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Introduction
The thymus plays a critical role in adaptive immunity as the 
site where hematopoietic progenitors give rise to naive T 
cells ready to respond to antigen stimulation and undergo 
effector differentiation. Each T lymphocyte, educated by the 
highly specialized microenvironment of the thymic epithe-
lium, expresses a unique self MHC–restricted TCR selected 
to recognize an antigenic peptide (Klein et al., 2014). The T 
cell repertoire is estimated to comprise at least 108 different 
TCR specificities, enabling the host to defend itself against a 
wide range of pathogens and malignancies. The thymus grows 
rapidly during prenatal life and infancy, but then enters an 
involution phase, leading to decreased production of naive 
T cells, resulting in impaired immune function during aging 
(Ventevogel and Sempowski, 2013; Nikolich-Žugich, 2014).

Under steady-state conditions, the peripheral T cell 
compartment consists of a major population of naive lympho-
cytes with diverse TCR specificities and a minor population 
of activated/memory T cells with specificities determined by 
previous exposure to foreign antigen (Jenkins et al., 2010). In 
the case of the CD4+ T cell response to infection, clones nor-

mally undetectable under steady-state conditions rapidly pro-
liferate and differentiate into different subsets of Th effectors. 
This vigorous expansion alters the ratio between naive and 
activated CD4+ T cells. However, fully differentiated CD4+ 
T effectors are short-lived and contract upon successful con-
trol of infection, thereby normalizing the ratio of naive versus 
antigen-experienced T cells. This type of infection-induced 
oscillation in the activated T lymphocyte pool has been well 
documented for a variety of different pathogens (Homann 
et al., 2001; Schiemann et al., 2003; McKinstry et al., 2010; 
Pepper et al., 2010). In contrast, the population of naive circu-
lating T cells, essential for maintaining immune homeostasis, 
is considered to be relatively static because the rate of thy-
mic output is independent of fluctuations in the peripheral 
T lymphocyte compartment (Gabor et al., 1997; Fink, 2013).

Although this homeostatic restoration is the norm, an 
imbalance in the frequency of activated versus naive T cells 
has been observed in certain diseases, such as rheumatoid ar-
thritis and multiple sclerosis (Koetz et al., 2000; Hug et al., 
2003; Haegert et al., 2011), and after acute control of hepa-
titis C, HTLV-1, and HIV viral infections (Yasunaga Ji et al., 
2001; Yonkers et al., 2011; Lu et al., 2014), as well as after re-
covery from bacterial sepsis (Hotchkiss et al., 2009; Cabrera- 
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Perez et al., 2015). In this regard, it is of interest that certain 
acute infections can lead to decreased numbers of lymphoid 
progenitors in the bone marrow and/or major reductions in 
immature T cells in thymus. Indeed, thymic atrophy is fre-
quently observed in infections with viruses, bacteria, fungi, 
and parasites, and has been speculated to contribute to patho-
gen virulence (de Meis et al., 2012; Nunes-Alves et al., 2013).

Toxoplasma gondii is an intracellular protozoan par-
asite that triggers a potent IL-12–dependent Th1 response, 
which results in production of high levels of IFN-γ and TNF 
that efficiently control parasite replication in both hemato-
poietic and nonhematopoietic cells (Yap and Sher, 1999). 
Chronic infection is maintained by small numbers of parasite 
cysts localized in the CNS and contained by the residual T 
cell response (Suzuki et al., 1988). Regulation of the acute 
CD4 T lymphocyte response is an important aspect of the 
host–pathogen interaction, as it prevents clearance of the par-
asite while simultaneously protecting the host against T cell– 
mediated immune pathology (Gazzinelli et al., 1996; Villarino 
et al., 2003; Jankovic et al., 2007; Hall et al., 2012; Kugler 
et al., 2013). Interestingly, T. gondii is also known to induce 
thymic atrophy and does so in a variety of experimental an-
imal models (Huldt et al., 1973), although the impact of this 
phenomenon on the host response to the endogenous in-
fection or to resistance to heterologous pathogen challenge 
has not been addressed.

Here, we demonstrate that T. gondii infection rapidly 
triggers a profound and persistent reduction in the size of 
the peripheral naive CD4+ T cell pool. We further show that 
the resulting perturbation in T cell homeostasis is mechanis-
tically associated with parasite-induced thymic atrophy and, 
more specifically, with a loss in the architectural integrity of 
the thymic epithelium. Moreover, this structural degenera-
tion is accompanied by impaired TCR affinity maturation, 
as indicated by decreased CD5 expression on the few recent 
thymic emigrants (RTEs) that reach the periphery. Finally, we 
demonstrate that these alterations in the naive CD4+ T cell 
compartment lead to decreased host resistance to heterolo-
gous pathogen challenge and contribute to the maintenance 
of chronic T. gondii infection. Interestingly, the changes 
in thymic structure and function induced by toxoplasma 
closely resemble those associated with the thymic involu-
tion that occurs during aging, suggesting that infection- 
induced alterations in the thymus could be a factor promot-
ing immunological senescence.

Results
T. gondii triggers a rapid and persistent loss in naive T 
lymphocytes in the periphery
It has been established in numerous prior studies that acute T. 
gondii infection triggers activation of large numbers of CD4+ 
T cells, which rapidly acquire a Th1 phenotype. Using the 
AS15 tetramer, we found that the parasite-specific CD4 re-
sponse peaks at day 7, greatly contracts as the acute infection 
is controlled, and persists at low levels into the chronic phase 

(Fig. 1, A and B). We further showed that the initial CD4 T 
cell expansion is the result of extensive expansion of acti-
vated Th1 effectors and is accompanied by apoptosis of the 
same cells (Fig. 1 D). In direct contrast, naive CD62L+CD44− 
CD4+ T lymphocytes examined in the same animals during 
the same period failed to display markers of either prolifer-
ation or death (Fig.  1 D). Nevertheless, when the absolute 
number of these cells was determined, a profound reduction 
in CD62L+CD44− CD4+ T cells was observed from day 9 
onward, despite the contraction of the parasite-specific Th1 
cell response during the same period (Fig. 1 C). The naive 
CD62L+CD44− CD8+ T cell population was also reduced in 
these infected animals (Fig. 1 C). 

