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Thymic graft-versus-host disease (tGVHD) can contribute to profound T cell deficiency and repertoire restriction after
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here that even minimal numbers of donor alloreactive T cells, which caused mild nonlethal systemic graft-versus-host
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function. Furthermore, to mediate tGVHD, donor alloreactive T cells required trafficking molecules, including CCR9, L
selectin, P selectin glycoprotein ligand-1, the integrin subunits αE and β7, CCR2, and CXCR3, and costimulatory/inhibitory
molecules, including Ox40 and carcinoembryonic antigen-associated cell adhesion molecule 1. We found that radiation in
BMT conditioning regimens upregulated expression of the death receptors Fas and death receptor 5 (DR5) on thymic
stromal cells (especially epithelium), while decreasing expression of the antiapoptotic regulator cellular caspase-8–like
inhibitory protein. Donor alloreactive T cells used the cognate proteins FasL and TNF-related apoptosis-inducing ligand
(TRAIL) (but not TNF or perforin) to mediate tGVHD, thereby damaging thymic stromal cells, cytoarchitecture, and
function. Strategies that interfere with Fas/FasL and TRAIL/DR5 interactions may therefore represent a means to
attenuate tGVHD and improve T cell reconstitution in allo-BMT recipients.
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Thymic	graft-versus-host	disease	(tGVHD)	can	contribute	to	profound	T	cell	deficiency	and	repertoire	restric-
tion	after	allogeneic	BM	transplantation	(allo-BMT).	However,	the	cellular	mechanisms	of	tGVHD	and	inter-
actions	between	donor	alloreactive	T	cells	and	thymic	tissues	remain	poorly	defined.	Using	clinically	relevant	
murine	allo-BMT	models,	we	show	here	that	even	minimal	numbers	of	donor	alloreactive	T	cells,	which	caused	
mild	nonlethal	systemic	graft-versus-host	disease,	were	sufficient	to	damage	the	thymus,	delay	T	lineage	recon-
stitution,	and	compromise	donor	peripheral	T	cell	function.	Furthermore,	to	mediate	tGVHD,	donor	allore-
active	T	cells	required	trafficking	molecules,	including	CCR9,	L	selectin,	P	selectin	glycoprotein	ligand-1,	the	
integrin	subunits	αE	and	β7,	CCR2,	and	CXCR3,	and	costimulatory/inhibitory	molecules,	including	Ox40	and	
carcinoembryonic	antigen-associated	cell	adhesion	molecule	1.	We	found	that	radiation	in	BMT	condition-
ing	regimens	upregulated	expression	of	the	death	receptors	Fas	and	death	receptor	5	(DR5)	on	thymic	stromal	
cells	(especially	epithelium),	while	decreasing	expression	of	the	antiapoptotic	regulator	cellular	caspase-8–
like	inhibitory	protein.	Donor	alloreactive	T	cells	used	the	cognate	proteins	FasL	and	TNF-related	apoptosis-
inducing	ligand	(TRAIL)	(but	not	TNF	or	perforin)	to	mediate	tGVHD,	thereby	damaging	thymic	stromal	
cells,	cytoarchitecture,	and	function.	Strategies	that	interfere	with	Fas/FasL	and	TRAIL/DR5	interactions	may	
therefore	represent	a	means	to	attenuate	tGVHD	and	improve	T	cell	reconstitution	in	allo-BMT	recipients.

Introduction
Allogeneic BM transplantation (allo-BMT) is a potentially cura-
tive therapy for a number of malignant and nonmalignant disor-
ders. Myeloablative and nonmyeloablative conditioning regimens, 
which may contain radiation, chemotherapy, and immunosup-
pressive drugs, enable the engraftment of donor hematopoietic 
stem cells and prevent rejection by the host. Allo-BMT is frequently  
followed by a prolonged period of profound immune deficiency, 
which is associated with a high incidence of infection (1, 2) and 
malignant relapse (3).

Evidence from studies of patients receiving allo-BMT suggests 
that deficient T cell immunity in the first year after transplan-
tation may be due to insufficient T cell numbers and restricted  
T cell repertoire and function (4). A broad T cell receptor reper-
toire requires the de novo generation of T cells in the thymus (5–7), 
and although thymic function in humans is age dependent and 
decreases after puberty (8–10), the adult thymus contributes sub-
stantially to immune reconstitution after allo-BMT (11).

Factors that inhibit thymic function after allo-BMT include 
thymic damage by the conditioning regimen (9, 12) and graft-ver-

sus-host disease (GVHD) mediated by donor alloreactive T cells 
(13, 14). Thymic GVHD (tGVHD) damages the architecture and 
composition of the thymic microenvironment (13, 15, 16). Since 
effective development and normal T cell repertoire selection are 
critically dependent on a structured thymic microenvironment 
(17), tGVHD results in extended T lymphopenia, coupled with 
a restricted donor T cell repertoire and the appearance of clones 
with anti-host reactivity (18, 19). Thymic cellularity is reduced pri-
marily because of a decrease in CD4+CD8+ (double-positive [DP]) 
thymocytes, which occurs due to the failure of resident pro- and 
pre-T cells to enter the cell cycle as well as enhanced apoptosis of 
CD4+CD8+ thymocytes (20, 21).

