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SUMMARY
Mature lymphocyte immigration into the thymus has been documented in mouse, rat and pig
models and highly increases when cells acquire an activated phenotype. Entrance of peripheral B
and T cells into the thymus has been described in normal and pathological situations. However it
has not been proposed that leukocyte recirculation to the thymus could be a common feature
occurring during the early phase of a Th1 inflammatory/infectious process when a large number of
peripheral cells acquire an activated phenotype and the cellularity of the thymus is seriously
compromised. The data we present here demonstrate that in well-established Th1 models triggered
by different types of immunogens, e.g. LPS treatment (a bacterial product), C. albicans infection
(a fungus) and after T. cruzi infection (a parasite), a large number of mature peripheral B and T
cells enter the thymus. This effect is dependent on, but not exclusive of, the available space in the
thymus. Our data also demonstrate that MCP-1/CCR2 interaction is responsible for the infiltration
of peripheral cells to the thymus in these Th1-inflammatory/infectious situations. Finally, systemic
expression of IL-12 and IL-18 produced during the inflammatory process is ultimately responsible
for these migratory events.
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INTRODUCTION
The thymus is the primary source of T cells for peripheral lymphoid organs. T cells
produced in the thymus migrate to the spleen and lymph nodes (LNs), especially early in
life. The reverse pathway, i.e. mature T cells migrating from the periphery back into the
thymus is less often considered although some studies have shown that this is a common
pathway in healthy animals [1–5]. Moreover, it has been suggested that this pathway might
preferentially be used by activated T cells [4;6–8]. For example, it was shown that activated
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T cells homed to the thymus, and represented approximately 0.4% of mature T thymocytes
[6]. Others have shown that, as compared with naive CD4+ T cells, there is a preferential
accumulation of antigen-experienced T cells in the rat thymus [9]. Interestingly, the rate of
homing was greatly increased when thymocyte depletion occurred after host irradiation [6].
In any case, accumulation of peripheral T cells within the thymus is largely restricted to the
medulla [6;10].

Although a small number of mature B cells can be found in a healthy thymus, the migration
of peripheral B cells to the thymic medulla could increase several fold in certain
pathological situations such as thymic lymphoma [11] and certain autoimmune diseases
murine models [12].

The functional consequences of cellular migration of both T and B cells back to the thymus
have been addressed by several investigators. For example, it has been proposed that B cells
enter the thymus in order to achieve T-cell tolerance to immunoglobulins and to other B-
cell-specific antigens [13]. Moreover, it has also been proposed that B cells found in the
thymus could participate in negative selection by acting as Ag-presenting cells [14]. As for
T cells, it has been proposed that the thymus can function as a repository of memory T cells
[15], while others have demonstrated an important role of peripheral mature T cells in
central tolerance during the processes of positive and negative selection in the thymus
[10;16]. It has also been proposed that migrating lymphocytes can participate in
transplantation tolerance [17] and that mature T cells in the thymus are important in
maintaining medullary epithelial cells [18].

Whereas naïve syngeneic T cells preferentially home to the peripheral lymphoid organs,
they rarely reenter the thymus. In contrast, in vivo peptide-activated peripheral T cells
migrate to and accumulate in the thymus, thus confirming that reentry of T cells to the
thymus is mostly restricted to activated T cells [4;6–8]. Based on this data, it is surprising
that the possibility that the entrance of mature cells into the thymus could be a common
occurrence during the acute phase of an infectious/inflammatory process has not been
generally addressed, since a large proportion of T and B cells acquire an activated phenotype
in these situations. Moreover, thymocyte depletion observed in several infectious disease
models could even increase the possibility of peripheral cell migration into the thymus
considering reports describing that when the cellularity of this organ is compromised
(neonatal, irradiation, SCID mice, atrophic aged thymi, etc), peripheral cell infiltration into
the thymus considerably increases [4;6;18;19]. In this context, the aim of this work is to
demonstrate that migration of peripheral T and B cells to the thymus occurs during the early
phase of Th1 inflammatory/infectious processes triggered by different type of pathogens. In
support of this hypothesis, we examine the entrance of B and T cells into the thymus in well-
established Th1 infectious/inflammatory murine models. Furthermore, we demonstrate that
peripheral T cells and B cells but not NK cells, macrophages or DCs largely migrate to the
thymus under inflammatory/infectious conditions but only when the cellularity of the organ
is compromised. Moreover, the entrance of peripheral lymphocytes to the thymus
necessarily requires MCP-1 production in this organ and CCR2 expression on migrating
lymphocytes. Importantly, we demonstrate as a general mechanism that this phenomenon is
triggered by IL-12 and IL-18 produced during the acute phase of Th1/inflammatory/
infectious processes. Moreover, our data with OVA-specific TCR transgenic mice suggest
that rather than being a TCR-dependent mechanism, any T cell has the potential to migrate
to the thymus in response to inflammatory conditions.
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RESULTS
Peripheral T and B cell largely migrate to the thymus during Th1 inflammatory/infectious
processes