We therefore focused on the population of RTEs by 
using mice carrying a GFP transgene driven by the RAG2 
promoter, in which RTE can be identified as GFP-RAG+ 
T cells (Berkley et al., 2013). Unexpectedly, the reduction 
in the naive CD4+ T lymphocyte pool size correlated with a 
decrease in the frequency of GFP-RAG+ RTE in T. gondii–
infected reporter mice (Fig. 2 A). Initially, this decrease oc-
curred preferentially within the brightest GFP-RAG+ CD4+ 
subpopulation, whereas in chronic phase, the entire popula-
tion of RTE was affected both locally in spleen (Fig. 2, A–C) 
and lymph nodes (not depicted), as well as systemically in pe-
ripheral blood (Fig. 2 C). A similar decrease in the frequency 
of GFP-RAG+ CD8+ RTE was observed in the same tissue 
sites (Fig. 2, B and C; and not depicted).

T. gondii infection induces a persistent thymic atrophy that 
is largely glucocorticoid (GC) independent
The observed decrease in RTE in T. gondii–infected mice 
suggested the involvement of the thymic atrophy previ-
ously described in these animals (Huldt et al., 1973). Indeed, 
when examined on day 10, infected mice displayed a marked 
(>95%) reduction in the number of thymocytes regardless of 
the route of parasite inoculation (Fig. 3 A), host genetic back-
ground (Fig. 3 B), or age of animals (8–12 wk vs. 5 mo vs. 7–8 
mo; not depicted) at the time of infection.

We have previously shown that GCs are induced during 
acute T. gondii infection (Kugler et al., 2013), and this type of 
stress response is known to lead to thymic atrophy caused by 
loss of CD4+CD8+ (double-positive; DP) thymocytes. Never-
theless, in T. gondii–infected mice, the loss in thymocytes was 
more general and not restricted to this DP population (Fig. 3, 
C and D). To directly evaluate the role of GC in toxoplas-
ma-induced thymic atrophy, we selectively infected targeted 
knockout mice lacking the GC receptor (GR) in T cells. 
Although, as expected, the preferential loss in DP thymo-
cytes was less pronounced in these animals (Fig. 3, E and F), 
overall the total number of thymocytes was still significantly 
decreased (>60%; Fig. 3 F) and had similar kinetics in WT 
animals (Fig. 3 G). In related experiments, T. gondii–induced 
thymic atrophy was found to occur normally in mice deficient 
in MyD88, MyD88/TRIF, TNF, IFN-αβR, IFN-γR, iNOS, 
CCR2, IL-10, IL-27R, or STAT1 (Fig. 4 A), as well as in WT 
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mice treated simultaneously with neutralizing mAb against 
IL-6, TNF, and IFN-γ (Fig. 4 B). Similarly, T. gondii infec-
tion triggered a reduction in thymic cellularity in RAG−/−, 
IFN-γ−/−RAG−/−, and p40 IL-12−/−IL-10−/−RAG−/− mice 
comparable to that displayed by WT animals (Fig. 4 C). Thus, 
the loss of thymic function in toxoplasma infection does not 
appear to be dependent on the host cytokine response and is 
only partially dependent on GC signaling.

The thymic atrophy occurring during T. gondii infection 
is associated with a loss in architectural integrity 
of the thymic epithelium
During the acute phase, T. gondii disseminates via the blood 
stream to multiple tissue sites. Because the thymus is a heavily 
vascularized organ, we hypothesized that the observed damage 
to the thymic function might be related to the presence of the 
parasite. Indeed, the dissemination of live and replicating par-
asites was found to be required for T. gondii–induced thymic 
atrophy, as challenge with irradiated or temperature-sensitive 

mutant of the parasite that cannot establish active infection 
do not trigger thymic atrophy (Fig. 5 A). In addition, loss of 
thymocytes was not observed in previously vaccinated hosts 
challenged with wild-type parasites (Fig. 5 B). To identify the 
cell populations infected within the thymus, we exposed mice 
to mCherry labeled parasites and performed FACS analyses 
on total thymic cell preparations. Toxoplasma was detected 
at similar levels (MFI) in CD11b+ myeloid cells, thymocytes, 
and thymic epithelial cells (TECs). Although most of the in-
fected cells were myeloid cells (73 ± 7%) and thymocyte (18 
± 5%), the TEC population was the most heavily infected on 
cell per cell basis (Fig. 5 C, left). Within the TEC population, 
both, cortical TEC (cTEC) and medullar TEC (mTEC) were 
found to harbor the parasite (Fig. 5 C, right) although at dif-
ferent ratios depending on the experiment.

Normal thymic function is known to be influenced by 
interaction of thymocytes with thymic epithelium. To explore 
the possible role of this process in the decreased thymopi-
oesis occurring in T. gondii infection, we enumerated the 

Figure 1. D ynamics of activated parasite-
specific CD4+ T cells and naive T cells 
after T. gondii infection. (A) Expansion of 
parasite-specific Th1 cells during T. gondii 
infection. Representative contour plots of 
T-bet versus AS15​:I​-Ab tetramer staining for 
splenic CD4+ T lymphocytes isolated from 
C57BL/6 mice on days 0, 3, 5, 6, and 7 after i.p. 
infection with ME-49 cysts. (B) Contraction of 
parasite-specific CD4+ T cells after control of 
acute infection. Number of AS15​:I​-Ab–specific 
CD4+ T lymphocytes (left, y axis) in spleen and 
PEC for individual animals at indicated time 
points during infection is superimposed with 
the frequency of infected cells in PEC (right, 
y axis) in the same mice. (C) Number of total 
splenocytes, CD4+ or CD8+ T lymphocytes, 
and naive CD62L+CD44− CD4 or CD8 T cells 
during the acute and chronic phases of 
infection. (D) Naive CD4+ T lymphocyte during 
T. gondii infection are not prone to apoptosis. 
Frequency of Ki67+ (left) or Annexin V+ (right) 
CD44+CD62L– and CD62L+CD44– splenic 
CD4+ T cells at indicated time points during 
infection. Each symbol (B and C) or bar (D) 
represents the mean ± SEM of the values from 
the individual animals (n = 4–8) pooled from 
two independent experiments.
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major cellular constituents of the thymic epithelium in mice 
exposed to the parasite 8 d previously. We observed major 
decreases (>50%) in the total numbers of TECs, as well as 
the individual Ly51+ cortical and UEA+ medullar populations 
when compared with uninfected control animals (Fig. 5 D). 
As expected the same alterations in TECs were observed in 
infected GRlck-cre mice.

Histological examination on day 8 after infection 
demonstrated that T. gondii infection leads to dramatic 
changes not only in the size but also in the architecture of 
the thymus (Fig. 5 E). In addition, staining with anti-keratin 
5 and anti-keratin 8 mAbs revealed major alterations in the 
organization of the cortical and medullary areas of the thymus 
as indicated by decreased cortical surface area and increased 
convolution of the corticomedullary border (Fig. 5, F and G).