Although Hollander and colleagues have previously suggested 
that thymic epithelial cells may be targeted by alloreactive donor  
T cells and damaged via IFN-γ, these studies were primarily done in 
a graft-versus-host reaction (GVHR) model system, without con-
ditioning such as radiation or chemotherapy or with in vitro cul-
ture of thymic stromal cell lines (22). By contrast, the cellular and 
molecular mechanisms by which cytotoxic preparative regimens 
and acute GVHD mediated by donor alloreactive T cells cause 
damage, as well as the effects of conditioning on the thymus, have 
not been well studied, although Blazar and colleagues have pre-
viously shown that keratinocyte growth factor (KGF, palifermin) 
may be cytoprotective against tGVHD (23, 24).
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Therefore, we undertake here an analysis in clinically relevant 
GVHD models to elucidate the development of tGVHD and the 
mechanisms by which allogeneic T cells can infiltrate and damage 
the thymus. We first demonstrate the exquisite sensitivity of the 
thymus to damage by even very small numbers of donor alloreac-
tive T cells and then define the trafficking, coactivating or coinhibi-
tory, cytotoxic molecules and cytokines relevant for these alloreac-
tive T cells to cause tGVHD. Furthermore, we have used a clinically 
relevant radiation-dependent transplantation model to study the 
effects of radiation on thymic stroma and its impact on tGVHD.

Results
Donor alloreactive T cells are required for tGVHD and damage the thymus 
in a dose-dependent manner. Mature donor T cells in the BM allograft 
are the primary initiators of acute GVHD, and disease severity cor-

relates with the dose of donor T cells. We therefore began by char-
acterizing the numbers of donor alloreactive T cells in the allograft 
and their impact on systemic and tGVHD. We performed experi-
ments in the well-defined MHC-disparate mouse model system 
C57BL/6 (B6, H-2b) → BALB/c (H-2d). BALB/c recipients received 
8.5 Gy radiation and an allograft containing 5 × 106 B6 CD45.1  
T cell–depleted BM (TCD-BM) cells and varying numbers of WT 
B6 CD45.2 T cells, which were insufficient to cause GVHD mor-
tality. TCD-BM contained negligible numbers of contaminating  
T cells (0.1% cells; see Methods), and this process allowed for reli-
able titration of mature donor T cells in the allograft.

We assessed the sensitivity of the thymus to GVHD in experi-
ments in which we titrated donor T cell numbers and assessed the 
effect on systemic and tGVHD. We first used very low doses of 
donor alloreactive T cells (0.25 × 105, 0.5 × 105, and 1 × 105 cells), 

Figure 1
Clinical GVHD correlates with tGVHD and thymic function of B6 → BALB/c (8.5 Gy) mice. (A) Weight loss and (B) GVHD score. n = 6–7/group. (C) 
Donor BM-derived CD4+CD8+ thymocyte numbers on day 22. Dots represent groups of animals. *P < 0.05 versus TCD-BM control. n = 6–7/group. 
(D) Total donor splenic T cells on day 22. *P < 0.05, **P < 0.001 versus control; P values are shown for donor BM-derived T cells. n = 6–7/group. 
(E) Proliferation of splenic T cells after stimulation with anti-CD3 and anti-CD28 on day 22. *P < 0.05, **P < 0.001 versus control. TCD-BM only 
and 0.25 × 105 T cells, n = 12; 0.5 × 105 T cells, n = 6; 1 × 105 T cells, n = 3. (F) Linear regression of log-transformed thymic cellularity versus 
log-transformed splenic RTE numbers. Squares represent individual animals combined (n = 24) across all groups. One of two identical experi-
ments is shown. r, regression coefficient. (G) RTEs versus the dose of donor T cells on day 42 after transplant. Dots represent individual animals.  
n = 4–5/group. *P < 0.05 versus recipients of TCD-BM only. (H) Histopathology (H&E) of paraffin-fixed thymus sections on day 28 (no GVHD, BM 
only; GVHD, BM plus 0.25 × 106 WT T cells). The dotted line indicates the corticomedullary junction. C, cortex; M, medulla. Original magnifica-
tion, ×50. n = 5/group. Representative sections are shown. (I) Quantification of cortical area (% of total area) on day 28. Average of 3 sections of 
each organ (50 μm apart). Symbols represent individual animals. n = 4–7/group. *P = 0.01 versus recipients of TCD-BM only. All horizontal bars 
indicate the mean. All values are mean ± SEM.
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which caused recipients to exhibit negligible weight loss (Figure 
1A) or clinical GVHD (Figure 1B); by comparison, mice experienc-
ing severe GVHD and resulting mortality can have weight loss 
of more than 50% and clinical scores of greater than 7 (25). We 
then assessed thymic cellularity at week 4 after transplant and 
observed a striking dose-dependent decrease in donor BM-derived 
CD4+CD8+ thymocytes, with an approximately 50% loss, even 
with the addition of only 25,000 donor T cells (Figure 1C). We 
confirmed these results in additional experiments with 2.5 × 105 
and 1 × 106 donor T cells, which also revealed an inverse relation-
ship between thymocyte count and numbers of donor alloreactive 
T cells (data not shown). Upon monitoring recipients for survival, 
we noted that all mice receiving 0.25 × 106 or fewer donor T cells in 
the allograft had more than 95% survival up to day 28 after trans-
plant. Survival for mice receiving 0.25 × 106 donor T cells is shown 
in Supplemental Figure 2 (supplemental material available online 
with this article; doi:10.1172/JCI39395DS1).