To address if migration into the thymus of mature peripheral lymphocytes is a common
feature of Th1-driven inflammatory/infectious processes, we adoptively transferred CFSE-
labeled splenocytes from mice either treated in vivo with LPS (a bacterial product), or
infected with a fungus (C. albicans) or a parasite (T. cruzi) to recipient hosts that have
received the same treatments. All these pathological conditions are characterized by a potent
Th1 immune response especially during the acute phase of the process[20–23]. Data
presented in figure 1 demonstrates that after LPS treatment (fig. 1A), C. albicans (fig. 1B) or
T. cruzi (fig. 1C) infections, CD4+ and CD8+ T cells together with B cells entered the
thymus in different proportions. Interestingly, other cell populations present in the spleen
such as NK cells, macrophages or DCs were excluded from the thymus in these conditions,
although they normally appeared as CFSE+ cells in the spleen or LNs of recipient mice (data
not shown).

Space availability is important but is not the only requirement to permit the ingress of
peripheral cells into the thymus

Loss of thymus cellularity is a common feature among inflammatory/infectious processes
[24]. Moreover, it has been reported that when the cellularity of this organ is compromised,
the number of peripheral cells infiltrating into the thymus considerably increases
[4;6;18;19]. Then, we speculated that available space could represent a crucial situation for
cell migration to the thymus in inflammatory conditions. To test this hypothesis we
examined T. cruzi-infected mice at 2 different times: before the parasitemia peak (BPP,
between 9–11 days post-infection) where part of resident thymocytes (especially DP cells)
are depleted and during the parasitemia peak (PP, between 12–14 days post-infection) when
a larger number of thymocytes are depleted (fig. 2A). As CD4+ and CD8+ cells are found in
the thymus as single positive (SP) thymocytes, it is difficult to discriminate between resident
and peripheral mature T cells; however, we and others have demonstrated that expression of
CD44, an activation marker for T cells is preferentially expressed by mature T cells that
enter the thymus [7;17;25] (and fig. 3A). Thus we evaluated the percentage and the absolute
number of CD44hi T cells present in the thymi of T. cruzi infected mice. As shown in figure
2, the percentage (fig. 2B) as well as the absolute number (fig 2C) of CD44hi cells in the
CD4+ or CD8+ SP compartment significantly increase when the total cellularity of the
thymus decreases (fig. 2A) (compare BPP and PP). Based on the high percentages of CFSE+

CD19+ cells that enter the thymus in the 3 inflammatory conditions evaluated (fig. 1), we
also analyzed the absolute number of B cells in the thymi of control or T. cruzi-infected
mice. Both the percentage and the absolute number of B cells increased (fig. 2D) with the
reduction in the cellularity of the organ (fig. 2A). Interestingly, the kinetics of cell entry to
the thymus varies depending upon the inflammatory/infection process being evaluated (after
3 days of LPS treatment, around days 12–14 in T. cruzi infected mice and around days 6–7
in C. albicans infected mice). However, what they all have in common is the fact that cells
enter the thymus when cellularity of this organ starts to diminish. Based on the later data, we
speculated that any situation where the total thymocyte number is reduced would favor the
entrance of peripheral cells to the thymus. To prove this hypothesis, we treated mice with
dexamethasone (Dex) since it has been demonstrated that this hormone considerably
decreases the cellularity of the thymus [26;27]. We adoptively transferred CFSE-splenocytes
from LPS-treated mice into LPS- or Dex-treated recipient mice[26]. Even though the total
cell number of thymocytes is highly diminished in both LPS- and Dex-treated mice,
peripheral cells could enter the thymus only in LPS-treated mice (fig. 2E). Moreover, the
data indicates that both transferred cells and recipient mice need to be in an inflammatory
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environment to permit the entrance of mature cells to the thymus. To examine this
possibility, CFSE-splenocytes from LPS-treated mice were transferred into recipient mice
treated with Dex after the inflammatory process was triggered by LPS (fig. 2F).
Interestingly, in this experimental condition the entrance of peripheral cells into the thymus
occurred. Similar data was observed when T.cruzi–infected mice were used instead of LPS–
treated mice (not shown). Overall, this data indicates that space is necessary but not
sufficient for the entrance of cells into the thymus and we hypothesize that specific signals
that recruit peripheral cells into the organ are also required.

