cells were cultured for 3 h
in a 24 well plate in complete medium to adhere. Cells were then
washed three times and infected with T. cruzi (1:5, cell:parasites ratio).
The day after, infected macrophages were co-cultured with previously
stimulated phorbol 12-myristate 13-acetate (PMA)/Ionomycin (Cat#:
P8139 and I9657 respectively, Sigma–Aldrich Chemical Co, EE. UU)
thymocytes from control and T. cruzi-infected mice as effector cells
(1:3, targets:effectors ratio) at 37 °C 5% CO2. Cells and supernatants
were collected with intra-macrophage parasite counts performed by im-
munofluorescence (48 h after co-culture) or in the culture supernatants
(72 h after co-culture).

1.6. Immunofluorescence staining

Parasite growth in PM was determined by counting the number of
intracellular amastigotes using immunofluorescence. Coverslips were
taken at 48 h after T. cruzi infection for immunofluorescence staining.
Coverslips were washed in PBS and the cells were fixed for 40 min in
4% buffered formalin. Coverslips were washed in PBS and the cells
were permeabilized with 1% Triton X-100 for 15 min. Coverslips were
washed again in PBS, and cells were blocked with 1% BSA for 15 min.
Slices were then stained with a serum from a chagasic patient. Subse-
quently, the samples were incubated with a FITC mouse anti-human
IgG (Cat#: 555786, BD Pharmingen™). For nuclear staining, coverslips
were incubated with 4′,6-diamino-2-phenylindole (DAPI), before being
washed and incubated in mounting media FluorSave (Calbiochem®-
Merck KGaA, Darmstadt, Germany) overnight.

For tissue immunofluorescence, thymi from C57BL/6 mice were col-
lected and frozen over liquid nitrogen. Frozen sections with a thickness
of 10 μm were cut, fixed for 10 min in cold acetone, left to dry at 25 °C
and stored at −80 °C until use. Slides were hydrated in TRIS buffer and
blocked for 30 min at 25 °C with 10% normal mouse serum in TRIS
buffer. After blocking, slides were incubated with the corresponding
primary Abs (rabbit anti mouse-CK-5 cat#: PRB-160P, Covance, and rat
anti-mouse CD44 cat# 14-0441-82, ThermoFisher) for 90 min at 25 °C.
Then, the samples were washed 3 times with PBS and subsequently in-
cubated with the fluorochrome-labeled secondary Acs (AF488 anti-
rabbit IgG cat#: A-21206 and AF594 anti-rat IgG cat# A-11007, Ther-
moFisher) for 60 min at room temperature. The preparations were
washed and the cell nucleistained with DAPI. Finally, slides were
mounted in FluorSave.

Slides were observed using an Olympus BX41 microscope (Olympus
Corporation, Tokyo, Japan) and a Leica DMi8 microscope (Leica Mi-
crosystems). Images were processed with ImageJ software.

1.7. Flow cytometry and cell sorting

Phenotypic analysis of cells was performed by flow cytometry ex
vivo at different days post infection as indicated previously. Samples
were first washed with PBS and stained with Zombie Acqua Fixable Via-
bility Kit (Biolegend) for 15 min at room temperature for exclusion of
dead cells. Expression of different surface markers was assessed by
staining with appropriate combinations of the following monoclonal
antibodies (mAbs) for 30 min at 4 °C: APC-CY7-CD4 (clone: RM4-5,
cat#: 100525, Biolegend), AF700-CD8 (clone: 53–6.7, cat#: 100729,
Biolegend), FITC-CD44 (clone: IM7, Cat#: 11-0441-82, eBioscience),
CD49d (clone: R1-2, cat#: 103618, Biolegend), PECy5-CD122 (clone:
TM-β1, cat#: 123220, Biolegend), PE-NK1.1 (clone: PK136, cat#:
557391, BD bioscience), FITC-CD24 (clone: M1/69, cat#: 553261, BD
Biosciences), APC-QA2 (clone: 695H1-9-9, cat#: 121714, Biolegend),
PE-CCR5 (clone: C34-3448, cat#: 559923, BD Biosciences). Cells were
washed twice with PBS and acquired on a BD LSR Fortessa X-20 cy-
tometer (BD Biosciences).