We also tested our findings in the MHC-matched minor anti-
gen–disparate model system B6 (H-2b) → LP (H-2b) and added dif-
ferent doses of B6 Thy1.1+ T cells (to distinguish between donor 
BM-derived cells, infused alloreactive T cells, and host cells) to 
induce varying degrees of GVHD.

In  several  experiments,  we  observed  again  dose-dependent 
decreases of donor CD4+CD8+ (DP) thymocytes at days 27 and 
42 after transplant, in the absence of significant signs of clinical 
GVHD (including weight loss) (Supplemental Figure 3).

Although the kinetics of GVHD onset and the frequency of allo-
reactive T cells differ in this MHC-matched minor antigen–dispa-
rate model, as compared with the B6 → BALB/c model in which 
we performed most of our experiments in this report (described 
below), these observations confirm the sensitivity of the thymus 
to GVHD in clinically relevant model systems.

Recipients of low doses of donor alloreactive T cells exhibit tGVHD 
that is partially reversible at later time points. To assess whether 
tGVHD is reversible, we repeated experiments in the model sys-
tem B6 → BALB/c with TCD-BM with or without 0.5 × 105,  
1 × 105, or 2.5 × 105 T cells and assessed thymic cellularity and 
composition at day 60 after transplant. We observed that total 
thymocyte numbers were significantly decreased (P < 0.05) in 
recipients of TCD-BM plus 2.5 × 105 T cells versus recipients 
of TCD-BM only (Supplemental Figure 4A). However, at lower 
donor T cell doses, we observed a recovery of thymus cellularity 
at day 60 (Supplemental Figure 4, A and B) compared with day 
28 (Figure 1C). These data suggest that recipients of low doses 

of donor alloreactive T cells may have partially revers-
ible GVHD. However, recipients of higher doses of T cells 
may have more prolonged thymic damage.

In addition to analyzing thymic cellularity and composi-
tion in recipients of TCD-BMT and T cell–replete allo-BMT, 
we tracked their clinical GVHD parameters and weight loss, 
to correlate tGVHD with systemic and clinical GVHD to 
day 60 after transplant (Supplemental Figure 4, C and D). 
These data show that recipients of T cell–replete allografts 
with up to 2.5 × 105 donor T cells developed partially revers-
ible tGVHD, which was nonetheless correlated with low lev-
els of sustained systemic GVHD.

These data suggest that recipients of low doses of donor 
alloreactive T cells may have partially reversible GVHD. 
However, recipients of higher doses of T cells may have 
more prolonged thymic damage.

GVHD damages thymic architecture, thymic output, and negatively influ-
ences peripheral T cell function. We further studied the relationship 
between tGVHD and peripheral donor-derived T cell function in 
recipients of 5 × 106 TCD-BM with or without 0.25 × 105, 0.5 × 105, 
and 1 × 105 alloreactive T cells. This revealed an inverse relation-
ship between numbers of peripheral BM-derived CD45.1+ T cells 
and numbers of donor alloreactive T cells that were infused (Fig-
ure 1D). Surprisingly, infusing greater numbers of donor CD45.2+ 
alloreactive T cells did not lead to increased numbers of CD45.2+ 
alloreactive T cells in the spleens at day 22 after transplant (Figure 
1D). This may be due to the fact that after day 14 of an allo-BMT, 
the spleen assumes features of a GVHD target organ; decreased cel-
lularity may therefore be interpreted as increased damage. Finally, 
we noted that all groups had 90% or greater total donor chimerism 
in the spleen, as measured by H-2b staining (data not shown).

As donor BM-derived and alloreactive T cells can both mediate 
antipathogen and antitumor activity, we studied the function of 
all donor-derived peripheral T cells by purifying them with CD5+ 
magnetic selection from the spleens of allo-BMT recipients on day 
22 and testing the proliferation of these T cells with anti-CD3 and 
anti-CD28 stimulation. This revealed that donor-derived splenic  
T cells in recipients of TCD-BM only had significantly better prolif-
erative responses upon anti-CD3 and anti-CD28 stimulation than 
recipients of TCD-BM and alloreactive donor T cells (Figure 1E).

To further study whether thymic cellularity was directly associ-
ated with thymic function (i.e., export) after T cell–replete allo-
BMT, we transplanted irradiated BALB/c mice with 5 × 106 FVB 
background Rag2-EGFP TCD-BM only or Rag2-EGFP TCD-BM 
plus 0.1 × 106, 0.25 × 106, 0.5 × 106, or 1 × 106 WT FVB T cells. 
Recent thymic emigrants (RTEs) are Rag2+ and therefore EGFP+ in 
this model, thereby allowing for their identification in the periph-
ery of the allo-BMT recipients. In addition to observing decreased 
thymic cellularity with increasing doses of donor T cells (data not 
shown), we also observed that, upon pooling data from all allo-
BMT recipients transplanted with varying doses of donor T cells, 
including mice which received BM only (no GVHD) or mice which 
received 0.1 × 106, 0.25 × 106, 0.5 × 106, or 1 × 106 FVB T cells (vary-
ing degrees of tGVHD and thymic cellularity), absolute numbers of 
splenic RTEs correlated well with thymic cellularity (Figure 1F).

