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Abstract

Exosomes released from different types of cells have been proposed to contribute to intercellular 

communication. We report that thymic exosome-like particles (ELPs) released from cells of the 

thymus can induce the development of Foxp3+ regulatory T (Treg) cells in the lung and liver. 

Thymic ELPs also induce the conversion of thymic CD4+CD25− T cells into Tregs. Tregs induced 

by thymic ELPs suppress the proliferation of CD4+CD25− T cells in vitro and in vivo. We further 

show that neutralization of TGF-β in ELPs partially reverses thymic ELP-mediated induction of 

CD4+Foxp3+ T cells in the lung and liver. This study demonstrates that thymic ELPs participate in 

the induction of Foxp3+ Tregs. Also, TGF-β of thymic ELPs might be required for the generation 

of Tregs in the peripheral tissues.

Exosomes are membrane vesicles that are released by cells upon fusion of multivesicular 

bodies (MVB)3 with the plasma membrane. In contrast to the fate of proteins trafficked for 

degradation to the lysosomal system, secreted exosomes are biologically active entities that 

are important for a variety of pathways, particularly of the immune system (1–4). Exosomes 

can be taken up by other cells and modulate the activity of recipient cells in vitro (5–7) and 

in vivo (3, 8–10). However, whether this establishes a novel mechanism of in vivo cell-cell 

communication is an intriguing but unanswered question.

Regulatory T (Treg) cells are known to play an important role in the control of host immune 

responses. The most frequently studied are CD4+CD25+Foxp3+ Treg cells that develop in 
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the thymus. These cells actively suppress autoreactive T cells, thereby limiting aberrant 

immune responses and maintaining tolerance toward self tissues (11–13). Foxp3 has been 

characterized as the master regulator of Treg development and function and is used as a 

highly specific marker for Tregs (13); however, the origin of the signals necessary for 

Foxp3+ Treg development has not been determined under nonpathological (physiological) 

conditions.

TGF-β has been shown in in vitro assays to have a crucial role in immunological self-

tolerance by induction of Foxp3 (14). Ablation of the TGF-β receptor type II gene in T cells 

produces catastrophic autoimmunity associated with decreased Foxp3+ Treg (15). Therefore, 

endogenous TGF-β appears to be required for Treg function; however, the source of TGF-β 

required for Treg maintenance is yet to be identified.

We have demonstrated that exosome-like particles (ELPs) released from thymic cells can 

promote the conversion of naive T cells into Foxp3+ Treg cells. This occurs without any 

further manipulation of the released ELPs. These results highlight one pathway regulated by 

thymic ELPs by which Treg cells may be generated in the thymus under nonpathological 

conditions.

Materials and Methods

Mice

Female BALB/c, DBA/2j, and C57BL/6 mice were purchased from The Jackson Laboratory 

and maintained under specific pathogen-free conditions at the University of Alabama at 

Birmingham. This study was reviewed and approved by the Institutional Animal Care and 

Use Committee of the University of Alabama at Birmingham, and animals were cared for in 

accordance to institutional and National Institutes of Health guidelines.

Isolation of CD4+ CD25− from the spleen

Freshly isolated spleens were placed in cold PBS and homogenized immediately. The cells 

were filtered through cotton gauze to remove tissue debris and RBCs were lysed using ACK 

solution. For splenocyte sorting, cells were stained with CD4-FITC and CD25-PE Abs. 

CD4+CD25− and CD4+CD25+ T cells were sorted using a FACSCalibur (BD Biosciences). 

Sorted cells were > 95% pure. Naive and expanded Treg cells were phenotyped using CD4-

allophycocyanin, CD4-FITC, and CD25-PE. Fluorescently labeled isotype-matched Abs 

were used as controls. Intracellular Foxp3 staining was performed according to the 

manufacturer’s protocol (eBioscience).