To detect intracellular IFNγ expression, cells were cultured with
PMA (50 ng/ml) and Ionomycin (1 μg/ml) for 4 h and 5 μg/ml

https://www.sigmaaldrich.com/AR/es/product/sigma/p8139
https://www.sigmaaldrich.com/AR/es/product/sigma/i9657
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Brefeldin A (Sigma) was added during the last 3 h. Cells were then
stained for surface markers, washed, and fixed with Cytofix/Cytoperm
buffer (BD Pharmingen) for 30 min at 4 °C. Cells were washed with
Perm Wash buffer (BD Pharmingen) and incubated with the PerCP-Cy5
anti-mouse IFNγ Ab (clone: XMG1.2, cat#: 560660, BD Pharmingen) or
isotype-matched Ab (clone:MOPC-21 cat#:552834, BD Pharmingen)
for 30 min at 4 °C. Following two washings, cells were analyzed in the
flow cytometer.

For cell sorting, thymocytes were stained with monoclonal Abs and
separated in a Becton Dickinson FACSAria II cytometer (BD Bio-
sciences, San José CA, USA) as double negative (DN), double positive
(DP), single positive CD4+ (SP4), single positive CD8+ (SP8), SP4
CD44lo or CD44hi, SP8 CD44lo or CD44hi, DP and NKT cells.

1.8. Cytokine quantification

Supernatants from cells treated in vitro were collected and assayed
for IFNγ production by ELISA (cat#: 555138, BD-Pharmingen) accord-
ing to the manufacturer's instructions.

1.9. Intrathymic injections and exportation experiments

B6 mice were intraperitoneally (i.p.) infected with 5 × 105 trypo-
mastigotes from T. cruzi, which were diluted in PBS. Seven days post-
infection, mice were anesthetized through i.p. injection of Ketamine
(80–100 mg/kg)/Xylazine (10 mg/kg). An incision was then carefully
made in the front neck of the animal to access the thymus without per-
forating the lung cavity. Subsequently, the thymic lobes were injected
with 8 μl of eFluor 670 dye (cat#: 65–0840, eBioscience), which was di-
luted in physiological solution to a final concentration of 0.5 mM. Fol-
lowing the injection, the wounds of the mice were closed, and the ani-
mals were placed in a warm blanket to facilitate the recovery of their
body temperature. Once fully awake and having completed their recov-
ery, the mice were returned to their respective cages.

Five days after intrathymic injection, mice were sacrificed and thy-
mus, spleen and a pool of inguinal and axillary lymph nodes (LNs) were
obtained, in which, the frequency of eFluor+ cells was evaluated.

1.10. mRNA analysis

Total RNA was extracted using a single-step phenol/chloroform ex-
traction procedure (TRIzol; cat#: 15596026, Invitrogen Life Technolo-
gies). For the RNase protection assay (RPA), 5 μg of total cytoplasmic
RNA were analyzed using the RiboQuan kits (BD Pharmingen) and
[33P]UTP-labeled riboprobes as previously described [3,13].

1.11. Quantitative real-time RT-PCR

qRT-PCR was performed with a Quantitect SYBR Green RT-PCR kit
(cat#: 204443, QIAGEN), according to the manufacturer's instructions
and using a 7900HT Fast Real-Time PCR system (ABApplied Biosys-
tems). The specific primer sequences used in RT/PCR are SIP1F:
5′AGCTCAGGGAACTTTGCGAG 3′ SIP1R: 5′GAGAAACAGCAGC-
CTCGCTC3′.

1.12. Adoptive transfer (AT) experiments

Thymi from control or IL-12+IL-18 cDNA-injected mice were ob-
tained and cell suspensions were prepared. Cells were counted and
stained with 4 μM carboxyfluorescein succinimidyl ester (CFSE) dye.
Approximately 5–6 × 106 total thymocytes were resuspended in
0.2 mL of sterile 0.9% sodium chloride solution and injected i.v into the
B6 recipient. 1 week after adoptive transfer, the number of dividing
cells was evaluated in spleen or LNs as the frequency of CFSE+ cells.

1.13. Statistical analysis

Data were compared in all cases between each treated-mice group
with its own control group. Results are expressed as means ± SEM.
Data were analyzed using one-way analysis of variance (ANOVA) with a
Bonferroni post-test to compare different columns (p < 0.05). In all
cases, the assumptions of ANOVA (homogeneity of variance and normal
distribution) were attained.

When indicated, significant differences were performed using Stu-
dent's t test for paired or grouped samples. In all statistical analyses,
p < 0.05 was considered to represent a significant difference between
groups.