Additionally, we directly assessed the  impact of  increasing 
numbers of donor alloreactive T cells (thus increasing severity of 
tGVHD) on thymic export by transplanting irradiated B6D2F1 
mice (13 Gy) with 105 Rag2-EGFP lineage– cells with or with-
out 0.1 × 106, 0.25 × 106, 0.5 × 106, or 1 × 106 FVB T cells. We 

Table 1
Quantification of thymic cortical area

	 BM	only	 T	cells
	 	 0.5	×	105	 1	×	105	 2.5	×	105

No. of thymi analyzed 5 of 5 9 of 9 7 of 9A 4 of 9A

Loss of corticomedullary  0 0 2 5
 junction (n)
Mean cortical area (%) 73.8 70.1 63.6B 52.7B

SD 2.9 5.5 6.2 9.4
SEM 1.3 1.7 2.4 4.7

ASome thymi were not analyzed because loss of corticomedullary junction pre-
cludes accurate determination of the cortical and medullary areas. BP < 0.05 
versus TCD-BM only.
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assessed thymic export and numbers of splenic RTEs (EGFP+ 
cells) on day 42 after transplant and noted that as few as 105 
donor FVB T cells were sufficient to cause a significant decrease 
in thymic export (Figure 1G). Furthermore, this effect was dose-
dependent, such that increasing numbers of donor FVB T cells 
in the allograft caused a corresponding decrease in RTE num-
bers (Figure 1G). Similar results were observed in an experiment 
using irradiated BALB/c recipients (data not shown). This sug-
gests that increasing donor T cell numbers and tGVHD severity 
negatively impacts thymic function.

Finally, we assessed thymic architecture in allo-BMT recipients 
with GVHD. Recipients of TCD-BM only (no GVHD) had a thymic 
architecture with well-defined cortical and medullary areas (Figure 

1H, left), similar to the normal thymus 
of a nontransplanted mouse. However, 
recipients of TCD-BM plus 0.25 × 106 
B6 WT T cells  (GVHD) had remark-
able disruption of thymic architecture, 
including thinning of the cortex and 
loss of the corticomedullary junction 
(Figure 1H, right).

To assess the sensitivity of the thy-
mus and  its architecture  to damage 
during tGVHD at even lower doses of 
donor T cells in the allograft, we trans-
planted  BALB/c  mice  (8.5  Gy)  with 
TCD-BM with or without 0.5 × 105, 
1 × 105, or 2.5 × 105 WT T cells and 
quantified thymic cortical and medul-
lary areas on day 28 after transplant in 
these recipients to assess in particular 
the loss of the thymic cortex and the 
loss of the corticomedullary junction. 
Recipients of as few as 1 × 105 donor 
T cells exhibited a statistically signifi-
cant loss of thymic cortical area (Fig-
ure 1I and Table 1) as well as a loss of 
the corticomedullary junction in some 
animals (Table 1). These results again 
demonstrate the exquisite sensitivity 
of the thymus to tGVHD, which mani-
fested as derangements in thymic cyto-
architecture, with even small numbers 
of donor alloreactive T cells.

We conclude from these experiments 
that small numbers of donor allore-
active  T  cells  cause  dose-dependent 
thymic  damage  in  allo-BMT  recipi-
ents, which is associated with specific 
changes  in  thymic  architecture  and 
results in decreased export of T cells. 
Consequently, the thymus is exquisitely  
sensitive to GVHD.

Donor alloreactive T cells rapidly infil-
trate the thymus after allo-BMT and 
become profoundly activated. To assess 
the  kinetics  of  donor  alloreactive  
T cell infiltration of the thymus, we 
transplanted irradiated BALB/c mice 
with B6 TCD-BM and 0.25 × 106 B6 

luciferase+ T cells, then tracked their migration and expansion 
with daily bioluminescent imaging studies. At this T cell dose, 
we began to detect a signal in the thymus by days 5 to 6 after 
transplant (Figure 2A). Additionally, in parallel allo-BMT experi-
ments with a doses of 0.5 × 106, 1 × 106, or 10 × 106 B6 luciferase+ 
T cells, we were able to detect cells in the thymus as early as days 
2 or 3 after transplant (Supplemental Figure 5), suggesting that 
a small percentage of donor alloreactive T cells traffic to the thy-
mus with rapid kinetics.