Sorting of CD4+ CD25− from the thymus

Freshly isolated thymi were placed in cold PBS and homogenized immediately. A two-step 

procedure for the isolation of CD4+CD25− single positive T cells from the thymus was 

performed. To deplete the whole cell suspension of pooled thymic cells of CD4−CD8+ and 

CD4+CD8+ thymocytes, the thymocytes were suspended in an appropriate volume of sorting 

buffer and incubated with microbeads conjugated with monoclonal anti-mouse CD8 Abs. 

After incubation, the cells were passed through a MACS column. The procedure was 
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conducted according to the manufacture’s directions (Miltenyi Biotec). Nonadherent 

thymocytes passing through the column (CD4+CD8− and CD4−CD8−) were stained with 

anti-CD4/PerCP and anti-CD25/PE (BD Pharmingen) mAbs and sorted using a 

FACSCalibur for isolation of CD4+CD25− and CD4+CD25+ T cells. The viability of the 

sorted cells was estimated using the trypan blue exclusion method. The purity of 

CD4+CD25+ and CD4+CD25− populations exceeded 98%.

Propagation of spleen accessory cells (ACs)

T cell-depleted spleen cells were prepared by first lysing the erythrocytes with ACK lysis 

buffer, followed by treatment with anti-CD3 Ab and rabbit complement for 45 min at 37°C. 

The cells were washed and used as ACs for induction of Treg cells in vitro.

Induction of Treg cells in vitro

CD4+CD25− cells were sorted from the thymus and spleen of naive BALB/c mice. They 

were cocultured with T cell-depleted irradiated (3000 rads) splenic cells used as ACs, plus 

0.5 µg/ml anti-CD3, in the presence of varying concentrations of thymic ELPs. Controls 

consisted of splenic ELPs at the same concentrations as the thymic ELPs or nonbanded 

fraction 6 collected from the thymic ELP sucrose gradient (non-ELPF6) using a method as 

described previously (10). After 3 days in culture, the CD4+CD25+ T cells were sorted, 

phenotyped (CD4+CD25+Foxp3+), and assayed for function (suppression of CD4+CD25− T 

cell proliferation).

In vivo T cell expansion

Freshly isolated splenic CD4+CD25− T cells (1 × 107 cells/ml) were washed once in RPMI 

1640 medium containing 10% FCS (v/v) and labeled with CFSE (1 µM; Molecular Probes) 

on ice for 5 min. Subsequently, cells were washed three times in RPMI 1640 medium/10% 

FCS and rested for 30 min at 37°C. The cells were washed again, and 5 × 106 cells injected 

i.v. per BALB/c mouse that had been treated with thymic or splenic ELPs (100 µg/mouse by 

i.v. injection) for 3 days. Proliferation of injected CFSE-labeled CD4+CD25− T cells was 

analyzed 3 days after the injection by flow cytometry. The data were expressed as percent of 

dividing CFSE-labeled CD4+CD25− T cells.

T cell suppression assays

For in vitro suppression of CD4+CD25−, a T cell proliferation assay was done. FACS-sorted 

CD4+CD25+ cells (5 × 104) were cultured in 96-well plates (0.2 ml) with irradiated ACs (5 

× 104), 0.5 µg/ml anti-CD3, and the indicated numbers of CD4+CD25− cells for 72 h. 

Cultures were pulsed with 1 µCi [3H]thymidine (Amersham Biosciences) for the final 16 h 

of culture. Cells were collected using a Filtermate harvester (Packard-PerkinElmer), and 

radioactivity was measured using a TopCount liquid scintillation counter (Packard-

PerkinElmer). Results were expressed as mean cpm of triplicate wells.

ELP preparation and electron microscopic examination

Upon sacrificing mice, the thymi were removed and weighed. Thymocyte and splenocyte 

suspensions from 2-mo-old female mice were prepared by crushing the thymus or spleen 
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between two pieces of ground glass and resuspending the resulting cells in PBS. After 

centrifugation at 1,000×g for 5 min, the cell supernatants were collected and used for 

exosome purification by sucrose differential centrifugation using a previously described 

method (10). Protein content of purified ELPs was quantified using a MicroBCA Protein 

Assay Kit (Pierce). Morphological analysis was done by visualizing the ELPs using a 

Hitachi H7000 electron microscope (Electronic Instruments) as previously described (16). In 

addition, the non-banded fraction 6 collected from thymic ELP propagation (non-ELPF6) 

was collected using a method as described previously (10) and used as a control for in vivo 

Treg induction.