2. Results

We previously described that a certain number of mature T cells
from SLO can enter the thymus when an inflammatory Th1 process re-
sults in high systemic levels of IL-12 and IL-186. We have also described
a similar effect during the acute phase of T. cruzi infection [6] where
systemic levels of Th1 cytokines, IL-12 and IL-18, were reported
[14,15]. As an additional support, we show in Supplementary Figure 1
that adoptively transferred splenocytes from T. cruzi-infected mice can
enter the thymus and reside in the thymic medulla of resident T. cruzi-
infected mice.

2.1. SP thymocytes adopt a mature phenotype after T. cruzi infection

Based on the work of Fink et al. demonstrating that recent thymic
emigrants (RTEs) within approximately three weeks of residence in SLO
undergo a transition characterized by downregulation of CD24 and up-
regulation of QA2 surface markers [16]. We leveraged these two sur-
face markers to assess the status of thymocytes in control mice follow-
ing various inflammatory or infectious Th1 processes. As anticipated,
Supplementary Figure 2 illustrates that control resident (CD44lo) SP8
and SP4 thymocytes express the typical profile of immature T cells
(CD24hi QA2lo). Remarkably, we observed that under two distinct Th1
infectious processes, namely C. albicans and T. cruzi infections, this pro-
file shifted toward a more mature phenotype (CD24lo QA2hi). Further-
more, this transition to a mature state was also replicated through sys-
temic exposure to the two inflammatory cytokines IL-12 and IL-18. In
addition, the mature profile begins as early as the double-positive (DP)
stage, especially marked by a significant upregulation of QA2.

2.2. Ectopic distribution of CCR5+IFNγ+CD44hi thymocytes after T. cruzi
infection

We and other investigators has established that T cells with an acti-
vated/memory phenotype (CD44hi) have a greater propensity to enter
the thymus compared to naïve T cells [6,17,18]. To determine the spe-
cific anatomical localization of CD44hi cells, we collected thymus sam-
ples from both control and T. cruzi-infected mice and used immunofluo-
rescence (IF) to examine the distribution of CD44+ cells. In Fig. 1, we
show in control mice, the majority of CD44+ cells are located in the
medulla, with few CD44+ cells present in the cortex. Conversely, T.
cruzi-infected mice exhibit a significant distribution of CD44+ cells in
both the thymic cortex and medulla. These findings indicate that during
the acute phase of the infection, normal cellular distribution of the thy-
mus is greatly disturbed, characterized by an abundance of CD44+ cells
distributed throughout the organ.

As previously indicated, the majority of alterations observed in the
thymus following infections with C. albicans or T. cruzi can be repli-
cated through systemic expression of the Th1 cytokines IL-12 and IL-18.
Given the synergistic effect demonstrated by IL-12+IL-18 in IFNγ pro-
duction, we examined whether IFNγ could be locally generated in the
thymus in response to systemic IL-12+IL-18. Supplementary Figure 3
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Fig. 1. Enrichment of CD44+ cells in thymic cortical and medullary regions after T. cruzi infection. Thymi were harvested from control or T. cruzi-infected
mice at 14–16 days post infection. Immunofluorescent staining of thymic medullary region by CK5 (green) and CD44 expression on thymocytes (red) are visual-
ized in 10 μm thymic sections.

illustrates that while there is a rapid increase in IFNγ+ cells in the
spleen 24 h post-treatment, in the thymus, the response displays de-
layed kinetics, peaking at 4 days post-treatment. Furthermore, IFNγ
RNA expression significantly escalates following in vitro IL-12+IL-18
re-stimulation of thymocytes, with these cells being more prominent in
in vivo IL-12+IL-18 stimulated versus control mice (Fig. 2A). Similarly,

at the protein level, we observed robust IFNγ production by thymocytes
following either in vitro IL-12+IL-18 (Fig. 2B) or αCD3-coated (Fig. 2C)
stimulations, with consistently higher levels detected in thymocytes
from in vivo IL-12+IL-18-treated mice.

To examine this effect in an infectious context, we assessed IFNγ
production by thymocytes from T.cruzi-infected mice. Fig. 3A illustrates