Persistent loss of thymic function during 
chronic T. gondii infection
In most cases involving GC-dependent thymic atrophy, re-
covery of normal thymic function is restored once GC levels 
return to baseline. However, despite the previously docu-
mented transience of the acute GC response induced by T. 

gondii (Kugler et al., 2013), only limited recovery in thymo-
cyte numbers in WT mice was observed during the chronic 
phase of infection (Fig.  6  A), although overall thymocyte 
composition appeared to normalize (Fig. 6 B), and parasite 
mRNA could no longer be detected in thymus (Fig. 6 D).

To examine the status of thymic epithelium, we analyzed 
the expression of transcription factor Tbata (Flomerfelt et al., 
2010) and the cytokine IL-22 (Dudakov et al., 2012), which 
are both known to be involved in the regulation of TEC ex-
pansion. When mRNA levels for these two proteins were 
measured by qRT-PCR in thymii on day 8 after infection 
low Tbata and high IL-22 levels were observed (Fig.  6 C). 
This suggested that the remaining TECs are responding to 
damage and attempting to undergo a regenerative process be-
cause Tbata inhibits, whereas IL-22 promotes, TEC growth. 
Interestingly, however, levels of Tbata and IL-22 were found 
to normalize when measured again on day 60 after infec-
tion despite the persistent atrophy (Fig. 6 C) indicating that 
the new equilibrium achieved in the chronic phase is stable. 
The observed changes in the expression of Tbata and IL-22 
mRNA were not caused by differences in the total number 
of TEC because similar levels of FoxN1 mRNA were de-

Figure 2. R educed frequency of RTE after 
T. gondii infection. (A) Representative histo-
grams of splenic CD44−CD62L+ CD4+ T lym-
phocytes in GFP-RAG reporter mice on day 0, 
10, and 60 after T. gondii infection. (B and C) 
Bars represent the mean ± SEM frequencies of 
the brightest fraction (red) and the total (black) 
GFP-RAG+ population in CD44−CD62L+ CD4 
(left) or CD8 (right) T cells per time point (n = 
6–10 mice) pooled from at least two indepen-
dent experiments in spleen (B) and peripheral 
blood (C). ***, P < 0.001.
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tected at both time points (Fig. 6 C). Nevertheless, the pro-
found changes in the organization of the thymic epithelium 
as indicated by decreased cortical surface area and increased 
convolution of the corticomedullary border were found 
to persist into the chronic phase of infection (Fig.  6 E), as 
well as the significantly decreased cTEC and mTEC abso-
lute numbers (Fig. 6 F).

T. gondii–induced thymic atrophy is directly dependent on 
parasite-induced alteration of the thymic epithelium
T. gondii infection triggers mobilization of BM progenitors, 
as well as BM hypoplasia (Petakov et al., 2002; Glatman Za-
retsky et al., 2014). Indeed, we observed a partial and transient 
reduction in the number of BM cells in infected animals (un-
published data). To determine whether the persistent thymic 
atrophy observed during T. gondii infection is a consequence 
of an effect on the thymic epithelium or on the thymic pre-
cursors in BM, we performed experiments in which irradi-
ated chronically infected mice were reconstituted with BM 
cells from uninfected animals or, reciprocally, irradiated naive 

mice were reconstituted with BM from chronically infected 
animals. After allowing reconstitution for 8 wk, we assessed 
thymic, BM, and splenic cellularity in both groups (Fig. 7 A). 
We found that the uninfected mice reconstituted with BM 
from infected donors displayed the same cellularity in all or-
gans as intact uninfected C57BL/6 animals. In direct contrast, 
infected mice reconstituted with naive BM displayed normal 
levels of cells in BM and spleen, but a profound cellular de-
ficiency in the thymus.

Because irradiation is known to induce thymocyte and 
TEC depletion, we performed an additional set of experi-
ments using RAG−/− mice reconstituted with BM cells in the 
absence of irradiation. Once again, transfer of naive WT BM 
failed to reconstitute thymic cellularity in infected recipient, 
whereas fully reconstituting uninfected animals (Fig. 7 B).

The aforementioned experiments suggested that thymic 
atrophy in T. gondii–infected mice is caused by an effect on a 
nonhematopoietic component of that organ. To test whether 
thymic epithelium is the targeted cellular component, we 
implanted neonatal thymii from RAG−/− mice into naive or 

Figure 3. T he thymic atrophy induced by 
toxoplasma infection is mouse strain and 
infection route independent, but only par-
tially GC dependent. (A and B) The severe 
loss of thymocytes during acute toxoplasma 
infection is independent of both the route of 
exposure and host genetic background. Bars 
represent the mean ± SEM of thymocytes in 
C57BL/6 mice (n = 6–9) uninfected or infected 
for 10 d by either i.p. or gavage (p.o.; A), and 
in uninfected or 10 d i.p. infected BALB/c mice 
(n = 4; B) from one representative out of two 
experiments performed. (C and D) All thymo-
cyte subsets are decreased on day 10 after T. 
gondii infection. (C) Representative dot-plots 
of total (B220− NK1.1− CD11b−) thymocytes 
stained with anti-CD4 and anti-CD8 antibody 
(top) and of double negative (DN) thymocytes 
stained with anti-CD44 and anti-CD25 an-
tibody (bottom). (D) Bar graph showing the 
mean ± SEM of DP, CD4, CD8, and double- 
negative (DN) thymocytes (top) or DN1-4 pop-
ulations (bottom) for individual animals (n = 6) 
pooled from two independent infections. (E–G) 
Lack of GR signaling only partially rescues thy-
mic atrophy. (E) Representative dot plots of 
anti-CD4– and anti-CD8–stained thymocytes 
from 8-d infected WT or GRlck-Cre animals, and 
(F) bar graphs representing the mean ± SEM of 
total (top) and DP, CD4, CD8, and DN (bottom) 
thymocytes in each group (n = 10) pooled from 
three independent experiments. (G) Kinetics of 
thymocyte loss in infected WT or GRlck-Cre mice 
calculated as the ratio between number of 
thymocytes on day 0 and days 3 or 8 after in-
fection (n = 4–8) from two time course exper-
iments performed. **, P < 0.01; ***, P < 0.001.