Antibodies

Rabbit polyclonal anti-CD81 and mouse mAbs anti-CD9, anti-CD63, and anti-TSG101 were 

obtained from Santa Cruz Biotechnology. The mouse mAb anti-TGF-β was purchased from 

R&D Systems and titrated to determine the optimal concentration of anti-TGF-β Ab that 

blocked thymic ELP-mediated induction of CD4+CD25+Foxp3+ T cells in an in vitro assay. 

Dilutions of anti-TGF-β Ab ranged from 0.1 to 2 µg/ml in the assay.

Western blot analysis of ELP proteins

ELP protein, ~50 µg/sample, was resolved by SDS-PAGE (12%) and subsequently 

electrotransferred onto a nitrocellulose membrane. After transfer, analysis of membranes 

was performed using an Odyssey infrared imaging system (LI-COR Biosciences) as 

described previously (17).

In vivo localization of thymic ELPs

Thymic ELPs were labeled using an IRDye 800CW labeling (NHS ester) kit according to 

the instructions provided by Odyssey. Unreacted dye was removed by dialysis. To localize 

ELPs injected into mice, the IRDye 800CW-labeled ELPs (100 µg) were injected into 

BALB/c mice via the tail vein and mice were imaged 3 h later using a prototype LI-COR 

Biosciences small animal imager. Five mice received PBS but no ELPs and served as 

controls. After 3 h, mice were sacrificed and each organ was imaged using a selection of 

excitation and detection optical fluorescent filters tuned specifically for IRDye 800CW. 

Images were acquired and analyzed with software specified by Odyssey. Signal-to-noise 

ratios were calculated as described below to determine the intensity of the signal for each 

organ analyzed.

Each organ was weighed, measured, and snap-frozen in OCT compound for cryosectioning. 

Sections (50-µm thickness) were scanned at 800-nm, for the IRDye 800CW fluorescence 

signal using the Odyssey laser-scanning imager. The area-weighted fluorescence signal in 

the 800-nm channel of sectioned tissues for control mice was compared with the ELP 

injected groups and the ELP:PBS ratio was calculated. This experiment was repeated once 

with five additional mice.

Coupling of ELPs to latex beads and immunofluorescence analysis

ELPs or non-ELPF6 (30 µg) in PBS were incubated with 4-µm diameter aldehyde/sulfate 

latex beads (Invitrogen) for 15 min at 20°C in a final volume of 100 µl. After an additional 
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2-h incubation period in PBS with gentle rotation, the reaction was stopped by the addition 

of 100 mmol/L glycine. ELP-coated beads were washed twice in PBS containing 10% FCS, 

stained with different Abs directed against CD9, MHCII, CD4, CD8, and CD80 

(eBioscience), and analyzed using a BD Biosciences FACSCalibur and Cell Quest software. 

A “bead-only” control and an isotype-matched Ab control were prepared and fluorescence 

intensity was normalized for each Ab based on the controls.

Isolation of leukocytes from liver and lung, and FACS analysis of Tregs

Leukocytes from liver or lung were isolated using a Percoll gradient method described 

previously (10). The isolated leukocytes were washed with PBS and adjusted to 2 × 107/ml 

in staining buffer. Fifty µl of the cell suspension was used for staining with fluorescent Abs.