Fig. 2. Thymocytes from IL-12+IL-18mice demonstrate elevated capacity to produce IFNγ after IL-12+IL-18 or anti-CD3 in vitro stimulation. (A) IFNγ
RNA expression of thymocytes isolated from control or IL-12+IL-18 cDNA-in vivo treated mice were re-stimulated in vitro with recombinant mouse cytokines IL-12
and IL-18. IFNγ production was evaluated by ELISA in culture supernatants of thymocytes from control or IL-12+IL-18cDNA-treated mice after in vitro (B) recom-
binant IL-12 + IL-18 or (C) anti-CD3 plate-coated antibody stimulation. Results are shown as mean ± SEM. Graphs are the pool of two independent experiments.
NS = non-stimulated. *p < 0.05 or ***p < 0.001 in NS vs 12 + 18 or αCD3 in vitro stimulation (black vs white bars), #p < 0.05 Control cDNA vs 12 + 18-
cDNA after 12 + 18 or αCD3 in vitro stimulation (black bars). The statistical test applied was a paired Student t test.
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Fig. 3. IFNγ is produced by thymic NKT and CD44hi SP4 and SP8 cells after T.cruzi-infection. (A) Total thymocytes (bulk) or different subpopulations were sep-
arated by cell sorting from control or T. cruzi-infected animals. Cells were cultured for 24 h in the presence of an anti-CD3 plate-coated antibody. IFNγ production
was evaluated by ELISA in the culture supernatant. (B) CD44hi or CD44lo SP4 or SP8 thymocyte subpopulations from T. cruzi-infected mice were purified by cell sort-
ing, cultured in vitro for 24 h in the presence of anti-CD3 plate-coated antibody and IFNγ production was determined in the culture supernatant by ELISA.
A linear correlation analysis between the absolute cell number of (C) SP4 CD44hi or (D) SP8 CD44hi and IFNγ production in thymus of T. cruzi-infected animals was
performed. Results are shown as the mean ± SEM, the graph is representative of two independent experiments with similar results. Student t tests were performed
and values of *p < 0.05 or ***p < 0.001 considered statistically significant. For C and D a linear regression analysis was applied and R > 0.8 was considered signifi-
cant.

that the bulk population of thymocytes from T. cruzi-infected but not
control mice results in elevated levels of IFNγ following αCD3 stimula-
tion. This is similar to what was observed in IL-12+IL-18-treated mice.
Additionally, we sorted thymocytes at various maturation stages and
found that IFNγ is produced by both SPs cells and NKT cells (Fig. 3A).
Further analysis reveals that IFNγ is predominantly generated by
CD44hi SP thymocytes (Fig. 3B), with IFNγ levels positively correlating
with the number of SP4 CD44hi (Fig. 3C) or SP8 CD44hi (Fig. 3D) cells in
thymi following T. cruzi infection.

Thymocytes from T. cruzi-infected mice also acquired another Th1
marker, the chemokine receptor CCR5. Whether after systemic IL-
12+IL-18 expression (Supplementary Figure 4A) or T. cruzi infection
(Supplementary Figure 4B), CCR5 RNA expression is elevated. Particu-
larly, CCR5+ cells are more abundant in CD44hi than CD44lo SP thymo-
cytes after T. cruzi infection (Supplementary Figure 4C).

2.3. Thymocytes from T. cruzi-infected mice acquire a cytotoxic profile and
have reduced exportation to SLO

In order to assess whether the Th1 profile adopted by thymocytes
correlate with a functional profile, we evaluated the cytotoxic capacity
of thymocytes residing in the thymi of animals infected with T. cruzi.
We observed that the percentage of intracellular parasites in peritoneal
macrophage-enriched cells is significantly lower when co-cultured with
thymocytes from T. cruzi-infected animals compared to those from con-
trol animals (Fig. 4A and B). A similar result was observed when analyz-
ing the number of parasites present in supernatants (Tpm) of the co-
cultures (Fig. 4C).

To investigate the export capacity and phenotype of RTEs from con-
trol versus T. cruzi-infected mice, we conducted intrathymic injections
with eFluor 660 dye (eF) on day 8 post-infection and evaluated eF+

cells in SLO on day 14 post-infection (gate strategy in suppl. Figure 5).
We observed a significant reduction in the frequency of both CD4+

(Fig. 5A) and CD8+ (Fig. 5B) RTEs in the lymph nodes and spleen of T.
cruzi-infected mice. However, the diminution in the exportation of both
CD4+ or CD8+ RTEs can be only seen in the spleen, while no such re-
duction is observed in the LNs (Fig. 5C and D). This data could be par-
tially reproduced after adoptive transfer of CFSE+ thymocytes from
control or 12 + 18-treated mice where the percentage of CD8+CFSE+

T cells from IL-12+IL-18-treated mice was significantly lower in both
lymph nodes (Supplementary Figure 6A) and the spleen
(Supplementary Figure 6B) compared to CD8+CFSE+ T cells from con-
trol mice.