To further characterize thymus-infiltrating T cells, we transferred 
CFSE-labeled purified B6 CD45.1 splenic T cells into irradiated 
syngeneic (B6, 11 Gy) or allogeneic (BALB/c, 8.5 Gy) recipients. 
On day 6 after adoptive transfer, we observed that donor T cells 

Figure 2
Alloreactive T cells quickly infiltrate the thymus, undergo proliferation, and display an activated 
phenotype. (A) In vivo bioluminescence imaging (BLI) of alloreactive T cell (0.25 × 106) migration 
after transplant. Ex vivo imaging of the thymus confirmed donor T cell infiltration on day 6. Rep-
resentative images from 1 of 2 identical experiments are shown. (B) Percentages of proliferating 
alloreactive (CFSEdim) and nonproliferating (CFSEhi) infiltrating donor T cells as well as donor central 
memory (Tcm, CD44hiCD62Lhi) and effector memory (Tem, CD44hiCD62Llo) T cells as a fraction of 
all leukocytes (CD45+ cells). n = 14/group, combined from 2 identical experiments (mean ± SEM).  
*P < 0.05 allogeneic (allo) versus syngeneic (syn). (C) Infiltrating donor T cells in the thymus and 
spleen (mean ± SEM) at days 7, 14, 21, and 28 in BALB/c (allogeneic) or B6 (syngeneic) recipients. 
n = 14–15/group, combined data from 1 to 4 identical experiments (mean ± SEM). (D) FoxP3+ T cells 
derived from infused donor T cells are shown as a percentage of all donor-infused Thy1.1+CD4+  
T cells in thymus and spleen at day 28 after allogeneic and syngeneic BMT. **P < 0.01 allogeneic 
versus syngeneic groups. n = 14, syngeneic; n = 18, allogeneic; combined data from 3 identical 
experiments. (E) FoxP3+ T cells in the spleen, as derived from donor BM-derived T cells, are shown 
as a percentage of all donor BM-derived CD45.1+CD4+ T cells on day 28 after allogeneic and syn-
geneic BMT. P = NS. n = 14, syngeneic; n = 23, allogeneic; combined data from 2 to 4 identical 
experiments. (D and E) Dots represent individual animals, and horizontal bars indicate the mean.
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comprised a significantly greater 
proportion of CD45+ hematopoi-
etic cells in the thymus of alloge-
neic recipients as compared with 
syngeneic recipients and that the 
majority of donor T cells in allo-
geneic recipients were CFSEdim, 
indicating rapid proliferation and 
alloactivation (Figure 2B, left). In 
addition, the majority of donor 
T cells in the thymi of allo-BMT 
recipients were CD44hiCD62Llo, 
indicating  a  effector  memory 
T cell phenotype, with a minor-
ity  of  CD44hiCD62Lhi  central 
memory cells (Figure 2B, right). 
We conclude that alloactivated 
and proliferating donor T cells 
with an effector memory T cell 
phenotype infiltrate the thymus 
early after allo-BMT.

Donor alloreactive T cells have a 
characteristic peak at day 14 after 
transplant. To assess the longer-
term kinetics of T cell infiltration 
during tGVHD, we transplanted 
B6  and  BALB/c  mice  with  B6 
Thy1.1  splenic  T  cells  and  B6 
CD45.1+ TCD-BM. We observed 
a  peak  in  donor  alloactivated 
Thy  1.1+  T  cells  in  the  thymus 
on day 14 after allo-BMT, with a 
subsequent decline and low but 
sustained numbers at day 21 and 
day 28 after transplant (Figure 
2C). We observed similar kinetics 
in the spleen, although there the 
decline in Thy1.1+ donor T cell 
numbers from day 14 to day 28 
was more gradual (Figure 2C).

Donor  alloreactive  T  cell–
derived  Tregs  are  dramatically 
decreased in the spleens but not 
thymi of allogeneic versus syn-
geneic  BMT  recipients.  Tregs 
of  donor  and  host  origin  have 
been demonstrated as important 
negative regulators of GVHD (26, 
27). We therefore assessed donor 
FoxP3+ Tregs as a percentage of 
donor  infused  CD4  T  cells  in 
the spleens and thymi of BMT 
recipients. While the percentages 
of donor Tregs derived from the 
infused T cells were significantly 
reduced  in  the  spleen  of  allo-
BMT recipients versus syngeneic 
BMT recipients, the fraction of 
Tregs derived from the infused 
T cells in the thymi of allo-BMT 

Figure 3
Alloreactive T cells require FasL and TRAIL to mediate tGVHD. (A) BM-derived CD4+CD8+ (DP) thy-
mocytes in recipients of B6 CD45.1 TCD-BM with or without 0.25 × 106 B6 versus B6.KO (deficient for 
cytolytic molecules) donor T cells on day 28. BM only, n = 18; WT T cells, n = 21; gld (FasL deficient), 
n = 8; Trail–/–, n = 8; gld/Trail–/–, n = 7; gld/Trail–/–Tnf–/–, n = 6; Pfp–/–, n = 12; Tnf–/–, n = 12; Ifng–/–, n = 16; 
combined data from 2 independent experiments. (B) Experiment as in A with 0.5 × 106 donor T cells. BM 
only, n = 22; WT T cells, n = 20; gld, n = 13; Trail–/–, n = 13; gld/Trail–/–Tnf–/–, n = 13; Pfp–/–, n = 12; Ifng–/–, 
n = 9; combined data from 2 to 3 independent experiments. (A and B) *P < 0.05, **P < 0.01 versus WT. 
(C) Thymic architecture of thymus sections from A were analyzed (H&E, day 28). Representative sections 
are shown. Original magnification, ×50. n = 5/group. (D) Total thymocyte counts in mice that received B6 
BM with or without 0.25 × 106 CD5+ B6 WT CD4, WT CD8, Trail–/– CD4, Trail–/– CD8, gld CD4, or gld CD8 
T cells. Symbols represent individual animals (mean ± SEM). *P < 0.05. n = 6–7/group. (E) Absolute num-
bers of BM-derived CD45.1+CD4+CD8+ thymocytes in lpr (Fas receptor deficient) and WT B6 recipients on 
day 28. Symbols represent individual animals (mean ± SEM). n = 8/group. **P < 0.01 versus correspond-
ing WT controls. (F) Total thymocytes in recipients of lpr or WT B6 TCD-BM and T cells on day 28. Dots 
represent individual animals. Horizontal bars indicate the mean (A, B, and F). n = 8–10/group.
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recipients with GVHD versus syngeneic recipients was not signifi-
cantly different (Figure 2D).