Induction of Tregs in liver and lung of mice injected i.v. with thymic ELPs, and the effects 
of ELP TGF-β on the induction of Tregs

To induce CD4+Foxp3+ T cells in liver and lung, ELPs (10 µg/mouse in PBS) were injected 

in the tail veins of 7-wk-old female BALB/c mice twice a week for 2 wk. Seven days after 

the final injection, mice were sacrificed and leukocytes in liver and lung were isolated and 

used in FACS analysis for CD4+Foxp3+ cells. Liver or lung CD4+CD25+ T cells were 

isolated via sorting by FACS and were used for an in vitro assay to determine the capacity of 

the cells to suppress the proliferation of spleen CD4+CD25− T cells. To determine the effect 

of ELP TGF-β on the induction of CD4+CD25+ T cells (Treg cells), thymic or splenic ELPs 

were incubated for 1 h at 22°C with mouse anti-TGF-β Ab (R&D System) or mouse IgG at 1 

µg per ml final concentration. This concentration was chosen because higher concentrations 

of anti-TGF-β did not further reverse ELP-mediated induction of CD4+CD25+Foxp3+ T 

cells in an in vitro assay. The ELPs were then washed once at 100,000×g for 1 h, and 

resuspended in 200 µl of PBS. Ten female BALB/c mice per group were injected via the tail 

vein with thymic or splenic ELPs (100 µg) in PBS preincubated with anti-TGF-β Ab or 

mouse IgG. The injection volume was 100 µl. Five mice were sacrificed on day 3 for FACS 

analysis for the induction of CD4+CD25+Foxp3+ T cells in the liver or lung. The remaining 

mice were injected i.v. with 5 × 106 CFSE-labeled CD4+CD25− T cells and 3 days later 

sacrificed. The suppressive effect of Tregs (induced by the injected thymic ELPs) on the 

proliferation of CD4+CD25− T cells injected into mice was analyzed by FACS.

Statistics

Statistical differences between groups were determined by ANOVA with multiple 

comparisons. The Student’s t test was used for comparisons when only two parameters were 

evaluated. Proliferation/suppression assays were analyzed using the Mann-Whitney U test. p 

values < 0.05 were considered significant.

Results

Characterization of ELPs isolated from thymus

Exosomes play an important role in cell-cell communication, in particular the 

communication between immune cells (3, 9, 18, 19).
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Exosomes are released from cells by fusion of MVBs with the plasma membrane and 

express specific marker proteins including CD63, CD9, CD81, and TSG101 (3, 18). To 

identify ELPs present in the thymus, the vesicles from the suspension of thymi was 

fractionated on sucrose density gradients. ELPs purified from thymocyte suspensions were 

analyzed for protein content, density, and morphology. Electron microscopy demonstrated 

that the vesicles present in our preparations were cup-shaped and measured ~60–100 nm in 

diameter (Fig. 1A) with a density of 1.06–1.11 g/ml, implying that ELPs can be released 

under physiological conditions in vivo. Immunoblot analysis revealed that TSG101 and 

CD63 were relatively abundant in ELPs (Fig. 1B) of thymic or splenic origin. CD81 and 

CD9 were detectable, but not abundant, in our ELP preparations. By contrast, calnexin and 

Lamp-1 were not detected in the purified ELP preparations (Fig. 1B), indicating that our 

ELP preparations were free of contamination with non-ELP membrane proteins. To further 

characterize the ELP surface markers, bead-based FACS analysis of a number of thymocyte 

cell surface markers was performed. The results revealed that the ELPs purified from the 

thymus are MHCII+CD9+ (Fig. 1C) but not positive for CD4 and CD8 (data not shown), 

suggesting that these ELPs may be released from CD4, CD8 double negative 

nonthymocytes. Staining is ELP specific, as no MHCII+CD9+ staining was detected on 

beads only or beads coated with nonbanded ELP fraction 6 (non-ELPF6) (Fig. 1C). CD9- 

and MHCII-positive ELPs with similar characteristics were also identified in the thymus of 

other strains of mice including C57BL/6j and DBA/2j (data not shown). Taken together, the 

results strongly support the idea that ELPs are present in the thymus and released from 

nonthymocyte cells.

Thymic ELPs induced thymus Treg T cells

To test the function of thymic ELPs, CD4+CD25− T cells isolated from the thymus of 

female BALB/c mice were cultivated in the presence of varying concentrations of thymic 

ELPs or equimolar concentrations of splenic ELPs or non-ELPF6 (controls) for 3 days in the 

presence of T cell-depleted irradiated splenocytes (5 × 104) and anti-CD3 Ab (0.5 µg/ml). 