D
ow

nloaded from
 http://jem

.rupress.org/jem
/article-pdf/213/13/3041/1754585/jem

_20151636.pdf by guest on 25 April 2024



Infection-induced thymic atrophy dampens immunity | Kugler et al.3046

chronically WT infected animals. When examined 6 wk later, 
both the cellularity and histology of the thymic implants (un-
published data) were indistinguishable in the two sets of re-
cipients, despite the expected significant difference in the size 
of the endogenous orthotopic thymii (Fig. 7 C).

Together these findings argued that the primary defect 
responsible for the persistent thymic atrophy observed during 
toxoplasma infection is a loss in epithelial integrity.

T cells display decreased CD5 levels during 
chronic T. gondii infection
Because TEC provide a critical microenvironment for T cell 
selection, we questioned whether the thinning of the cortex, 
and loss of corticomedullary demarcation occurring in thymii 
of toxoplasma infected mice influences not only the number of 
thymocytes but also the immunocompetence of naive T cells. 
CD5 expression on naive T lymphocytes has proven to be a re-
liable read-out for the strength of the positively selecting TCR–
peptide–MHC interaction in thymic cortex (Azzam et al., 
1998; Klein et al., 2014). When assessed in our model, we found 
that the level of CD5 expression on single-positive CD4+ or 
CD8+ thymocytes was decreased in chronically infected mice 
when compared with same populations in uninfected mice 
(Fig. 8, A and B). Importantly, this reduction in CD5 expression 
was also evident in peripheral GFP-RAG+ RTE, as well as in 
the total population of naive CD4 and CD8 T cells in T. gondii 
chronically infected mice (Fig. 8, C and D). These results sug-
gested that the thymic epithelial alterations seen in T. gondii–

infected mice may not only affect the number of naive T cells 
generated (Fig. 1 C), but also result in the development/selec-
tion of T cells with lower TCR avidity for self-peptide–MHC. 
Consistent with the latter hypothesis, we observed a signifi-
cantly decreased ratio of CD4/CD8 expression among mature 
TCRhigh thymocytes in chronically infected when compared 
with uninfected mice (2.29 ± 0.17 vs. 3.36 ± 0.24).

T lymphocytes expressing low levels of CD5 are known 
to be poorly responsive to foreign antigens (Mandl et al., 
2013; Persaud et al., 2014). Indeed, an attenuated response 
was observed when naive splenic CD4+ T lymphocytes from 
60 d T. gondii–exposed mice were stimulated in an allogeneic 
mixed lymphocyte reaction using irradiated BALB/c spleno-
cytes (Fig. 9 A). In contrast, we demonstrated that the same 
cell population displayed normal responsiveness when poly-
clonally activated with anti-CD3 mAb (Fig. 9 B).

The contraction of the naive T cell pool in T. gondii 
infection is associated with decreased immunity to 
heterologous microbial challenge
To assess the in vivo responsiveness of naive CD4 T cells in 
mice chronically infected with T. gondii, we used a model of 
heterologous microbial challenge. Bacillus Calmette–Guérin 
(BCG) was chosen for this purpose because it produces a 
self-limiting infection that, similar to T. gondii, stimulates a 
Th1 immune response without triggering thymic atrophy. In 
addition, in this model, mycobacteria-specific CD4+ T cell re-
sponses can be readily tracked using an I-Ab-Ag85b tetramer.

Figure 4.  T. gondii induces rapid thymic atrophy in 
the absence of critical elements of the host-pro-
tective immune response. Profound loss of thymo-
cytes during acute toxoplasma infection in (A) C57BL/6 
mice deficient in the indicated immune components (B) 
C57BL/6 mice treated simultaneously with neutraliz-
ing anti-TNF, anti–IFN-γ, and anti–IL-6 antibody, or (C) 
RAG−/−, double IFN-γ−/− RAG−/− and triple p40 IL-12−/−IL-
10−/−RAG−/− mice. Bars represent the mean ± SEM of thy-
mocytes in uninfected mice (n = 3–6) or i.p. infected 
animals on day 8–10 after infection. Data are represen-
tative of one of at least two independent experiments 
performed. ***, P < 0.001.
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When assessed 25 d after BCG challenge, mice chron-
ically infected with toxoplasma displayed fourfold higher bac-
terial CFU in both liver and spleen (Fig. 9 C). This increase 
in bacterial load was accompanied by a dramatic reduction in 

the number of Ag85b-specific CD4+ T cells in both organs. 
The impaired BCG response did not appear to be the re-
sult of defective APC function, as irradiated splenocytes from 
T. gondii–infected mice were able to efficiently prime TCR 

Figure 5. T he thymic atrophy induced by T. gondii requires parasite replication and is associated with epithelial cell (TEC) disruption. (A and B) 
Thymic atrophy is observed after i.p. challenge with either type I (RH) or type II (ME49) strains of T. gondii but not with nonreplicating live-irradiated RH or a 
temperature sensitive mutant (ts-4) of that strain (A) or after challenge with WT parasites in previously vaccinated hosts (B). Bars represent the mean ± SEM 
of thymocytes assayed on day 8 in mice (A) infected i.p. with indicated strains of parasites (n = 4) or (B) challenged with RH after vaccination with ts-4 (n 
= 3). Data are representative of one of two independent experiments performed. (C) Phenotype of T. gondii–infected cells in the thymus. Mice were infected 
with mCherry-expressing tachyzoites and on day 3 FACS analyses were performed. Overlay histograms gated on total TEC population, CD11b+ myeloid cells, 
and thymocytes (left) and contour-plots gated on mTEC and CTEC (right) from one of three independent experiments with at least three infected mice each. 
(D) Loss of TEC during acute toxoplasma infection. TEC cells were isolated from uninfected WT mice, and day 8 infected WT and GRlck-Cre animals and were 
analyzed by FACS for mTEC (UEA+ I-Ab+), cTEC (Ly51+ I-Ab+), and CD31+cells. Bars represent the mean numbers (± SEM) of cTEC, mTEC, and CD31+ endothelial 
cells calculated from analyses performed on individual animals (n = 6–8) pooled from two independent experiments. (E) Cross section of thymus lobe from 
naive or day 8 infected WT mice stained with hematoxylin and eosin with indicated portion magnified 10×. Bar, 100 µm. (F) Image of a thymic section from 
uninfected and day 8 infected WT mice after immunostaining with anti-keratin 5 (mTEC) and anti-keratin 8 (cTEC) Antibodies, shown in green and red, 
respectively. Bar, 150 µm. (G) Quantitative representation of cortical area and convolution of corticomedulary border in thymii from uninfected and infected 
mice pooled from two experiments (n = 6). *, P < 0.05.
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transgenic P25 CD4+ T cells specific for Ag85b (unpublished 
data). In addition, no differences in parasite cyst burden were 
observed between unchallenged and BCG-challenged T. gon-
dii–infected mice (Fig. 9 D), excluding an indirect effect of 
secondary mycobacterial exposure on the primary protozoan 
infection as an explanation for the altered response to BCG.