The regulation of thymocyte egress primarily relies on the interplay
between sphingosine 1-phosphate (S1P) and sphingosine 1-phosphate
receptor-1 (S1PR1). The activation marker CD69, which increases in
thymocytes during positive selection, exerts a negative influence on the
surface expression of S1PR1 [19]. This prompted us to analyze whether
the diminished thymic export observed in T. cruzi-infected mice could
be attributed to alterations in the expression of CD69 and S1PR1 on SP4
and SP8 thymocytes.

Contrary to our expectations, our investigation revealed an upregu-
lation of S1PR1 RNA expression in SP4 cells and no discernible modifi-
cation in SP8 cells between control and T. cruzi-infected mice
(Supplementary Figure 7A). Recognizing the heterogeneity within the
SP4 and SP8 thymocyte populations, consisting of CD44lo and CD44hi

cells, and considering the documented interaction between CD69 ex-
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Fig. 4. Thymocytes from T. cruzi-infected mice have a high cytotoxic capacity against T.cruzi-infected macrophages. A bulk thymocytes population ob-
tained from control or T.cruzi-infected mice (effectors) was co-cultured with peritoneal macrophages (PM) previously infected in vitro with T. cruzi (targets).
Killing capacity was determined by (A–B) the number of parasites inside PM evaluated by immunofluorescence staining 48 h post-co-cultures and (C) the number
of parasites in the culture supernatants (Tpm) 72 h after co-cultures. Nuclei are stained with DAPI and parasites are in green (FITC). The statistical test applied
was a paired Student t test, *p < 0.05, **p < 0.01 or ***p < 0.001.

Fig. 5. A lower frequency of both CD4+ and CD8+ RTEs in SLO of T. cruzi-infected mice. Thymi of control or T. cruzi-infected mice were injected with 10 μl of
eFluor660 dye (eF) at day 8 post-T. cruzi infection. Five days later (day 14 post-infection), mice were euthanized and thymi, LNs and spleen were harvested with fre-
quency and absolute number of CD4+ (A and C, respectively) or CD8+ (B and D, respectively) eF+ RTEs calculated by flow cytometry analysis. Statistical analysis of
the percentage and absolute number of CD4+ and CD8+ RTEs in total eF+ cells was performed by one way ANOVA, **p < 0.01 or ***p < 0.001.

pression and S1PR1 downregulation, we assessed CD69 expression on
SP4 and SP8 thymocytes, distinguishing between CD44lo and CD44hi

subsets.
Our findings unveil a significant downregulation of CD69 expres-

sion in SP4 CD44hi cells from T. cruzi-infected mice compared to control
counterparts, while the expression remains unchanged in SP4 CD44lo

cells between the two groups of mice (Supplementary Figure 7B). This
disparity in CD69 expression inside the SP4 population may explain the

heightened overall S1PR1 RNA expression in the bulk SP4 cell subset
from T. cruzi-infected mice. Conversely, although SP8 CD44hi cells
downregulated S1PR1 expression in T. cruzi-infected mice, SP8 CD44lo

cells exhibited an upregulation in its expression in these mice. This dy-
namic could potentially contribute to a compensation that leads to simi-
lar S1PR1 transcript levels between control and T. cruzi-infected mice in
the bulk SP8 population (Supplementary Fig. 7A and 7B).
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2.4. Thymic involution and thymocyte phenotype are altered in IFNγ KO
mice during T. cruzi infection

To explore whether induced thymic IFNγ production in T. cruzi-
infected mice may underlie some of the observed changes in this study,
we assessed parameters such as cellularity, thymic involution, percent-
age of SP cells and QA2/CD24 expression in the thymi of IFNγ KO mice
compared to control WT mice following T. cruzi infection.

We describe here that all IFNγ KO mice succumb to infection by day
9–10, contrary to most WT mice that remain alive by days 14–16 post-
infection. This observation led us to conduct a detailed analysis of vari-
ous thymic features at this early time point in both WT and IFNγ KO
mice.

The data presented in Fig. 6 illustrates that, at day 9–10 post T. cruzi
infection (dpi), WT mice exhibit a partial reduction in thymic cellular-
ity, consistent with our laboratory's previous findings [6]. In contrast,
IFNγ KO mice display a more substantial loss in cellular content, indica-
tive of severe thymic involution (Fig. 6A). Fig. 6B demonstrates that
this effect is primarily attributable to the depletion of DP thymocytes,
leading to an elevated proportion of SP4 and SP8 cells (Fig. 6C and D,
respectively).

As reported earlier by our laboratory, the partial reduction in cellu-
larity observed in WT mice correlates with an increase in SP CD44hi

cells [6]. However, this effect is notably absent in IFNγ KO mice (Fig. 6E
and D). Concurrently, at this post-infection timeframe, alterations in
QA2/CD24 expression are not discernible between control and T. cruzi-
infected mice (Supplementary Figure 8).