We also assessed the influence of tGVHD on the numbers of 
donor BM-derived Tregs in the spleen on day 28 after transplant. We 
observed similar percentages of donor CD45.1+CD4+FoxP3+ Tregs 
as a percentage of donor BM-derived CD45.1+CD4+ donor T cells in 
recipients of syngeneic and allogeneic BMT (Figure 2E). We interpret 
these data to signify that tGVHD does not disproportionately impact 
the reconstitution of donor BM-derived Tregs in the periphery.

Donor alloreactive T cells require FasL and TNF-related apoptosis-induc-
ing ligand to mediate tGVHD. Next, we assessed the T cell cytolytic 
molecules and pathways required for tGVHD. Comparing numbers 
of donor BM-derived thymocytes on day 28 in recipients of WT B6 
versus recipients of B6.KO (deficient for cytolytic molecule) donor 
T cells, we observed that FasL and TNF-related apoptosis-induc-
ing ligand (TRAIL) were both required for tGVHD, while TNF and 
perforin (Pfp) were dispensable (Figure 3A). This agrees with our 
previous finding that alloactivated T cells can express FasL and 
TRAIL (28, 29). Interestingly, we also observed that donor T cell–
derived IFN-γ was dispensable for tGVHD (Figure 3A).

Since recipients of generalized lymphoproliferative disease (gld, also 
known as Fasl) and Trail–/– T cells demonstrated significant increases in 

donor BM-derived CD45.1+CD4+CD8+ thymocytes, we asked whether 
interference with both these cytolytic pathways could further attenu-
ate tGVHD. We therefore generated mice which were either deficient 
for both FasL and TRAIL (gld/Trail–/–) or mice additionally deficient 
for TNF (gld/Trail–/–Tnf–/–). Donor T cells from both of these mice were 
ineffective at mediating tGVHD (Figure 3A) or systemic GVHD (data 
not shown), and CD4+CD8+ thymocyte numbers on day 28 were simi-
lar to that of allo-BMT recipients of TCD-BM only (no GVHD). These 
results suggest that FasL and TRAIL are primary effector pathways by 
which donor alloreactive T cells damage the thymus.

We also assessed the requirements for tGVHD at higher doses of 
donor T cells (B6 → BALB/c with 0.5 × 106 T cells) and again con-
firmed that, even in this setting, the FasL and TRAIL pathways 
are required to mediate tGVHD, while the perforin and IFN-γ  
pathways were dispensable (Figure 3B). Moreover, recipients of 
gld/Trail–/– doubly deficient donor T cells exhibited additionally 
increased numbers of donor CD45.1+CD4+CD8+ thymocytes as 
compared with recipients of Trail–/– or gld singly deficient donor  
T cells (P < 0.05), suggesting a nonredundant role for these 2 
pathways at this higher T cell dose (Figure 3B).

We further assessed the influence of donor alloreactive T cell 
FasL and TRAIL on thymic architecture and observed that while 

Figure 4
Soluble DR5 agonists are sufficient to damage the thymus after allo-BMT in 5×106 B6 CD45.1 + TCD-BM only → BALB/c (8.5 Gy) mice. Recipi-
ents were treated with 200 μg hamster IgG control antibody or DR5-1 agonistic antibody i.p. on days –1, 1, 3, and 5 peritransplant (A–E) or 
on days 10, 12, 14, and 16 after transplant (F–J). Recipients were analyzed at day 28 after transplant. Symbols represent individual animals 
(mean ± SEM). *P < 0.05, **P < 0.01 versus hamster IgG; combined data from 2 independent experiments. (A) Total thymocytes and (B) donor 
BM-derived CD45.1+CD4+CD8+ (DP) thymocytes. DR5-1, n = 11; hamster IgG, n = 15. (C) Total BM cells. n = 4–5/group. (D) Donor LSK cells 
from the BM. n = 4–5/group. (E) Donor splenic CD45.1+CD3ε+ T cells. DR5-1, n = 11; hamster IgG, n = 15. (F) Total thymocytes and (G) donor 
BM-derived CD45.1+CD4+CD8+ (DP) thymocytes. DR5-1, n = 5/group. (H) Total BM cells. n = 5/group. (I) Donor LSK cells from the BM. n = 5/ 
group. (J) Donor splenic CD45.1+CD3ε+ T cells. n = 5/group. (K) Mice were transplanted as above. Thymi from recipients of hamster IgG con-
trol antibody only were harvested at day 28, stained with anti-DR5 antibody, and gated for donor CD45.1+ thymocytes subsets (CD4–CD8–, 
CD4+CD8+, CD4+CD8–, and CD4–CD8+) as shown. The percentage of cells that are DR5 positive was determined based on an isotype control 
gate set at less than 0.25% positive. n = 5/group. Horizontal bars indicates the mean. DN, CD4+CD8+ double negative.
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allo-BMT recipients of WT T cells had complete loss of 
distinction between the thymic cortical and medullary 
zones, recipients of Trail–/–, gld, and gld/Trail–/– T cells had 
intact thymic microarchitecture (Figure 3C).