Restoration of thymic function enhances control of 
chronic T. gondii infection
The aforementioned findings raised the interesting possibility 
that thymic atrophy contributes to parasite persistence itself. 
In this scenario, acute infection with T. gondii would lead to 
suppression of the response to stage-specific surface antigens 

expressed by the parasite during the chronic phase (Kim and 
Boothroyd, 2005). To test this hypothesis, we examined the 
effect of thymic grafting on parasite burdens in chronically 
infected mice. We found that 60-d T. gondii exposed animals 
implanted with thymii from naive RAG−/− mice displayed a 
significant threefold reduction in brain cyst loads compared 
with nonimplanted controls (Fig. 9 E). The latter finding sup-
ports the concept that parasite-induced thymic involution 
promotes chronic infection.

Discussion
The thymus plays a major role in the immune system by 
providing a continuous source of naive T lymphocytes with 

Figure 6.  Both thymic atrophy and altered 
thymic architecture persist during chronic 
infection. (A) Impaired thymic recovery during 
chronic T. gondii infection. Bars represent the 
mean ± SEM of thymocytes assessed in in-
fected mice in 10-d intervals and age-matched 
uninfected controls on day 0 and 60 (n = 6–10/
time point) pooled from at least two kinetics 
experiments performed. (B) Normalization of 
thymocyte composition in the chronic phase 
of T. gondii infection. Bar graphs represent 
the mean frequencies (± SEM) of CD24+ thy-
mocytes (top), B cells (middle), and the ratio 
CD4+ versus CD8+ thymocytes (bottom) in thy-
mii of control and day 10 and day 60 infected 
mice (n = 6–8). Data are pooled from two or 
more independent experiments performed. (C) 
Normalization of TEC-specific gene expres-
sion during the chronic phase of infection. 
Tbata, il-22, and Foxn1 mRNA expression were 
measured by qRT-PCR in thymii isolated from 
uninfected and day 8 or 60 infected WT mice. 
Bars represent the mean (± SEM) values pooled 
from individual mice (n = 5–7) pooled from 
two independent experiments. (D) T. gondii 
levels in thymus during infection. The samples 
described in C were analyzed for mRNA ex-
pression of toxoplasma-specific gene B1, and 
the data were processed in the same manner. 
(E) The loss of corticomedullary demarcation 
and irregularity of the cortex persists during 
chronic infection. Thymii from naive or day 
60 infected WT mice were stained with anti- 
keratin 5 (green) and anti-keratin 8 (red) plus 
anti-CD31 antibody (white) and analyzed by 
confocal microscopy. Bar, 150 µm. (F) Per-
sistent decrease in number of mTEC and cTEC 
during T. gondii infection. TEC populations 
were isolated from mice described in E. Bars 
represent the mean numbers (± SEM) of cTEC 
and mTEC calculated from analyses performed 
on individual animals (n = 4–6) pooled from 
two independent infections. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001.
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a wide variety of TCR specificities that recognize a broad 
range of foreign antigens (Miller, 2011). As the body reaches 
adulthood, the gradual involution of the thymus accelerates 
likely reflecting the increasing need to prevent tolerance to 
foreign antigen and, conversely, the decreasing need to delete 
self-antigen–specific T cells (Dowling and Hodgkin, 2009; 
Shanley et al., 2009). In an ideal situation, host exposure to 
infections and other antigenic challenges should not affect the 
normal homeostatic function of the thymus in maintaining 
T cell availability and diversity. Nevertheless, a wide variety 
of pathogens trigger an atrophic state in which the thy-
mus undergoes an accelerated decrease in cellularity that in 
some (Ross et al., 2012), but not all, situations (Douek et al., 
1998; Bonzon and Fan, 1999; Borges et al., 2012) rebounds 
to steady-state levels after acute infection. This infection-in-
duced thymic atrophy has been postulated to be a mechanism 

promoting pathogen virulence. However, the impact of in-
fectious exposures on the normal age-dependent process of 
thymic involution is poorly understood.

In this study, we describe a long-term effect of T. gon-
dii infection on the ability of the host to generate naive T 
cells. This immune alteration is associated with a profound 
and persistent thymic atrophy that reduces not only the size 
of the naive T lymphocyte pool but also the functional com-
petence of those cells that successfully emerge. The resulting 
immunocompromised state manifests in decreased resistance 
to both heterologous pathogen challenge and established T. 
gondii infection itself.

Previous studies on thymic atrophy have identified 
GR-mediated apoptosis of DP thymocytes as an important 
mechanism underlying this process (Savino, 2006; Pérez et al., 
2007). In contrast, the data presented here demonstrate that 

Figure 7. T he persistent thymic atrophy induced by 
T. gondii is a consequence of the disruption of thymic 
epithelium rather than a loss in bone marrow hema-
topoietic precursors. (A) BM cells from uninfected mice 
fail to restore thymic cellularity in infected recipients, 
whereas BM cells from the infected donors can regener-
ate the thymus in uninfected hosts. Numbers of cells in 
spleen, BM, and thymus were analyzed in an untreated 
age-matched control group of mice, as well as uninfected 
and 6-wk infected animals that were irradiated and re-
constituted reciprocally with BM 8 wk prior. (B) Engraft-
ment of BM cells reconstitutes the thymus in uninfected, 
but not T. gondii–infected, RAG2−/− mice. Splenic and thy-
mic cellularity was determined in control and 7-d infected 
RAG2−/− animals that were i.v. injected with the same BM 
cells from uninfected WT animals 6 wk prior and main-
tained on antibiotic water during that period. (C) Thymic 
engraftment is equally successful in uninfected and in-
fected WT mice. Uninfected and chronically infected an-
imals received a thymus from 1-d-old RAG−/− mice and, 
6 wk later, the number of cells in the endogenous and 
grafted thymii was evaluated in individual mice. (A–C) 
Bars represent the mean ± SEM cell number per organ in 
each group (n = 3–4) from one out of two independent 
experiments performed. ***, P < 0.001.
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T cell–intrinsic GR signaling is not the major trigger of T. 
gondii–induced thymic atrophy. Instead, thymic atrophy was 
closely associated with dramatic changes in the architecture 
of the thymic epithelium. Interestingly, several clinical reports 
describe similarly altered thymic architecture in autopsied 
T. gondii–infected humans (Frenkel and Friedlander, 1951; 
Yermakov et al., 1982).