Foxp3 expression by thymus CD4+ T cells was determined by staining with Abs against 

CD4, CD25, and Foxp3. Results (Fig. 2A) showed that thymic ELPs induced CD4+ T cells 

to express Foxp3. Costaining with CD25 and Foxp3 indicated that Foxp3 was exclusively 

expressed in CD4+CD25+ T cell subsets. The CD4+CD25+Foxp3+ T cells were induced by 

thymic ELPs in a dose-dependent manner (Fig. 2A). In contrast, no induction of 

CD4+CD25+Foxp3+ T cells was observed when splenic ELPs or non-ELPF6 was added to 

the culture (Fig. 2A), suggesting that the induction of CD4+CD25+Foxp3+ T cells is specific 

to thymic ELP. To determine whether CD4+CD25+Foxp3+ T cells induced by ELPs can 

suppress the proliferation of CD4+CD25− T cells, thymic ELP-stimulated CD4+CD25+ 

suppressor T cells (S) were sorted and cocultured with splenic CD4+CD25− T cells (R, T 

effector cells (Teff)) at varying ratios, and [3H]thymidine incorporation was determined to 

evaluate the proliferation of Teff. Sorted CD4+CD25+ suppressor cells from thymic ELPs-

stimulated thymus CD4 T cells markedly inhibited the proliferative response of 

CD4+CD25− Teff cells induced by CD3 stimulation (Fig. 2B). Inhibition of the proliferative 

response in CD4+CD25− Teff cells was dependent on the ratios of suppressor/response T 

cells added to the culture.
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Thymic ELPs induce lung and liver Treg cells

Many T cells develop their regulatory activity in the thymus, but there is also evidence for 

development of Foxp3+ Tregs from naive precursors in other organs. Thymic ELPs could 

migrate into peripheral organs and induce Treg cells. Analysis of in vivo imaging indicated 

that thymic ELPs were predominantly taken up in the liver and lung (Fig. 3, A and B). Based 

on this fact, we sought to determine whether Treg cells were induced in the liver and lung of 

BALB/c mice having been injected i.v. with thymic ELPs. To determine the concentration 

of ELPs that would be physiologically relevant for an in vivo stimulation of induction of 

CD4+CD25+Foxp3+ T cells, we first determined that the amounts of thymic ELPs that are 

released constantly over a given time. Analysis of the production of ELPs in the thymus of 

7-wk-old BALB/c mice revealed that ~10.1 ± 0.2 µg of ELPs are released from a thymus 

(180 ± 1.5 mg of weight per thymus). Therefore, we assume that 10 µg of thymic ELPs are 

released to the peripheral tissues continuously. Based on these data, we observed that i.v. 

injection of thymic but not splenic ELPs (10 µg/mouse) induced expression of Foxp3 in 

CD4+CD25+ T cells (Figs. 3C). These CD4+CD25+ T cells inhibited CD4+CD25− 

proliferation (Fig. 3, D and E). Injecting mice with increasing concentrations (up to 100 µg/

mouse) of thymic ELPs did not lead to an increased induction of CD4+CD25+Foxp3+ T cells 

in lung or liver tissue (data not shown).

Thymic ELPs TGF-β plays a role in induction of Treg cells

Recent studies have shown that TGF-β can promote Treg cell development. Western blotting 

of the ELPs released from thymic and splenic preparations indicated that TGF-β is 

associated with the ELPs isolated from the thymus but not the spleen (Fig. 4A). The 

presence of TGF-β on ELPs is also evident in thymic ELPs purified from other strains of 

mice (Fig. 4B). The CD63 protein is present in exosomes produced by many different types 

of cells (20–28) including thymus and spleen, and similar amounts of CD63 protein were 

detected in thymic and splenic ELPs (bottom panel, Fig. 4, A and B). This finding suggests 

that the absence of detectable membrane TGF-β on splenic ELPs is not due to loading lesser 

amounts of splenic ELP protein on electrophoretic gels.