CD62L is highly expressed in mature T and B cells entering the thymus but does not
participate in the migration to the organ

To characterize the phenotype of cells that enter the thymus during Th1-inflammatory/
infectious processes, we analyzed the expression of markers that discriminate between
naïve, recently activated or memory T cells (CD44, CD62L and CD69). Data shown in
figure 3A demonstrates that cells that enter the thymus exhibited high expression of CD44
and CD62L but low expression of CD69. Together, cells migrating to the thymus exhibited
surface expression markers compatible with a central memory phenotype. It has been
demonstrated that traffic of peripheral B and T cells to the thymus in AKR mouse is
mediated by the expression of L-selectin on immigrating lymphocytes [11]. Thus, we
analyzed CD62L expression in all the cell types recruited to the thymus in LPS-treated and
T. cruzi-infected mice. As shown in fig. 3B, CD62L was expressed by most immigrating B
and CD4+ T cells and about 70% of CD8+ lymphocytes, suggesting that the integrin could
represent an important pathway for cells to extravasate into the thymus. However, data
presented in figure 3C demonstrate that CD62L is not involved in cell migration to the
thymus since splenocytes from LPS-treated mice incubated with an anti-CD62L neutralizing
Ab before the adoptive transfer did not affect migration of either mature T or B cells to the
thymus (fig. 4C) but highly diminished the entrance of transferred cells to popliteal LNs
(data not shown) [28]. Similar results were found in the LPS model (data not shown).

Expression of MCP-1 and CCR2 is required for extravasation of peripheral cells into the
thymus

Since CD62L did not participate in the entry of mature lymphocytes into the thymus, we
focused our attention on other integrin/chemokines candidates. We found that the expression
of the chemokine MCP-1 was highly up-regulated in the thymi of LPS-treated, C. albicans
or T. cruzi-infected mice compared with that of controls (fig. 4A). Ex-vivo treatment of
thymocytes from T. cruzi-infected mice with Brefeldin A for 4 h and then intracellular
staining with an anti-MCP-1 Ab demonstrated a low but consistent detection of MCP-1+

cells (Supporting Information fig. 1). The expression of MCP-1 was mainly restricted to B
and CD4+ and CD8+ CD44lo resident thymocytes, but not to CD44hi peripheral T cell
counterparts or CD11b+ and CD11c+ subsets (Supporting Information fig. 1). As CCR2 is
the most important receptor for MCP-1, we next analyzed the expression of this marker in
uninfected (control) and T. cruzi-infected mice (fig 4B). We observed that CCR2 mRNA
expression is increased in the thymi of T. cruzi-infected mice. Moreover, analysis of CCR2
expression revealed that after the infection, B and T cells in the thymus increase the
expression of this receptor compared to uninfected mice (fig. 4C). These results led us to
speculate that peripheral cells that infiltrate the organ would express this receptor.
Interestingly, the data in figure 4D suggest that in non-pathological condition, a proportion
of T and B cells express CCR2; however such cells are not attracted to the thymus since
MCP-1 is not expressed in this organ. When an inflammatory/infectious process is triggered,
not only is MCP-1 expressed in the thymus but also the number of CCR2+ peripheral T and
B cells increases. Moreover, comparing naïve with infected mice, we can see that the
percentage of CCR2+ B cells increases more than the percentage of CCR2+ T cells. This

Hodge et al. Page 4

Eur J Immunol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



could explain why a larger number of peripheral B cells migrate to the thymus as compared
with T cells in infectious/inflammatory processes.

Our data demonstrates that thymic MCP-1 expression is triggered in the thymus during Th1
inflammatory/infectious processes, thus facilitating the recruitment of certain peripheral
CCR2+ T and B cells. To confirm this hypothesis, we treated T. cruzi-infected mice with
two specific antagonists of the MCP-1 ligand [29;30]. As can be seen in figure 4E,
administration of irbesartan to T. cruzi-infected recipient mice for 2 days prior to the
adoptive transfer of splenocytes from T. cruzi-infected mice resulted in a strong diminution
in the percentage of peripheral cells that enter the organ (about a 10-fold reduction).
Furthermore, treatment of recipient mice and transferred cells with a CCR2 antagonist
(RS102895) induced a ~60% reduction in the entrance of cells to the thymus (fig. 4F).

Systemic expression of IL-12 and IL-18 during an acute Th1 inflammatory/infectious
process drives peripheral cell migration to the thymus

Thus far, using different experimental models with a strong Th1 bias, we have demonstrated
that peripheral mature T and B cells are able to enter the thymus. Then, as a general
mechanism, we speculated that cytokines such as IL-12 and IL-18 could be participating in
this phenomenon since they are known to be important early mediators of the Th1 immune
response that developed in these inflammatory models [20–23]. To evaluate this possibility,
we treated mice with IL-12+IL-18 cDNAs by hydrodynamic injection in order to induce a
systemic expression of both cytokines as we previously reported [31;32]. Seven days later,
splenocytes from IL-12+IL-18 cDNA-treated mice were adoptively transferred into mice
treated with IL-12+IL-18 cDNAs. As shown in fig. 5A, peripheral B and T cells enter the
thymus of recipient mice in similar numbers as that observed in the infectious disease
models. Accordingly, a significant increase occurred in B cells and CD4+ and CD8+ CD44hi