The thymus is a highly vascularized organ, but is defi-
cient in immune effector cells relative to secondary lymphoid 
tissue. This may favor the accumulation of pathogen-infected 
CD11b cells, which unchecked by the immune response can 
serve as Trojan horses delivering intracellular microbes to thy-
mocytes and TEC. T. gondii promiscuously invades multiple 
cell types and, as described here, can infect thymic epithelium 
during its acute blood-borne dissemination. Nevertheless, the 
subsequent permanent changes in TEC do not appear to de-
pend on the continued physical presence of the parasite in 
the tissue. Moreover, our attempts to regenerate the thymus 

in T. gondii–exposed mice by administering keratin growth 
factor, and IL-22 were unsuccessful (unpublished data). Based 
on these observations, we speculate that the persistent thy-
mic atrophy occurring during toxoplasma infection may 
stem from parasite invasion and the permanent destruction 
of TEC progenitor cells.

Although not well studied, the thymic atrophy occur-
ring in other infections may also involve related GC-inde-
pendent mechanisms of TEC impairment. For example, the 
GC-independent thymic involution seen in mice exposed to 
Mycobacterium avium is associated with the presence of in-
fected macrophages which accumulate in that organ during 
the chronic phase (Morrison et al., 1982; Borges et al., 2012). 
Similarly, in murine influenza (PR8) the tropism of the virus for 
epithelium may contribute to the thymic atrophy seen in this 
infection because damage of thymic epithelium was observed 
even in adrenalectomized mice (Garaci et al., 1974). Likewise, 
measles infection has been shown to induce terminal differ-

Figure 8. D ecreased expression of CD5 on mature 
thymocytes and naive T cells in T. gondii chron-
ically infected mice. (A and B) CD5 levels on DP or 
single-positive CD24+ GFP+ thymocytes in T. gondii 
chronically infected mice. (A) Representative overlay 
histograms of CD5 staining from control (black line) 
and day 60 infected GFP-RAG animals (red line). (B) 
Bars represent the mean ± SEM of CD5 MFI for each 
group (n = 4) from one of two experiments performed. 
(C and D) CD5 levels on naive CD4+ and CD8+ T cells 
in spleen of T. gondii chronically infected mice. Rep-
resentative contour plots of CD5 versus GFP-RAG 
staining on splenic CD62L+CD44− CD4+ (C) or CD8+ 
(D) T lymphocytes isolated from control and day 60 
infected GFP-RAG animals. Bars represent the mean ± 
SEM of CD5 MFI on GFP+ (left) and GFP− (right) naive 
CD4+ (C) or CD8+ (D) T cells for each group (n = 4) from 
one of two experiments performed. **, P < 0.01.
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entiation of cortical TEC in vitro (Numazaki et al., 1989) and, 
importantly, apoptosis of human TEC in a SCID-hu mouse 
model (Auwaerter et al., 1996). In addition, during chronic 
LCMV infection, infectious virus has been detected in both 
thymocytes and cortical stromal cells (King et al., 1992). Con-
sistent with the latter findings, we have observed significant 
reductions in the numbers of splenic CD44−CD62+ CD4+ 
and CD8+ T lymphocytes in LCMV-infected mice on day 40 
after infection (unpublished data).

Regardless of the mechanism of its induction, infec-
tion-triggered thymic atrophy has been postulated to play a 
role in promoting pathogen persistence. For example, infec-
tion of the thymus with M. avium has been proposed to in-
duce a state of central tolerance to antigens of the pathogen, 
thereby facilitating its long-term survival in the host (No-
brega et al., 2010, 2013). Alternatively, by causing a wholesale 
decrease in thymic output, atrophy may result in a generalized 
immunosuppression affecting both pathogen-specific and ir-
relevant effector T cell responses. Our findings are consistent 
with the latter outcome.

T lymphocyte expression of CD5 in the periphery is 
known to correlate with the affinity of TCR for self-anti-

gen and indirectly for foreign antigen, a property imprinted 
during T cell differentiation in the thymus. It was therefore 
of interest that both CD4 and CD8 thymocytes, the initial 
RTE appearing after thymic involution during acute infec-
tion (unpublished data) and the subsequent pool of naive T 
cells present during the chronic phase, express decreased lev-
els of CD5. These observations suggest that the damage to the 
thymic epithelium induced by T. gondii results in impaired 
positive selection of the thymocyte repertoire that lessens the 
ability of the host to mount an adequate immune response. 
Indeed, chronically infected mice display an increased sus-
ceptibility to co-infection with a heterologous pathogen, as 
well as improved survival of the primary infection. In addi-
tion, we have observed a highly significant negative correla-
tion between cyst burden and thymocyte numbers in mice 
chronically infected with T. gondii (unpublished data), an 
observation also consistent with a role for thymic involution 
in parasite persistence.

An interesting aspect of the alterations in thymic ar-
chitecture and function described here in murine T. gondii 
infection is that they resemble the changes in this organ ob-
served during natural aging. Thus, senescence of the immune 

Figure 9. T he antigen-dependent respon-
siveness of CD4+ T cells is compromised 
during chronic T. gondii infection. (A and 
B) Decreased antigen responsiveness of naive T 
cells in chronically infected mice. 3H-thymidine 
incorporation of CD62+CD44− CD4+ T lympho-
cytes isolated from mice on day 0 and 60 after 
infection and cultured for 60 h with indicated 
number of irradiated BALB/c splenocytes (A) 
or stimulated with increasing concentrations 
of anti-CD3 mAb (B). Data are shown as mean 
± SD cpm from duplicate cultures from one 
representative out of two (A) and three (B) ex-
periments performed. (C) Number of BCG CFU 
(left) and Ag85+ CD4+ T cells (right) in liver and 
spleen of control and 50 d T. gondii–infected 
mice challenged in parallel with BCG for 25 d. 
Bars represent the mean ± SEM of values for 
individual mice (n = 6–10) pooled from two 
independent experiments. (D) BCG challenge 
does not affect the parasite burden in chron-
ically infected mice. Data are shown as mean 
± SEM of cyst number/brain from individual 
mice (n = 5) from one representative out of 
two experiments performed. (E) Increased host 
resistance of T. gondii chronically infected 
mice after RAG−/− thymic implant. Bars repre-
sent the mean ± SEM of values for individual 
mice (n = 4–12) from two independent exper-
iments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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system is associated with gradual structural deterioration of 
the thymic epithelium (Gui et al., 2007; Kim et al., 2015) and 
a concurrent decline in the frequency of peripheral naive T 
lymphocytes (Fagnoni et al., 2000; Naylor et al., 2005; Schulz 
et al., 2015). These parallel manifestations of infection and se-
nescence raise the intriguing possibility that exposure during 
childhood to pathogens that, along with T. gondii, target the 
thymus could accelerate the natural aging process, rendering 
the host more susceptible to new infections. A proposed link 
between prior infectious exposure and the kinetics of immune 
senescence is supported by several observations (Gavazzi and 
Krause, 2002; Deeks, 2011; Derhovanessian et al., 2014). Per-
haps the best studied example is the association of seropositiv-
ity for cytomegalovirus (CMV), a pathogen known to infect 
TEC (Mocarski et al., 1993; Price et al., 1993), and accelerated 
aging of the immune system (Pawelec et al., 2010). Although 
this phenomenon has been attributed to memory T cell infla-
tion (Arens et al., 2015), the results presented here raise virus- 
induced thymic disruption as a possible alternative explana-
tion of the CMV infection data. Future studies that analyze 
in depth the longitudinal relationship between age, infection 
history, and thymic output could be used to evaluate the con-
tribution of this proposed mechanism to immune senescence.