3. Discussion

The thymus is a crucial primary lymphoid organ responsible for the
differentiation of various T cell lineages. Thymic selection processes
rely heavily on the surrounding environment and the architectural in-
tegrity of the thymus. Local infections in the thymus or the presence of
inflammatory mediators during systemic infections can significantly
modify these features [20]. While it was once believed to be an im-
mune-privileged site, it is now evident that the thymus is susceptible to
infection and plays a role in the development of immune responses [5].
In such pathological scenarios, the differentiation of pathogen-specific
T cells may be disrupted, potentially reducing resistance to infections
[5]. In this context, data presented here illustrate how systemic Th1 in-
flammatory processes, triggered by different pathogens, can influence
the maturation stage of developing thymocytes. Moreover, our research
provides valuable insights into how the anatomical distribution of cells
and the composition of the thymus are altered following systemic T.
cruzi infection. Furthermore, our study demonstrates that some of these
effects can be replicated through the systemic induction of the inflam-
matory cytokines IL-12 and IL-18.

Prior research has shown that various microorganisms, such as bac-
teria, viruses, fungi, and parasites (including T. cruzi), have the capacity
to directly infect the thymus [5,21]. This invasion can lead to signifi-
cant impacts on the development of immature T cells, as emphasized in
the review by Correia Neves laboratory [5].

Systemic T. cruzi infection induces thymus atrophy through the pro-
duction of tumor necrosis factor alpha (TNFα) and corticosterone, as
demonstrated in previous research [5,22]. Notably, we and others have
previously shown that thymic atrophy progresses gradually in the days
following infection [4,6]. We previously documented significant
thymic alterations occurring between days 14–16 post-infection [3,6].
This phenomenon aligns with a pronounced accumulation of CD44hi

cells within the SP subset [3,6].
These memory-like cells results from both the entry of mature T cells

from secondary lymphoid organs [6] and the transition towards the de-
velopment of innate memory CD8+ cells among SP8 thymocytes [3].
Similarly, Morrot et al. have reported the existence of DP thymocytes

exhibiting an activated/effector phenotype (CD44hi) exclusively after T.
cruzi infection [4]. In particular, our study reveals that during the acute
phase of T. cruzi infection, CD44+ cells are highly abundant in both the
thymic cortex and medulla along with phenotypically mature DP and
SP thymocytes (CD24lo QA2hi). In this context, it has been documented
that T. cruzi induces heightened deposition of fibronectin and laminin,
accompanied by increased production of chemokine CXC ligand (CXCL)
12 and chemokine CC ligand (CCL)4 within the thymus [23,24]. Fur-
thermore, during T. cruzi infection, there is an upregulation in the ex-
pression of CXCR4 and CCR5 on thymocytes, leading to enhanced in-
trathymic migration of DP cells [23,24]. Our observations indicate a
notable augmentation in CCR5 expression in SP CD44hi cells, which
may partly explained the presence of CD44+ cells observed throughout
the organ.

CD44hi cells in the thymus not only disrupts the typical organ archi-
tecture but also, as we have shown, have the capacity to produce the
inflammatory cytokine, IFNγ. Notably, this production is primarily at-
tributed to SP4 and SP8 CD44hi cells, highly enriched in the thymi of T.
cruzi-infected mice. Intriguingly, similar results were observed follow-
ing systemic expression of IL-12 and IL-18, suggesting that this effect
may be driven more by systemic inflammatory conditions rather than
by the pathogen itself. In this context, we have previously demon-
strated that after systemic infection with Th1-driven pathogens like C.
albicans or two strains of T. cruzi or following IL-12+IL-18 expression,
SP8 thymocytes alter developmentally towards an innate memory
CD8+ phenotype [3]. This contrasts with the conventional SP8 devel-
opment observed in control mice [3]. In summary, after T. cruzi infec-
tion, the thymus mimics an active immune tissue, featuring cells in the
SP compartment exhibiting a mature Th1 activated/memory pheno-
type (QA2hi CD24lo CD44hi CCR5+ IFNγ+), along with a notable cyto-
toxic capacity to reduce the number of parasites in T. cruzi-infected
macrophages.