To determine whether the effect of the thymic ELPs on induction of Treg cells was 

dependent on thymic ELP TGF-β, thymic ELPs were preincubated with anti-TGF-β (1 

µg/ml) for 1 h at 20°C before being injected i.v. into BALB/c mice (n = 10 mice). Three 

days after the injection, five mice were sacrificed for FACS analysis of Tregs in the lung, 

and the remaining mice were injected i.v. with CFSE-labeled CD4+CD25−T cells for 

determining the proliferation of injected T cells at day 3 post injection. The results of FACS 

analysis of CD4+CD25+Foxp3+ T cells in the lung indicated that the addition of anti-TGF-β 

Ab, but not a normal mouse IgG, blocked the thymic ELP-mediated induction of 

CD4+Foxp3+ cells (Fig. 4C). The induction of CD4+Foxp3+ cells in normal mice injected 

with IgG was 1.2 compared with 8.2% for mice injected with thymic ELPs alone (Fig. 4C, 

left panel). Furthermore, FACS analysis of CFSE-labeled CD4+ CD25− T cells injected into 

mice indicated a significant reduction in proliferation of CFSE-labeled CD4+CD25− T cells 

(p < 00.1) when mice were injected with thymic ELPs, but not splenic ELPs. 

Preneutralization of thymic ELPs with anti-TGF-β Ab led to a partial rescuing of 

proliferation of injected CFSE-labeled CD4+CD25− T cells (Fig. 4D). However, it was 
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noticed that the thymic ELP-mediated induction of CD4+CD25+Foxp3+ T cells in the lung 

was not fully blocked by preincubation of these cells with optimal amounts of anti-TGF-β 

Ab (Fig. 4, C and D). Similar results were obtained when CD4+CD25+Foxp3+ T cells in the 

liver were analyzed (data not shown). The inability to fully block the induction of Treg cells 

in response to anti-TGF-β treatment suggests that additional exosomal molecules may 

participate in thymic ELP-mediated induction of Treg cells.

Discussion

In this study, we show that thymic ELPs have a size distribution similar to that seen for 

exosomes from other sources, which is consistent with the size criterion for exosomes 

proposed by Thery et al. (18). Western blot and FACS analyses of thymic ELPs 

demonstrated a number of associated proteins consistent with those identified in exosomes 

from other cellular types (10, 29–35) and indicates that the thymic ELPs are derived from 

MVBs. Notably, however, the thymic ELP proteins include TGF-β, which is absent from 

splenic ELPs. The presence of TGF-β was of particular interest because TGF-β is well 

known to play a role in the induction of Treg cells in peripheral lymphoid organs. The 

current investigation has shown that thymic ELPs have a role in the induction of both thymic 

and peripheral Treg cells. In agreement with other investigators’ data (14), our data show 

that induction of peripheral Treg cells is TGF-β dependent. Taken together, these results 

suggest that thymic ELPs are one of the endogenous drivers for inducing Treg cells under 

physiological conditions, an observation that has not been demonstrated previously.

There is little information available regarding which endogenous factors induce Treg cells in 

the thymus. Although it is clear that TGF-β can promote Treg cell development in culture, 

little is known about the cellular and molecular mechanisms that mediate this pathway under 

physiological or in vivo conditions. Our data suggest that thymic, but not splenic, ELPs can 

stimulate CD4 T cells to differentiate into CD4+CD25+Foxp3+ Treg cells. We found that 

TGF-β from thymic ELPs participate in the induction of Treg cells in organs such as the 

lung and liver, which is in agreement with previous studies (14, 36–41). Interestingly, 

blocking thymic ELP-associated TGF-β led to a partial reduction in the induction of Treg 

cells, suggesting that other molecules in thymic ELPs may play a role in the induction of 

Treg cells. Identification of additional molecules from thymic ELPs that contribute to the 

induction of Treg cells in the thymus, liver, and lung is needed to provide a comprehensive 

understanding of the role of thymic ELPs in immunological regulation. Additional 

experiments are needed to identify the thymic ELP molecule(s) that regulate induction of 

