






Heterochronic parabiosis revealed that the thymuses of aged
mice, when exposed to the circulating factors and cells of younger
mice, became disproportionately colonized by young T cell pro-
genitors. Conversely, aged circulating progenitors are either less
abundant or less adept at colonizing the thymuses of young mice.
Previous studies have observed that HSCs in aged mice have re-
duced lymphoid potential, especially in regard to B cell potential
(52). The loss of T cell potential of aged HSCs, although apparent
in some studies (15, 53), has been less consistently observed (54).

This inconsistent observation of T cell deficiencies in aged pro-
genitors has been attributed to the use of irradiation in trans-
plantation studies (15). Our results may help to explain some of
the inconsistencies in measurements of T cell potential of aged
HSCs. In the heterochronic parabionts, there was clearly a loss of
T lineage potential within the aged hematopoietic system. How-
ever, once the thymus seeding cells from aged mice arrived at the
thymuses of young mice, they proliferated and differentiated
proportionately to their younger counterparts, suggesting that
aged thymocytes are as capable as young thymocytes to proceed
through the basic steps of T cell development.
Surprisingly, although the thymuses of aged mice became

heavily colonized by younger thymocytes in heterochronic para-
bionts, the aged thymuses did not grow larger, indicating that young
thymus seeding cells are not sufficient to drive regrowth of the aged
thymus. This finding is consistent with a previous study that noted
a failure of heterochronic parabiosis to induce aged thymic growth
(55). Our parabiosis data also suggested that the circulatory sys-
tem of 2-mo-old mice might contain factors that actually promote
thymic involution. In this regard, it is worth noting that the thy-
muses of 2-mo-old mice, although larger than those of 18-mo-old
mice, are undergoing more rapid involution; our data indicate that
this rapid involution may be partly driven by circulating factors.
However, in the absence of the identification of involution-driving
factors in young mice, multiple possible interpretations of this
observation exist. For example, we have not ruled out the possi-
bility that stress levels may be higher in the heterochronic para-
bionts, and that the old thymuses might be more sensitive to
stress-mediated thymus toxicity. The observation of thymus-
inhibitory factors in the 2-mo-old circulatory system also reveals
a limitation to the parabiosis model in the study of thymic growth
factors. The murine thymus reaches maximal size over the course
of the first 4 wk of life and involutes thereafter. Given that para-
biosis requires mice of roughly similar size and feeding abilities,
all heterochronic parabiosis experiments between mice are nec-
essarily done in mice with involuting thymuses. Therefore, it
remains unexplored whether circulatory factors drive thymus
growth in mice younger than 4 wk. Nevertheless, the parabiosis
experiments performed in this study suggest that circulatory fac-
tors and cells do not directly determine age-related thymus
changes in size throughout adult life.
We used intrathymic transplantation of TECs to evaluate the

young and middle-aged thymic environments. TEC transplantation
showed that middle-aged thymuses are highly permissive for TEC
proliferation. Previous studies have suggested that the aged thymic

FIGURE 6. Purified TECs drive thymic growth. TECs (CD452EpCAM+) and non-TECs (CD45+EpCAM2, including all live cells that did not fall into

the TEC gate) were sorted from GFP+ fetal thymuses and were injected into one thymic lobe of each middle-aged recipient mouse. Each mouse received

60,000–71,000 TECs or 360,000–400,000 non-TECs. After 45 d, thymuses were recovered and weighed. (A) Individual injected (Inj.) and uninjected

(Uninj.) lobes were weighed from experimental mice. Left and right lobes were compared in control mice. (B) Whole thymuses from control mice and mice

that were intrathymically injected with either TECs or non-TECs were weighed. The p values were determined using the paired (A) and unpaired (B)

Student t tests.