T cell numbers in the thymi of IL-12+IL-18 cDNA-treated mice (fig. 5B). Next, we
analyzed CCR2 and MCP-1 expression in the thymi of IL-12+IL-18 cDNA-treated mice.
We observed a significant increment in CCR2 mRNA expression in the bulk thymocyte
population of IL-12+IL-18 cDNA-treated mice (fig 5C). Moreover, thymocytes from
IL-12+IL-18 cDNA-treated mice cultured ex-vivo, spontaneously produced much larger
amounts of MCP-1 than thymocytes from control mice (fig. 5D). Interestingly, an important
boost in MCP-1 expression is observed in thymocytes from IL-12+IL-18 cDNA-treated
mice when rIL-12 and rIL-18 are added to the cultures but not in thymocytes from control
mice, suggesting that rIL-12 and rIL-18 are able to drive MCP-1 expression only from
thymocytes that have been exposed to IL-12 and IL-18 in vivo (fig. 5E).

Migration of peripheral immune cells to the thymus is independent of TCR specificity
Based on this data, we next speculated if T cells entering the thymus expressed a particular
TCR or if it is a general polyclonal process. To evaluate whether T cell recruitment depends
on the TCR, we administered T. cruzi infection in OT-I mice that express a transgenic TCR
specific for OVA peptide in CD8+ T cells, an antigen not expressed by the parasite
Trypanosoma cruzi. Similarly to what we observed in WT mice, when CFSE-splenocytes
from OT-I T. cruzi-infected mice are adoptively transferred to T. cruzi-infected WT mice,
only B cells and CD4+ and CD8+ T cells are able to enter the organ (Supporting Information
fig. 2). Importantly, we observed that all CFSE+CD8+ splenocytes from OT-I infected mice
that enter the thymus of WT-infected mice express the TCR Vβ5 chain (OVA specific),
demonstrating that those clones are probably activated during the infection in a bystander
way and then acquire the capacity to re-enter the thymus (Supporting Information fig. 2).
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DISCUSSION
The entrance of peripheral mature T cells has been described in mouse [6;8] rat [9;33] and
pig [34] models, especially after T cell activation by an Ag [6;8;10;16]. In the case of B
cells, recruitment of a low number of these cells to the thymus seems to be a normal process,
however it could highly increase in certain pathological situations such thymic lymphoma
[11] and certain autoimmune-prone mouse strains [12]. To examine this concept in greater
detail, we report here that entrance of mature peripheral B cells as well as T cells is a
common feature that occurs during an acute Th1 inflammatory/infectious process. There is
one report that demonstrates the entrance of T cells to the thymus during a viral infection,
but in this case it is the consequence of peripheral CD8+ T cells entrance in order to
eliminate infected cells in the thymus [35]. In the present manuscript we demonstrate that
entrance of peripheral cells to the thymus during inflammatory/infectious disease processes
is more a consequence of a bystander activation of certain peripheral B and T cells that
express CD62L, CD44 and CCR2, thus allowing them to ingress the thymus due to local
production of MCP-1. Moreover, our data with LPS treatment, C. albicans and T. cruzi
infections demonstrate that the entrance of peripheral B and T cells into the thymus, rather
than being a pathogen-specific phenomenon is the consequence of an acute inflammatory
process triggered by an early production of the Th1 cytokines IL-12 and IL-18. One concern
we needed to address is whether or not activated (CD44hi) cells or also naïve T cells are able
to reach the thymus in these inflammatory conditions. To examine this question, we
adoptively transferred splenocytes from a normal uninfected mouse to a T. cruzi-infected
mouse and evaluated phenotype of the cells that entered to the thymus. We observed that
they are CD44int/hi and CD62Lhi despite the fact that the cells expressed lower levels of
CD44 and CD62L before the injection (not shown). Thus, we concluded that because we
inject naïve cells into recipient mice that are actively expressing high levels of inflammatory
cytokines, naïve cells get activated themselves during the 18h they reside into the recipient
mice. This data supports the fact that only cells with an activated phenotype and expressing
CD62L are able to reach the thymus in the context of these inflammatory conditions.

Even though we do not describe here what subset of peripheral leukocytes could migrate to
the thymus in situations when IL-12 and IL-18 are systemically expressed, it is interesting to
note that other investigators have characterized a subset of splenic CD44hi CD8+ T cells
that, in the presence of both IL-12 and IL-18, can rapidly secrete IFNγ in the absence of
specific Ag [36;37]. In vivo, the activation of these cells is triggered by different pathogens
such as L. monocytogenes [36] or during certain acute viral infections [22].