Foxp3. There are a number of proteins and/or pathways that have been identified for their 

role in the induction of Foxp3 (42, 43). Our proteomic profiles of thymic ELPs (G. Wang, 

Y. Liu, A. Qin, S. Shah, Z. Deng, X. Xiang, Z. Cheng, C. Liu, J. Wang, L. Zhang, W. 

Grizzle, and H. G. Zhang, manuscript in preparation) suggests that a group of molecules 

including TGF-β may be required for induction of Treg cells in the thymus.

In this study, although we did not address the role of MHCII presence on thymic ELPs, the 

data generated from MHCII knockout mice indicated that MHCII is essential for production 

of naturally occurring Treg cells in the thymus but not in the peripheral lymphoid organs 

(44, 45). It is possible that thymic ELPs enriched with the MHCII molecule might have an 
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increased efficiency for inducing CD4+CD25+Foxp3+ T cells development/generation 

similar to the mechanism reported by other groups (44). In addition, MHCII present on 

thymic ELPs might also provide Ag-specific induction of CD4+CD25+Foxp3+ T cells. Mice 

with a deficiency of TGF-β have a defect(s) in the induction of Treg cells in the peripheral 

organs but not in the thymus (38). Our findings indicate that both MHCII and TGF-β are 

detected on the thymic ELPs. Additional experiments on the role of ELP MHCII in terms of 

Ag-specific induction of Treg cells in concert with ELP TGF-β could provide the basis for a 

new avenue for the suppression of unwanted immune responses in autoimmunity, allergy, 

and transplantation or depletion of tumor Ag-specific Treg cells in cancer.

Because the regulation of induction of Foxp3+ T cells is critical for maintaining immune 

tolerance, it is conceivable that molecules or pathways other than those involving ELP 

MHCII and TGF-β are required to keep the induction of Foxp3+ T cells balanced. Unlike a 

single molecule such as TGF-β, exosomes packed with 300–500 proteins plus additional 

mRNAs and microRNAs (46) would qualify for composing such a comprehensive network. 

The difference in terms of induction of Foxp3+ T cells between thymic and splenic ELPs 

also makes the identification of such molecules become possible by comparison of 

proteomic profiles of thymic and splenic ELPs.

Finally, caution should be exercised so as not to interpret our results too broadly in regard to 

the natural or “normal” route of thymic ELP circulation; however, our data indicate that 

liver and lung tissues retain a majority of thymic ELPs injected i.v. How thymic ELPs exit 

the thymus and what types of cells take up thymic ELPs under physiological conditions 

requires additional study. Future experiments of this nature will be fundamental to 

understanding how the thymus communicates with peripheral organs, including lymphoid 

and nonlymphoid organs, via thymic ELPs to regulate immune tolerance in a host.
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Figure 1. 
Characterization of thymic ELPs. A, Representative electron micrograph of sucrose gradient 

purified exosomes (magnification, × 80000; scale bar = 100 nm). Images were acquired with 

a Hitachi H7000 electron microscope. B, A total of 50 µg of ELPs isolated from the spleen 

or thymus were lysed and immunoblotted with Abs as indicated on Fig. 1B. Results are 

representative of two separate experiments. C, Surface phenotyping of ELPs by flow 

cytometry. Sulfate/aldehyde latex beads coated with thymic ELPs or non-ELPF6 

preparations were probed for CD9 and MHCII. Data represent the means of three separate 

experiments (insets).
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Figure 2. 
Thymic ELPs induce Treg cells and suppress the proliferation of CD4+CD25− T cells. 