FIGURE 7. The thymus retains its ability to be engrafted by TECs re-

gardless of recipient age, but TECs lose their engraftment potential rapidly

with donor age. (A) Thymic cells were prepared from P1 GFP-transgenic

or RFP-transgenic mice, and equal numbers of EpCAM-enriched TECs

were intrathymically injected into 1- to 10-mo-old WT mice. After 1 mo,

thymuses were PFA-fixed and completely sectioned (100–200 sections per

thymus), and were examined by fluorescence microscopy. Representative

sections are shown, and donor cells are shown in grayscale. (B) Each

section was analyzed for the presence of donor cells, and the percentage of

sections that contained donor cells within each recipient thymus was de-

termined. Each point on the plot represents the percentage of donor-cell–

containing sections within one recipient thymus. Mean values are shown

for each experimental group. (C) Equal numbers of EpCAM-enriched

TECs from GFP-transgenic mice of the indicated ages were intrathymi-

cally injected into 2-mo-old WT mice. After 1 mo, thymuses were re-

covered and GFP+ cells were detected by fluorescence microscopy. Donor

cells are shown in grayscale. (D) Recipient thymuses were analyzed as in

(B). Scale bar, 100 mm. Day and month are shown as D and M, respec-

tively. The p values were determined using the unpaired Student t test.
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environment, which accumulates significant numbers of adi-
pocytes, may become hostile to TECs and impede thymocyte
growth (21). Nevertheless, intrathymic transplantation indicated
that middle-aged and young thymus environments were equally
permissive for donor TEC proliferation.
Transplantation of fetal thymic cells into middle-aged thymuses

drives thymus growth and increases naive T cell production. The
increases in naive T cells detected in the spleens of recipient mice
were modest, however, and did not correlate with engraftment
levels. The lack of correlation between engraftment level and
splenic naive T cell frequency may have been because of the large
natural variation in the frequencies of naive T cells in the control
middle-aged mice, together with the fact that the WT mice used in
this study already had “full” T cell niches, which may have de-
creased the efficiency with which new thymic emigrants survived

in the periphery. Furthermore, it is possible that different classes
of TECs engrafted in different mice, leading to additional vari-
ability in naive T cell output.
We have not yet determined precisely which fetal TEC subset

drives thymic growth in this model; however, both mTECs and
cTECs were abundant in the engrafted lobes. Fetal TEC progenitors
that give rise to both mTECs and cTECs have been conclusively
identified in the fetal thymus (56), and bipotent progenitors have
recently been identified in the adult thymus (51). Our findings
indicate that engraftable, colony-forming TECs are abundant in
the fetal and newborn thymus. Whether these postnatal TECs are
bipotent progenitors, unipotent transient amplifying cells, or some
mixture of the two is not known; however, the profound and rapid
decrease in transplantable, colony-forming TECs that occurs
during the first 4 wk of life suggests that these TECs are required

FIGURE 8. The in vitro proliferative capacity of TECs declines rapidly with age. (A) Thymuses of E14.5, 4-d- (4-D), 9-d- (9-D), 1-mo- (1-M), 2-mo-

(2-M), and 11-mo-old (11-M) GFP-transgenic mice were proteolytically digested, stained for TEC markers, and analyzed by flow cytometry. Each plot shows

TECs that were pregated on live, CD452EpCAM+ cells. (B) Sorted CD452EpCAM+Ly-51+ TECs were seeded onto irradiated murine embryonic fibro-

blasts (800 TECs/well) in the presence or absence of ROCK inhibitor, Y-27632. After 2 wk, wells were fixed and stained with Rhodamine B to visualize

colonies. TEC colonies appear as dark red spots within the wells. Well diameter, 1.5 cm. The experiment is representative of .10 similar experiments. (C)

Live, CD452, EpCAM+ cells from (A) were sorted and plated in a 96-well plate at the indicated cell numbers per well in the presence of Y-27632. At 8 d

postseeding, colonies were visualized as in (B). Well diameter, 7 mm. Image represents one of two separate experiments. (D) GFP+ TEC colonies from each

well were manually counted under an inverted fluorescence microscope on day 5 of the culture [before fixing in PFA, as shown in (C)]. Each point on the

graph represents the number of TEC colonies per 100 TECs plated, determined from 6 wells that contained large numbers of distinct, separate colonies.

Mean colony counts are shown as bars. (E) The percentages of TEC colony-forming units as shown in (D) are plotted against cTEC and mTEC frequencies

as shown in (A). (F) Thymus masses of mice of the indicated ages were measured and plotted together with the data from TEC colony-forming unit

efficiency (D). The p values were determined using the unpaired Student t test (D) or F test (E).
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for growth of the early thymus and that their loss spurs thymic
involution.
In this study, we demonstrate that transplanted fetal TECs and

progenitors can drive growth of the middle-aged thymus. Although
further investigation will be required to identify the exact TEC
subset that drives the thymic growth, this study provides proof-of-
principle that intrathymic transplantation of TECs, either isolated
from growing thymuses or generated de novo from pluripotent stem
cells (57), can be used for immune regeneration.
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