Based on these reports and our own data with OVA transgenic mice that demonstrate that T
cells that enter the thymus are not exclusively clones activated by Ags expressed by the
pathogen itself, we speculate that in a normal non-immunized mouse there exists a subset of
B and T cells that are able to rapidly respond to IL-12 and IL-18 (or to cytokines induced
thereafter), become activated and acquire the capacity to migrate back to the thymus. We
still need to determine if these cells originate from the pre-existing CD44hi pool or if they
derive from naïve CD44lo cells that somehow get activated and up-regulate CD44, CD62L
and CCR2 in the presence of inflammatory cytokines and these studies will be the focus of
future research.

Even though most of the reports that evaluate migration of cells to the thymus use the i.v.
route [6–8;16;17], we also performed adoptive transfer experiments with splenocytes stained
with CFSE and injected i.p. (not shown in this manuscript) and demonstrate that in this case,
utilizing a different route other than the bloodstream, peripheral cells migrate in similar
proportion to the thymus as when cells were injected intravenously. Moreover, the large
number of CD44hi T cells as well as B cells found in the thymi of T. cruzi-infected and LPS-
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treated mice in the absence of any adoptive transfer procedure further confirm that this is a
phenomenon that naturally occurs during acute Th1 inflammatory conditions and it does not
represent an artifact induced after i.v. cell injections.

It has been described that lymphopenic thymi are more permeable to peripheral leukocyte
infiltration. For example, it has been reported that thymus lobes from aged or neonatal mice
are much more leaky to peripheral T cells than are those from adult mice [4;19]. Certain
disease states have also been shown to promote thymic immigration by recirculating T cells;
for instance, mature resting T cells readily enter the atrophic thymus of T cell deficient
SCID mice and persist there for months [18]. Interestingly, our data show that after LPS
treatment, Candida albicans or T. cruzi infection or simply after IL-12+IL-18 systemic
expression, thymi experience a great loss of their cellularity, especially of DP cells [31].
However, data suggest that permeability to peripheral cells to the thymus is unlikely to be
due solely to the sparse DP compartment found in the thymi, since dexamethasone treatment
of a normal mice, known to deplete the DP compartment [26;27], failed to promote the
thymic immigration of adoptively transferred peripheral B and T cells from T.cruzi-infected
mice.

This data let us to believe that not only free space is necessary but also certain molecules
involved in cell migration induced in these inflammatory models are needed in the migration
of cells to the thymus. The first candidate that we analyzed was the selectin CD62L, since it
has been previously reported that cells that enter the thymus are CD62Lhi [11]. Moreover,
expression of CD62L on T cells has been demonstrated to mediate the interaction between
peripheral node addressin on the thymic vasculature or stromal cells, thereby promoting T
cell immigration [28]. However, our data demonstrate that CD62L does not participate in
this migratory effect.

In a different experimental model, it has been reported that memory T cells that migrate to
bone marrow express higher levels of CCR2 than memory T cells that reside in the spleen
[38]. This fact led us to investigate if CCR2 is also involved in peripheral cell migration to
the thymus. We found that when mice are treated with 12+18-cDNA or T. cruzi infection,
CCR2 expression in the thymus is increased. Moreover, B and T cells in the thymus of
T.cruzi–infected mice show positive expression of CCR2. Monocyte chemoattractant
protein-1 (MCP-1) is one of the C-C chemokines that has been reported to induces
chemotaxis of B and memory T cells through its receptor CCR2 [39]. Moreover, MCP-1 has
been reported to be important in mediating migration of CD8+ TCM cells to inflammatory
sites [40] which is compatible with the TCM phenotype of T cells that enter the thymus in
these 3 inflammatory/infectious conditions. Furthermore, MCP-1 is highly expressed in the
thymus of LPS-treated, C. albicans and T. cruzi-infected and IL-12+IL-18-treated mice.
Data using specific inhibitors of MCP-1 and CCR2 further confirm this hypothesis.
Interestingly, our data support the fact that IL-12 and IL-18 are the cytokines responsible for
MCP-1 up-regulation in the thymus since we observed that in vitro, recombinant IL-12 and
IL-18 are able to significantly increase MCP-1 only in thymocytes from IL-12+IL-18-cDNA
treated mice, indicating that cells present in the thymi of mice exposed to systemic
IL-12+IL-18 but not in normal mice contain cells with the ability to produce this chemokine.
Accordingly, further analysis demonstrates that thymic B cells and T cells CD44lo are the
main producers of this chemokine in the thymus under these inflammatory conditions.