Both CD4 and CD8 cells require FasL to mediate tGVHD, but 
TRAIL is only required for CD8 T cells to mediate tGVHD. We 
further studied the importance of FasL and TRAIL on 
donor CD4+ and CD8+alloreactive T cells and performed 
transplants with 0.25 × 106 purified WT, gld, or Trail–/– 
donor CD4 or CD8 T cells. These experiments revealed 
that FasL is important on both CD4 and CD8 alloreac-
tive T cells for mediating tGVHD, whereas TRAIL is only 
important on donor CD8 T cells (Figure 3D).

Donor alloreactive T cells damage host-derived thymic 
stroma via the FasL pathway to cause tGVHD. To study 
whether donor alloreactive T cells mediated tGVHD 
against donor (syngeneic) BM-derived thymocytes or 
host tissues, we transplanted WT or lpr (Fas receptor–
deficient) B6 mice with BALB/c TCD-BM and T cells 
and measured donor thymic cellularity on day 28 after 
transplant. These experiments revealed that while WT 
and lpr recipients of TCD-BM only had similar thymic 
cellularity, lpr recipients of T cell–replete allo-BMT had 
significantly increased numbers of donor BM-derived 
CD4+CD8+ thymocytes as compared with WT recipi-
ents, indicating that lpr allo-BMT recipients were resis-
tant to tGVHD (Figure 3E). These results suggest that 
expression of the Fas receptor on host-derived thymic 
stroma is required for tGVHD.

In contrast, experiments in which we transplanted  
BALB/c mice with lpr BM versus those in which we trans-
planted BALB/c mice with B6 BM with or without WT 
T revealed no significant differences, indicating that Fas 
receptor on donor BM-derived thymocytes is not directly 
involved in sensitivity to tGVHD (Figure 3F).

Soluble DR5 agonists are sufficient to damage the thymus 
after TCD allo-BMT.  We  further  studied  the  role  of 
TRAIL in mediating thymic damage after transplant 
by  administering  anti–mDR5-1  agonistic  antibody 
to recipients of TCD allo-BMT, which did not receive 
any donor alloreactive T cells. The administration of 
a soluble TRAIL analog in this setting allowed us to 
clarify several aspects of TRAIL biology, which include 
the requirement for GVHD-associated inflammatory 
cytokines to enable TRAIL-mediated thymic damage in 
recipients of TCD allo-BMT and the requirement for 
other alloreactive T cell–mediated cytolytic pathways 
to enable TRAIL-mediated damage. Furthermore, we 
performed experiments in which we treated mice with 
anti-mouse DR5-1 agonistic antibody both immedi-
ately after transplant or with a delay in administration, 
which allowed us to probe the temporal sensitivity of 
the thymus to TRAIL/DR5-mediated killing.

In experiments in which we administered DR5-1 ago-
nistic antibody “early,” during the peritransplant period 
(200 μg i.p. days –1, 1, 3, 5), and analyzed recipients on 
day 28 after transplant, we observed a highly significant 
decrease in total thymocyte numbers (Figure 4A) as well 
as donor CD45.1+CD4+CD8+ (DP) thymocyte numbers 
(Figure 4B) in recipients of this antibody as compared 

Figure 5
tGVHD causes damage to the thymic stroma, loss of thymic epithelial cells, and 
cortical thinning. (A) CD45– thymic stromal cell subsets were assessed by flow 
cytometry in allo-BMT recipients of TCD-BM with or without WT, Trail–/–, gld, 
or gld/Trail–/– T cells. Absolute numbers are displayed (mean ± SEM). TCD-
BM–only group, n = 9; WT T cells, n = 11; gld T cells, n = 10; Trail–/– T cells, 
n = 12; gld/Trail–/– T cells, n = 5. Combined data from 2 identical experiments. 
Endothelial cells, CD45–CD31+MHC class IIdim; fibroblasts, CD45–PDGFR1+MHC 
class IIneg; cTECs, CD45–CD31–MHC class IIint/hiUEA-1–; mTECs, CD45–CD31–