Lymphocyte egress relies on S1PR1, whereas CD69 expression can
impede S1P-mediated T cell exit from lymphoid tissues [19]. In our
model, T. cruzi-infected mice exhibit a reduced exportation of SP4 and
SP8 thymocytes to SLO. In other infectious processes, it has been previ-
ously reported that during thymic human immunodeficiency virus
(HIV) or Mycobacterium tuberculosis infections, alterations in T cell out-
put could be generated [25,26].

Our first conclusion was that the reduction in the exportation rate in
SPs thymocytes does not directly correlate with RNA S1PR1 expression
by these cell subsets. Given that SP4 in the thymus primarily consists of
CD44lo and CD44hi cells, we investigated CD69 expression in these
thymic populations using flow cytometry. Previous reports developed
in co-expression experiments reveal that CD69 inhibits S1P1 chemotac-
tic function and results in the downmodulation of S1P1 [19]. Conse-
quently, the overall CD69 in SP bulk populations (CD44lo + CD44hi

cells) correlate with S1PR1 expression in total SP4 and SP8 thymocytes.
However, thymic cell exportation is a complex phenomenon where ad-
ditional molecules may be involved, necessitating further investigation
to comprehensively understand the reduced release of RTEs during T.
cruzi infection. For instance, Cotta-de-Almeida reports that T. cruzi or
Plasmodium berghei infection induce premature egress of DP thymo-
cytes, data that do not align with our experiments showing unde-
tectable S1PR1 in DP cells [23,27].

The cytokine milieu within the thymus is comprised of several cy-
tokines, each playing distinct roles during T cell ontogeny [3,13,28].
Imbalances in this milieu could potentially lead to disruptions in nor-
mal T cell development and selection processes [3,29].

While numerous publications have highlighted the significance of
type I and III interferons in thymic biology [30], there is a noticeable
paucity of information concerning the role of IFNγ in the thymus de-
spite the presence of various sources of this cytokine, such as thymic
NKT1 cells, γδ T cells and innate CD8+ cells [3,31]. In this context, we
investigated whether the IFNγ expression observed in the thymi of T.
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Fig. 6. IFNγ KO mice experience substantial loss of thymic cellularity and CD44hi cells early afterT. cruzi infection. Thymocytes from WT or IFNγ KO, con-
trol or 9–10 days post T. cruzi-infected mice were obtained. (A) The absolute number of cells was calculated by manual count with trypan blue. The frequency of
SP4 and SP8 cells in WT or IFNγ KO mice was evaluated by using flow cytometry. (B) Representative dot plot of SP4 and SP8 cells in thymus from control and T.
cruzi-infected mice from both strains. (C–D) Frequency of SP4 and SP8 cells. (E–F) Frequency of CD44+ cells in both SP4 and SP8 thymocytes evaluated by flow cy-
tometry in both mice strains used, in control and T. cruzi-infected mice. One-way ANOVA was used for statistical analysis. Data are shown as the mean ± SEM, p
values from control versus T. cruzi-infected in both WT and IFNγ KO mice are indicated in the figure.

cruzi-infected mice could contribute to some of the observed organ
changes. For instance, we have previously reported that IL-12+IL-18 in
vitro-stimulated thymocytes induce IA-IE expression in thymic cortical
and medullary epithelial cell lines in an IFNγ-dependent manner [13].

In this work, our findings indicate that in the absence of IFNγ,
thymic atrophy is exacerbated, accompanied by a substantial loss of DP

cells and an enrichment of SP cells at a significantly shorter time point
than observed in WT T. cruzi-infected mice. Particularly noteworthy is
the absence of the high abundance/recruitment of CD44+ cells, al-
though the QA2/CD24 expression pattern remains unaltered. This data
demonstrate that IFNγ may indeed play a role in the alterations ob-
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served in the thymus following systemic infection with this parasitic
pathogen.

In summary, our work provides evidence that, following Th1 sys-
temic inflammatory/infectious processes, the thymus is sensitive to this
non-physiological environment, resulting in both the influx of mature
cells from SLO and local disturbances in the normal pathway of differ-
entiation. The abnormal distribution of cells, especially CD44hi cells, in
the thymic cortex and medulla of T. cruzi-infected mice may also inter-
fere with the regular selection processes that ensure proper exportation
and residence of T cells in secondary lymphoid organs.
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Appendix A. Supplementary data