Based on the data presented in this work, we propose a novel concept of peripheral
lymphocyte recirculation during non-physiological conditions. We demonstrate that in any
potential situation where large amounts of IL-12 and IL-18 are produced as a consequence
of an infectious/inflammatory process, the thymus cell number is reduced favoring the
creation of new niches in this organ that facilitate peripheral B and T cells entrance to the
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thymus. Interestingly, this phenomenon occurs in the absence of any antigenic stimulation
and seems to be part of bystander activation of certain peripheral mature B and T cells. The
fact that systemic IL-12 and IL-18 expression is observed in numerous situations opens the
possibility that this migratory events described here are also possible in a numerous type of
pathological processes. At the present moment we are evaluating if the entrance of B and T
cells is due to a mere opportunism of cells during a moment of large expansion of
leukocytes or if it is a coordinated process that plays a role in thymus physiology. Moreover,
evaluation of peripheral cell localization in the thymus could provide important information
not only about the source of required factors peripheral B and T cells use to survive in the
thymus but also about the role they might have in different thymic processes such as
negative and positive selection and differentiation of immature cells in this organ.

MATERIAL AND METHODS
Mice

Female or male C57BL/6 (B6) and OT-I mice (Jackson Laboratory) used in this study were
6–10 week old of age and were maintained under specific pathogen-free conditions. The
experimental protocols were approved by the Institutional Animal Care and Use Committee
(IACUC). Our animal facility obtained NIH animal welfare assurance (assurance number
A5802-01, OLAW, NIH, USA).

LPS treatment, Candida albicans and Trypanosoma cruzi infections
B6 mice were injected i.p. with LPS (055-B5, Sigma) in a sublethal concentration of 20μg
per mouse in 200μl PBS once a day for 3 consecutive days. Trypanosoma cruzi
trypomastigotes were maintained by serial passages in B6 mice. B6 mice were i.p. infected
with 5 × 105 trypomastigotes from T. cruzi diluted in PBS. Mice were sacrificed the days
before parasitemia peak (BPP, between days 9–11 post-infection) or during parasitemia peak
(PP, between days 12–14 post-infection) [41]. Yeast cells of C. albicans were grown on
Sabouraud glucose agar slopes at 28°C, maintained by weekly subculture. B6 mice were i.p.
infected with 5 × 107 viable yeast diluted in PBS. Mice were sacrificed 5 days after the
infection.

Hydrodynamic cDNA injections
The hydrodynamic gene transfer procedure was described previously [42]. The designated
amount of each DNA was dissolved in 1.6 ml of sterile 0.9% sodium chloride solution.
Animals were injected in the tail vein with the cDNAs in less than 8 seconds and separated
in 2 groups, control: 15μg of ORF empty vector control cDNA and IL-12+IL-18: 5μg of
IL-12 cDNA (pscIL-12, p40-p35 fusion gene) plus 10μg of IL-18 cDNA (pDEF pro-IL-18).
All the expression plasmids utilize the human elongation 1-α promoter to drive
transcription.

Adoptive transfer experiments
Spleens from LPS-treated, C. albicans-infected or T. cruzi-infected mice were obtained and
2–3 × 107 splenocytes were stained with 1 or 4 μM CFSE (Molecular Probes, Eugene, OR)
in PBS-5% SBF at a concentration of 107 cells/ml for 15 minute at RT, in the dark. Cells
were washed, resuspended in 0.2 ml of PBS and injected i.p. or i.v. into the recipient’s tail
vein. Thymi from recipient mice were gently disaggregated and cell suspensions were
obtained 24 h post-adoptive transfer.
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Flow cytometry analysis
For multicolor staining, fluorocrome-conjugated Abs (BD-Pharmingen, La Jolla, CA) were
used in various combinations. Briefly, cells were stained for surface markers for 30 min at
4°C and washed twice. To detect intracellular expression of MCP-1, cells were cultured with
no stimulus for 4 h in the presence of 10μg/ml brefeldin A (Sigma). Cells were then stained
for surface markers, washed, and fixed with Cytofix/Cytoperm buffer (BD-Pharmingen) for
15 min at 4°C. Cells were washed with Perm/Wash buffer (BD-Pharmingen) and incubated
with the PE anti-mouse Abs or PE isotype-matched Ab (BD-Pharmingen) for 30 min at 4°C
and then analyzed by flow cytometry in a BD FACS Canto™ II cytometer (BD Biosciences,
San José, CA, USA).