Materials and methods
Experimental animals
C57BL/6 and BALB/c mice were purchased from Taconic 
Farms, whereas C57BL/6 CD45.2 RAG1−/−, CD45.1 
RAG1−/−, IL-10−/−, and IFN​AR (IFN-α/βR−/−) mice were 
provided by the National Institute of Allergy and Infectious 
Diseases (NIA​ID) Animal Supply Contract at Taconic Farms. 
TNF−/−, IFN-γR−/−, and CCR2−/− animals were obtained 
from The Jackson Laboratory; STAT1−/− animals (Durbin et 
al., 1996) were provided by D. Woodland (Trudeau Institute, 
Saranac Lake, NY); MyD88−/−, MyD88−/−TRIF−/− dou-
ble-deficient (Yamamoto et al., 2003), IL-27R−/− (Batten 
et al., 2008), GFP-RAG (Yu et al., 1999), and GRlck-Cre 
(Mittelstadt et al., 2012) mice were bred in our facilities. 
IFN-γ−/−RAG−/− and p40−/−IL-10−/−RAG−/− animals were 
generated by intercrossing mice with the respective single 
gene deficiency. All animals were maintained at an Ameri-
can Association for the Accreditation of Laboratory Animal 
Care–accredited and specific pathogen–free facility at the 
NIA​ID/National Institutes of Health or National Cancer 
Institute (NCI)/National Institutes of Health. All procedures 
were performed in accordance with the protocols outlined in 
the Guide for the Care and Use of Laboratory Animals and 
described in an animal study proposal approved by the NIA​
ID Animal Care and Use Committee. 8–12-wk-old age- and 
sex-matched experimental and littermate control mice were 
used in all experiments, except when noted otherwise.

T. gondii infection and parasite burden determination
Type II avirulent strain ME-49 cysts were obtained from the 
brains of chronically infected C57BL/6 mice. Cyst prepa-

rations were pepsin treated to eliminate potential contam-
ination with host cells and mice were inoculated i.p. with 
an average of 15 cysts. Parasite burden was assessed by enu-
merating infected cells in cytospin-smears of PEC (105 cells) 
during the acute phase of infection or by counting cysts in 
brain homogenates during the chronic phase. Tachyzoites of 
the RH-88 type I strain of T. gondii, its temperature sen-
sitive mutant, ts-4 (Pfefferkorn and Pfefferkorn, 1976), and 
an mCherry+ expressing recombinant (Koshy et al., 2010), 
were cultured and harvested from infected monolayers of 
human foreskin fibroblasts.

Vaccination experiments
Groups of mice were vaccinated by two biweekly i.p. injec-
tions of 2 × 105 ts-4 tachyzoites in 0.5 ml PBS, while a con-
trol group was injected with PBS alone. Both groups were 
challenged in parallel 2 wk later by subcutaneous injection of 
1,000 virulent RH strain tachyzoites.

BCG cultures, infections, and quantification
M. bovis BCG (strain Pasteur) were expanded to log phase 
in Middlebrook 7H9 liquid medium (Difco) supplemented 
with OADC (Difco), 0.05% glycerol (Invitrogen), and 0.05% 
Tween-80 (Thermo Fisher Scientific), washed, aliquoted in 
PBS, and stored at −80°C until further use. Animals were 
inoculated i.v. with 5 × 106 CFU. Quantification of bac-
terial stocks and the numbers of viable bacteria in whole- 
organ homogenates on day 25 after infection were mea-
sured by plating serial dilutions supplemented Middle-brook 
7H11 nutrient agar (Difco) with OADC and 0.5% glycerol. 
Plates were incubated for 20 d at 37°C before counting bac-
terial colony formations.

In vivo mAb treatment
To block TNF, IFN-γ, and IL-6 function mice were injected 
i.p. with the combination of 1 mg each of neutralizing anti-
body XT3-11, XMG-1.2, and MP5-20F3 (BioXcell) on days 
−1, 1, 3, 5, and 7 after infection. Control groups of animals 
received an equivalent amount of rat mAb GL113.

Cell preparation and flow cytometry analyses
At the indicated time points, single-cell suspensions were pre-
pared from peritoneal exudate cell (PEC), spleen, liver, thy-
mus, or BM from individual naive and infected animals, and 
after counting nucleated cells were used for further analysis 
(Jankovic et al., 2007). Samples from individual animals were 
stained with Fixable Viability Dye (eBioscience) and an ap-
propriate combination of mAb specific for CD4 (RM4-5), 
CD8 (53–6.7), CD44 (IM7), CD62L (MEL14), TCRβ (H57-
597), T-bet (O4-46), CD5 (53–7-3), CD24 (M1/69) B220 
(RA3-6B2), NK1.1 (PK136), CD90.1 (HIS51), CD90.2 
(53–2.1), CD45.1 (A20), or CD45.2. (104) purchased from 
eBioscience, BioLegend, or BD. Parasite-specific CD4+ T 
cells were determined using a fluorescently labeled MHC 
class II tetramer bound to T. gondii antigenic peptide AS15 
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(Grover et al., 2012), whereas BCG-specific CD4+ lympho-
cytes were detected with a fluorescently labeled Ag85b280-294– 
loaded I-Ab tetramer (Vogelzang et al., 2014), both pro-
vided by the National Institutes of Health Tetramer Core 
Facility (Bethesda, MD).