Supplementary Figure 1. Mature cells from SLO enter the thymus of T. cruzi-infected mice. B6 mice were infected with T. cruzi and splenic cells
suspensions obtained 14-day post-infection. Splenocyte suspensions were stained with eF dye and 4–8 x 106 cells were adoptively transferred (AT) to
a group of recipient B6 T. cruzi-infected mice on the day 13 post-infection. Mice were sacrificed 24 h post AT and thymi were harvested and fixed in
4% paraformaildehyde. Histological sections were obtained (10 micron) using a cryostat and a subsequent immunofluorescence was performed.
Shown in green (Alexa fluor 488 nm) are the Thymic Medullary Epithelial Cells (mTEC) labeled with an anti-CK5 antibody, in blue are the nuclei la-
beled with DAPI and in red are the transferred cells (eF+).Supplementary Figure 2. Thymocytes acquire a mature-like phenotype after Th1 inflam-
matory/infectious conditions. Thymocytes from WT control or IL-12+IL-18-treated (day 7), C.albicans- (day 7) or T. cruzi-infected (day 14-16) mice
were obtained in the indicated time points post-treatment or infection. The expression of CD24 and QA2 was evaluated by flow cytometry in the DP,
SP4 CD44lo and SP8 CD44lo resident thymocytes. One-way ANOVA was used for statistical analysis. Data are shown as the mean ± SEM, p values
from Control versus IL-12 + IL-18-treated, C.albicans- or T. cruzi-infected mice are indicated in the figure.Supplementary Figure 3. IFNγ production
is observed in thymus and spleen after systemic IL-12 + IL-18 expression. Thymi and spleens were harvested and cell suspensions obtained on day 7
post- hydrodynamic injection of control or IL12 + IL-18 cDNA plasmids. IFNγ+ cells were analyzed by flow cytometry (top) and IFNγ RNA evaluated
by RPA (bottom) from ex-vivo cultures at different days post injection (24, 48, 72 and 96 h). NS = not significant. Results are shown as mean ± SEM
of three independent experiments. The statistical test applied was a paired Student t test and values of *p < 0.05 were considered statistically signifi-
cant.Supplementary Figure 4. Expression of CCR5 is preferentially shown by SP4 and SP8 CD44hi thymocytes. (A) RNA was extracted from thymo-
cytes isolated from animals injected with control or IL-12+IL-18 cDNA expression plasmids up to day 4 post-treatment and assessed for CCR5 ex-
pression by RPA (mcR-5). (B) Thymocytes were isolated from control or T. cruzi-infected mice and assessed for CCR5 RNA expression by RT-PCR. (C)
CCR5 expression was evaluated flow cytometry in CD44lo or CD44hi SP4 and SP8 thymocytes obtained from control or T. cruzi-infected mice. The
statistical test applied was a paired Student t test. Results are shown as mean ± SEM, the graph is representative of 2-3 independent experiments
with similar results. Values of *p < 0.05 were considered statistically significant.Supplementary Figure 5. Gating strategy for thymic exportation.
Gating strategy to evaluate the thymic exportation of SP4 and SP8 thymocytes in control or T. cruzi-infected mice.Supplementary Figure 6. Reduced
number of adoptively transferred SP4 and SP8 thymocytes from IL-12 + IL-18 cDNA-treated mice in SLO. Thymocytes from control or IL-12 + IL-
18-cDNA injected mice were stained with 4 μM CFSE dye. Approximately 5-6 ×106 total CFSE+ thymocytes were injected i.v into B6 recipient mice.
One week after adoptive transfer, the number of SP4 and SP8 CFSE+ cells were evaluated in (A) LNs or (B) spleen by flow cytometry. The statistical
test applied was a paired Student t test, *p < 0.05.Supplementary Figure 7. Correlation between CD69 and S1RP1 expression in SP4 and SP8 thymo-
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cytes from T.cruzi-infected mice. (A) mRNA was extracted from sorted thymocytes from control and T. cruzi-infected mice. Thymocytes were stained
with CD4 and CD8 antibodies to separate DN, DP, SP4 and SP8 populations and S1RP1 mRNA levels evaluated by qRT-PCR. ***p < 0.001, # not de-
tectable. (B) CD69 expression was evaluated on SPs CD44lo and CD44hi thymocytes from control or T. cruzi-infected mice by conventional flow cy-
tometry.Supplementary Figure 8. Lack of changes in QA2/CD24 expression in IFNg KO mice after T. cruzi infection. Thymi from WT or IFNγ KO non-
infected control and T cruzi-infected mice (9-10 dpi) were obtained as described above. The expression of (A) CD24 and (B) QA2 in SP4 and SP8 thy-
mocytes was analyzed by using flow cytrometry. Two-way ANOVA was used for statistical analysis. Data are shown as the mean ± SEM for control
versus T. cruzi-infected WT and IFNγ KO mice.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.micinf.2024.105337.
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