Irbesartan, RS102895 and dexamethasone treatments
Irbesartan(Sigma-Aldrich, USA) is reported to act as an antagonist of the monocyte
chemoattractant protein-1 (MCP-1) and was administered i.p. at 10 mg/kg/day for 2 days
before the sacrifice of the mice [30]. To block CCR2 interaction with its ligand, RS 102895
(Sigma-Aldrich, USA), a CCR2 antagonist was injected i.p. at 3 mg/kg in recipient mice
twice, 24 h and 1 h before the adoptive transfer of cells and also CCR2 was blocked in
CFSE labeled cells by incubation with the antagonist (10μM) for 30 min before the adoptive
transfer to recipient mice [29]. To induce thymocyte apoptosis in vivo, dexamethasone (0.3
mg) was injected i.p. to untreated mice or 4 h after LPS treatment as described above [26].
The mice were sacrificed after 72h of the treatments. All treated mice were adoptively
transferred with 2–3 × 107 splenocytes from LPS-treated mice 24h before the sacrifice.

mRNA extraction and analysis
Total RNA was isolated using a single-step phenol/chloroform extraction procedure
(TRIzol; Invitrogen Life Technologies). RT-PCR was performed with 100 ng of total RNA
for each sample (Super Script III one step RT-PCR with platinum Taq, Invitrogen),
consisting of a 15 min reverse transcription at 45°C, 40 cycles of denaturing at 94°C (15 s),
annealing at 55°C (30s) and extension at 68°C (60 s), with a final extension for 5 min at
68°C. Primers used were: MCP-1, 5′-CCCACTCACCTGCTGCTACT-3′ (sense) and 5′-
TCTGGACCCATTCCTTCTTG-3′(antisense); CCR2, 5′-
GTACCCAAGAGCTTGATGAA-3′ (sense) and 5′-GTGTAATGGTGATCATCTTGT-3′
(antisense). Gene expression for CCR2 was also assessed using semiquantitative real-time
PCR. Briefly, RNAs were treated with DNase I prior to reverse transcription. Reverse
transcription was performed on 1 μg of RNA using random hexamers as primers.
Semiquantitative real time PCR was performed on cDNAs using TaqMan® expression
assays (Life Technologies) specific for each target gene. All reactions were run on a 96 well,
7300 Real Time PCR System (Life Technologies). Expression of all target genes was
normalized using HPRT as the control housekeeping gene.

Statistical analysis
Data was compared in all cases between each treated-mice group with its own control group.
For statistical significance data was analyzed by means of a Student unpaired t test with
p<0.05 considered as significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Entrance of peripheral T and B cells in the thymus after systemic LPS treatment and
C. albicans or T. cruzi infection
B6 mice (WT) were injected i.p. daily with 20μg of LPS or infected with 5 × 107 C. albicans
or 5 × 105 trypomastigotes of T. cruzi. On (A) day 3 for LPS-treated mice, (B) day 7 for C.
albicans infection or (C) day 12–14 for T. cruzi infection, half of the mice of each group
were sacrificed, spleen cells were obtained and after red cell depletion, 2–3 × 107 cells were
stained with CFSE and adoptively transferred (i.v. injection) into the other half of mice of
the same group. Twenty four hours later, the thymi from recipient mice were obtained and
surface stained with anti-CD4, -CD8, -CD19, -NK1.1, -CD11b and –CD11c and analyzed in
a flow cytometer. The values indicate the percentage of CFSE+ cells that are lineage+. Data
shown are from a single mouse per treatment and are representative of 3 such mice per
treatment. Experiment was repeated 3 times. Data was obtained by gating on the viable cells
(Supporting Information fig. 3A).

Hodge et al. Page 13

Eur J Immunol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Thymic cell loss is necessary but it is not the only requirement to permit the ingress of
peripheral cells into the thymus
Mice infected with 5 × 105 trypomastigotes (i.p) were killed the day of parasitemia peak
(PP) or before the day of parasitemia peak (BPP). (A) Total cell number or (B) the
percentages and (C) absolute cell numbers of CD4+ CD44+ or CD8+ CD44+ cells at both
times. (D) The absolute cell number and the percentage of B cells (CD19+) in the thymic
DN compartment were determined in control mice and in T. cruzi-infected mice sacrificed
during PP. (E) Percentage of CFSE+ cells in the thymi of LPS treated mice (see the
Materials and methods) versus mice treated with a single dose of 0.3 mg of dexamethasone
(Dex). (F) Percentage of CFSE+ cells in the thymi of LPS treated mice versus mice treated
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with LPS and a single dose of 0.3 mg of Dex. Data from B and D was obtained by gating on
the viable cells from thymi of control or T. cruzi-infected mice and later on the CD4+, CD8+