Proliferation assay
Splenic naive Th lymphocytes were isolated as CD62L+CD44− 
CD4+ T cells by sorting total splenocytes on a FAC​SAria III 
(BD) and gating out B220+, NK1.1+, I-A/I-Eb+, and CD8+ T 
cells. Naive CD4+ T lymphocytes (2 × 105/well) were stim-
ulated with indicated number of irradiated BALB/c spleno-
cytes. Alternatively, naive CD4+ T cells (7.5 × 104/well) were 
cultured in 96-well plates coated with 1 µg of anti-CD28 
(37–51) and increasing amounts of anti-CD3 mAbs (2C11). 
After 48 h of incubation, cultures were pulsed with 3H-thy-
midine for an additional 18 h before harvesting.

TEC isolation
Thymii from uninfected and infected mice were processed 
individually by mincing in a Mickle Tissue Homogenizer, 
followed by incubation at 37°C for 15 min and shaking at 
50 RPM 37°C in 0.5 ml RPMI containing 20  µl of Lib-
erase TH (28 U/ml) and DNase1 (5 mg/ml). Phenotypic 
analysis of thymic epithelial cells was performed on CD45neg 
cells stained with anti-EpCAM (G8.8) Ulex Europaeus Ag-
glutinin I (Vector Laboratories), anti-Ly51 antibody (BP-1), 
anti-CD31 antibody (390), and anti-MHC class II antibody 
(M5/114). The TEC-gating strategy as described previously 
(Xing and Hogquist, 2014) is shown in Fig. S1.

Bone marrow reconstitution
In one set of experiments, 48-d T. gondii–infected and un-
infected age-matched C57BL/6 mice were lethally irradi-
ated with 950 rad and subsequently reconstituted with 2 × 
106 congenic whole bone marrow cells using mismatched 
CD45.1/2 markers from either uninfected or 48-d T. gon-
dii–infected donors, respectively. Alternatively, 8-d T. gon-
dii–infected and uninfected age-matched RAG2−/− mice 
were injected i.v. with 107 syngeneic bone marrow cells from 
naive WT donors after depletion of T lymphocytes by neg-
ative selection on CD90.2 MACS columns (Miltenyi Bio-
tec). All BM recipients were maintained on antibiotic TMS 
water containing Trimethoprim (0.13 mg/ml), Sulfadiazine 
(0.5 mg/ml), and 0.67 mg/ml Sulfamethoxazole (0.67 mg/
ml) throughout the duration of the experiment 8 and 6 wk 
for the WT and RAG2−/− recipients, respectively. In addition 
to their bactericidal activity, these antibiotics are known to 
prevent T. gondii replication, and thus rescued the infected 
RAG2−/− mice from lethality.

Histology and immunofluorescent microscopy
Tissues were fixed in Bouin's fixative, embedded in paraf-
fin, sectioned, and stained with hematoxylin and eosin. For 
immunofluorescence, sections of a tissue embedded in OCT 

freezing media were prepared on a CM3050s cryostat (Leica), 
adhered to Superfrost Plus slides (VWR), and subsequently 
permeabilized and blocked in PBS containing 0.3% Triton 
X-100 (Sigma-Aldrich) plus 10% normal mouse serum (Jack-
son ImmunoResearch Laboratories). Staining was performed 
with rabbit anti-K5 mAb (EP1601Y; Abcam) and rat anti-K8 
mAb (TRO​MA-I; DSHB). Histological sections were eval-
uated (based on a 1–10 scoring system) for two parameters: 
cortical area that measures the distance from the thymic cap-
sule to the corticomedulary border and convolution of the 
corticomedulary border that measures the length of the junc-
tion between cortex and medulla.

Confocal immunofluorescence microscopy
Isolated mouse thymii were sliced into 8–10-µm sections 
using a cryostat and stained with fluorescently labeled anti-K5, 
K8, and CD31 mAb. Confocal microscopy of immunostained 
sections was performed using a Leica SP8 inverted five-chan-
nel confocal microscope equipped with 2 HyD ultra-sensi-
tive detectors (Leica) and a broad range of visible lasers. The 
microscope configuration was adjusted for three-dimensional 
analysis (x, y, z) of cell segregation within tissue sections, and 
20-µm z stacks were collected.

Thymus grafting
Thymii were recovered from newborn congenitally marked 
C57BL/6 CD45.1 RAG1−/− donor mice. Recipient 48-d T. 
gondii–infected and uninfected age-matched C57BL/6 an-
imals were shaved and scrubbed, and a suitable incision was 
made in the right shoulder blade in which the donor thymus 
was inserted. The topical analgesic bupivacaine was applied 
into the incision for immediate post-surgical analgesia, and 
the wound was closed with two sterile wound clips.

Quantitative RT-PCR
Total RNA was isolated (RNeasy Mini kit; QIA​GEN) and 
reverse-transcribed (SuperScript II Reverse transcription; In-
vitrogen). Gene expression analysis was performed using SYB​
RGreen-based real-time quantitative PCR (RT-qPCR) on an 
ABI Prism 7900HT analyzer (Applied Biosystems). Arbitrary 
units represent the ratio of tested mRNA levels compared with 
hypoxanthine guanine phosphoribosyl transferase (HPRT) 
mRNA levels. The following primer pairs were used: Tbata: 
5′-TCA​GGG​ACG​AGT​TCT​CTC​TGT-3 (forward) and 5′-
GGT​TCC​GAT​TGG​ACT​GTG​GA-3′ (reverse); il22: 5′-TCT​
GGA​TGT​TCT​GGT​CGT​CA-3′ (forward) and 5′-TTT​CCT​
GAC​CAA​ACT​CAG​CA-3′ (reverse); Foxn1: 5′-CAT​CTA​
CCA​GGC​CCA​AGG-3′ (forward) and 5′-AGC​AGC​TAG​
AGC​TCT​CTG​TTC​AC-3′ (reverse); B-1: 5′-TCC​CCT​CTG​
CTG​GCG​AAA​AGT-3′ (forward) and 5′-AGC​GTT​CGT​
GGT​CAA​CTA​TCG​ATTG-3′ (reverse; Burg et al., 1989).

Statistical analysis
The statistical significance of differences between data means 
was evaluated using an unpaired, two-tailed Student’s t test 
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and, in the case of qRT-PCR data, by nonparametric ANO​VA 
(Kruskal-Wallis) with multiple-comparisons.

Online supplemental material
Fig. S1 shows the gating strategy for FACS analysis of TEC.
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