Thymic CD4+CD25− T cells were treated with thymic ELPs at different concentrations for 3 

days, and the resulting CD4+CD25+Foxp3+ T cells were analyzed by FACS as described in 

the Materials and Methods. Splenic ELPs or non-ELPF6 served as controls. A 

representative FACS analysis is shown in A (top panel). Data represent three independent 

experiments performed in triplicate (**, p < 0.01) (A). B, After 3 days in culture in the 

presence of thymic ELPs (5 µg/ml), thymic CD4+CD25+ T cells were sorted and 

CD4+CD25+ (S) T cells (5 × 104 per well) were cocultured with varying numbers of 

CD4+CD25− (R) T cells for 3 days. Cultures were stimulated with anti-CD3 (0.5 µg/ml) in 

the presence of splenic ACs (5 × 104/well). Cell proliferation was measured by 

[3H]thymidine incorporation after 72 h in culture. Values are the average counts (±SD) of 

triplicate wells for three individual experiments (**, p < 0.01).
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Figure 3. 
i.v. injection of thymic ELPs causes the induction of Tregs. A total of 100 µg of IRDye 800-

labeled thymic ELPs (green) were injected into BALB/c mice via the tail vein. Whole body 

imaging was done 3 h post injection (A). Upon completion of the in vivo imaging studies, 

mice were sacrificed and each tissue was imaged (B, left panel) and then frozen for 

sectioning. Sections (50-µm thickness) were scanned using the Odyssey laser-scanning 

imager. The area-weighted fluorescence signal in the 800-nm channel of sectioned tissues 

for PBS- vs thymic ELP-injected groups was compared. Data represent 4 independent 

experiments with 10 slides for each treatment and the means were calculated. The 

fluorescence signal ratios of ELPs:PBS was calculated (**, p < 0.01) (B, right panel). Mice 

were injected i.v. with thymic or splenic ELPs (10 µg/mouse in 200 µl of PBS) twice a week 

for 2 wk, and, 7 days after the last injection, the mice were sacrificed and the percentages of 

CD4+Foxp3+ T cells in lung and liver tissues were determined by FACS analysis. A 

representative figure from one of five mice in each group is shown (C). Results were 

obtained from two independent experiments with five mice in each experiment pooled and 
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are presented as the mean ± SEM (C, insets). CD4+CD25+ cells (5 × 104) were isolated from 

the lung (D) and liver (E) by MACS as described in the Materials and Methods and the 

isolated cells cocultured with splenic CD4+CD25− Teff cells at the indicated ratios and 

assayed as described in Fig. 2B. Data represent mean ± SEM of triplicate wells; **, p < 0.01.
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Figure 4. 
Thymic ELP TGF-β plays a role in induction of Treg cells. A total of 50 µg total proteins 

from thymic and splenic ELPs of BALB/c mice (A) or other strains of mice, as indicated in 

B, were lysed and each lysate was resolved by PAGE on a 10% SDS gel. The proteins were 

transferred to a nitrocellulose membrane and the membranes probed with the Abs as 

indicated. The data represent three independent experiments. CD63 served as an internal 

control to confirm equivalent protein loading. Thymic or splenic ELPs (100 µg) were 

incubated with anti-TGF-β Ab or a normal IgG at the final concentration of 1 µg/ml for 1 h 

at 20°C. ELPs were then washed by ultracentrifugation and resuspened in 100 µl of PBS. 

Mice (n = 10) received via i.v. route 100 µg of washed ELPs or PBS as a control. Five mice 

were sacrificed on day 3 post injection. The percentages of CD4+Foxp3+ T cells in the lung 

were determined. A representative figure from one of five mice in each group is shown (C, 

left panel). Data represent three independent experiments and are displayed as means ± SEM 

(C, right panel); **, p < 0.01. The remaining mice were injected i.v. with 5 × 106 CFSE-
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labeled CD4+CD25− T cells. The mice were sacrificed on day 3 post injection with CFSE-

labeled T cells and the proliferating CFSE-labeled CD4+CD25− T cells in the lung tissue 

were determined by FACS analysis. A representative figure from one of five mice in each 

group is shown (D, left panel). The percent of proliferation of injected CFSE-labeled 

CD4+CD25− T cells was calculated as described in the Materials and Methods. Data 

represent mean ± SEM of five replicas (D); **, p < 0.01.
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