or DN cells as shown in Supporting Information fig. 3B. Data from A, C and D are shown as
the mean + SEM of 18 mice per group pooled from 6 independent experiments. (B, D, E and
F) Representative dot plots from individual recipient mice are shown. Data are
representative of at least 3 independent experiments with 2–3 mice per group. *Control vs T.
cruzi-infected, p<0.05, #T. cruzi-BPP vs T. cruzi-PP, p<0.05. Student unpaired t test.
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Figure 3. CD62L expression during the entrance of peripheral T cells to the thymus
WT mice were infected i.p. with 5 × 105 trypomastigotes on day 0. On the day of
parasitemia peak, splenocytes were obtained and after red cell depletion, 2–3 × 107 cells
were stained with CFSE and adoptively transferred into T.cruzi-infected mice. Twenty four
hours later, the thymi from recipient mice were obtained and (A) the percentage of CD44+,
CD62L+ and CD69+ cells in the CFSE+ population was evaluated by flow cytometry. (B)
The percentage of CD62L+ cells was analyzed by flow cytometry in the CSFE+ CD19+,
CD4+ or CD8+ populations. Plots represent data from an individual recipient mouse, and the
data are representative of 2 independent experiments with 3 mice each (C) Splenocytes from
T.cruzi-infected mice were obtained and 2 × 107 cells were stained with either 1 μM (low)
CFSE (untreated) or with 4 μM (high) CFSE and treated for 30 min with 100 μg/ml of a
MEL-14 Ab (anti-CD62L). After washing the cells, equal amounts of low and high CFSE+

cells were mixed together and 3 × 107 cells of the mix were adoptively transferred to
T.cruzi-infected mice. Eighteen hours later, the thymi from recipient mice were obtained and
the percentage of CD19+, CD4+ or CD8+ cells was analyzed by flow cytometry in both low
and high CSFE+ stained cells. Data shown are representative of 2 independent experiments
with 3 mice per group. Data from B were obtained gating first on the viable cells from T.
cruzi-infected mice and later on the CD4+ or CD8+ or CD19+ CFSE+ cells as shown in
Supporting Information fig. 3C.
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Figure 4. Thymic MCP-1 expression and entrance of CCR2+ peripheral cells to the thymus
WT mice were infected i.p. with 5 × 105 trypomastigotes on day 0. (A) MCP-1 mRNA
expression was determined in the thymi of control, LPS-treated or C. albicans or T. cruzi-
infected mice by RT PCR. Data are representative of 2 independent experiments with 2–3
mice each. HPRT was used as a loading control. (B) CCR2 mRNA expression was
determined by real time PCR in the thymi of control of T. cruzi-infected mice. Data are
expressed as the mean+SEM of 2 separate experiments with 3 mice each. (C) CCR2 mRNA
expression was determined by RT PCR in the sorted B cells, T CD4+, T CD8+ and DN
thymic population from T. cruzi-infected mice and in a thymus from an uninfected control
mice. Data are representative of 2 independent experiments where thymocytes were pooled
from 3 mice before the cell sorting. (D) Splenocytes from control or T.cruzi-infected mice
were obtained and CCR2 expression was evaluated in B cells and CD4+ or CD8+ T cells by
flow cytometry. Dotplots are representative of 2 different experiments with 3 mice per
group. (E–F) Splenocytes from T.cruzi-infected mice were obtained and 2 × 107 cells were
stained with 4 μM CFSE and adoptively transferred to T. cruzi-infected mice treated with
(E) irbesartan or (F) RS102895 for 2 days before the day of sacrifice. Data are
representative of 2 independent experiments with 3 mice per group. Data from D were
obtained gating first on the viable splenic cells from T. cruzi-infected mice and later on the
CD4+ or CD8+ or CD19+ cells as shown in Supporting Information fig. 3D. *Control vs T.
cruzi-infected, p<0.05. Student unpaired t test. IC: Isotype control.
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Figure 5. Entrance of peripheral T and B cells in the thymus upon expression of IL-12 and IL-18
B6 mice were hydrodynamically injected with control or IL-12+IL-18 cDNAs. (A) On day 7
post-injection, half of the mice were sacrificed, spleen cells were obtained and after red cell
depletion, 2–3 × 107 cells were stained with CFSE and adoptively transferred into the other
half of mice. Twenty four hours later, the thymi from recipient mice were obtained and
surface stained with anti-CD4, -CD8, or -CD19 Abs and analyzed in a flow cytometer. Data
are representative of 2 different experiments with 3–4 mice each. (B) Absolute cell numbers
of CD4 CD44+ or CD8 CD44+ cells or B cells were determined in the thymi of control or
IL-12+IL-18 cDNA-treated mice. Data are expressed as the mean + SEM of 3 separate
experiments with 3 mice each. (C) CCR2 mRNA expression was determined by real time
PCR in the thymi of control or IL-12+IL-18 cDNA-treated mice. (D) MCP-1 expression was
evaluated by ELISA in thymi of control or IL-12+IL-18 cDNA-treated mice re-stimulated or
not in vitro with rIL-12+rIL-18. Data from C and D are expressed as the mean+SEM of 2
separate experiments with 3 mice each. *Control vs IL-12+IL-18 cDNA-treated mice,
p<0.05, #in vitro rIL-12+rIL-18-treated vs non-treated, p<0.05. Student unpaired t test.
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