MHC class IIint/hiUEA-1+. *P < 0.05, **P < 0.01 versus WT T cells. (B) Repre-
sentative paraffin-fixed thymus sections from the groups that received TCD-BM 
with or without 0.25 × 106 WT, Trail–/–, gld, or gld/Trail–/– T cells were stained for 
K8–positive (red) cortical and K5–positive (green) medullary regions and ana-
lyzed by confocal microscopy at day 28 after transplant. Dotted lines indicate the 
corticomedullary junction. Solid lines indicate cortical thickness. Original magnifi-
cation, ×120. Representative images are shown (n = 2–3/group). (C) Experiment 
was performed as in B. Three paraffin-fixed thymus sections per thymus, spaced 
50 μm apart in each organ, were stained with K5 and K8 antibody and analyzed 
by confocal microscopy to quantitatively analyze total, medullary, and cortical 
areas. Averaged percent cortical area (mean ± SEM) was then determined as a 
fraction of total area. Symbols indicate individual animals. BM-only group, n = 5; 
WT and gld/Trail–/– groups; n = 8–9; combined data from 2 identical experiments. 
*P < 0.05 versus BM only.
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with recipients of hamster IgG control. We also analyzed the BM 
of recipients and found comparable total numbers of BM cells and 
early donor precursors (CD45.1+lineage–Sca-1+c-Kit+ [LSK] cells) in 
recipients of DR5-1 versus hamster IgG (Figure 4, C and D), sug-
gesting that DR5-1 treatment did not directly influence the BM 
compartment. In addition, we found that recipients of DR5-1 had 
significantly decreased numbers of BM-derived T cells (Figure 4E), 
suggesting that DR5-1 antibody treatment impairs thymic output.

Next, to address the temporal sensitivity and effects of condi-
tioning-regimen associated inflammation (e.g., cytokines) on the 
TRAIL-mediated thymic damage, we administered DR5-1 antibody 
or hamster IgG control (200 μg i.p.) on days 10, 12, 14, and 16 after 
transplant. On day 28, we again observed a decrease in total thymo-
cyte numbers (Figure 4F) and donor CD45.1+CD4+CD8+ thymocyte 
numbers (Figure 4G) but no effect on total BM and donor LSK cel-
lularity (Figure 4, H and I). Donor T cells in the spleen were again 
decreased in recipients of DR5-1 antibody (Figure 4J). These data 
suggest that conditioning-associated inflammation is not required 
for TRAIL/DR5-mediated thymic damage. Finally, we noted that 
donor CD45.1+ thymocytes expressed low levels of DR5, suggesting 
that DR5-1 does not directly act on donor thymocytes (Figure 4K).

Together, these experiments indicate that the thymus is sensitive 
to TRAIL/DR5-mediated damage after allo-BMT, in the absence 
of donor alloreactive T cells, their other cytolytic pathways, or the 
inflammatory cytokines associated with donor alloactivated T cells, 
the conditioning regimen, and GVHD. Additionally, the thymus 
appears to be sensitive to TRAIL/DR5-mediated damage through-
out at least the early period of reconstitution (days 10–16).

Donor alloreactive T cells damage thymic medullary and cortical epi-
thelium as well as thymic endothelium and fibroblasts. Thymic stroma 

is a heterogenous population consisting of nonhematopoietic 
cells such as endothelium and cortical and medullary thymic epi-
thelial cells (cTECs and mTECs) as well as fibroblasts. DCs and 
macrophages constitute the hematopoietic component of thymic 
stroma. As we were interested in host thymic stroma, we focused 
on nonhematopoietic cells and asked which populations were sus-
ceptible to tGVHD and damage by donor alloreactive T cells.

Upon digesting the thymi of allo-BMT recipients of TCD-BM 
with or without WT, gld, Trail–/–, and gld/Trail–/– T cells, we were 
surprised to note that all nonhematopoietic stromal cells, includ-
ing endothelium, fibroblasts, cTECs, and mTECs, were increased 
in recipients of gld as compared with those of WT donor T cells 
(Figure 5A). Furthermore, recipients of Trail–/– T cells showed 
increased numbers of mTECs and cTECs but not fibroblasts and 
endothelium (Figure 5A). Recipients of gld/Trail–/– T cells had a 
phenotype similar to that of recipients of gld T cells. These obser-
vations suggested to us that donor alloreactive T cells use TRAIL 
to cause damage to mTECs and cTECs, whereas FasL is required 
for damage to all stromal cell subsets.

Donor alloreactive T cells and tGVHD cause cortical thinning in the thy-
mus via the FasL and TRAIL pathways. We further studied damage 
to the thymic stroma and thymic microarchitecture by staining 
sections from recipients of TCD-BM with or without WT T or 
gld/Trail–/– donor T cells. Analysis with the thymic cortical marker 
cytokeratin 8 (K8) and thymic medullary marker keratin 5 (K5) 
revealed that WT donor alloreactive T caused tGVHD and cortical 
thinning, whereas gld/Trail–/– donor alloreactive T cell did not (Fig-
ure 5B). In addition, a systemic quantitative analysis of cortical and 
medullary areas in recipients of T cell–depleted and T cell–replete 
allo-BMT revealed that recipients of WT T cells had a statistically 
significant loss of cortical area (P < 0.05) as compared with recipi-
ents of TCD-BM alone, whereas recipients of gld/Trail–/– T cells had 
similar thymic cortical area as recipients of TCD-BM only (Figure 
5C). These observations further suggest that FasL and TRAIL are 
important for cortical thinning, a hallmark feature of tGVHD.

Thymic stromal cells upregulate Fas and DR5 and downregulate cas-
pase-8–like inhibitory protein upon exposure to radiation. Radiation 
both directly induces cellular apoptosis and sensitizes cells to 
other apoptotic stimuli. As radiation is an important part of many 
allo-BMT–conditioning regimens, we hypothesized that irradia-
tion of the thymic stroma could be important for its sensitization 
to tGVHD and the death ligands FasL and TRAIL. We therefore 
irradiated nontransplanted BALB/c mice, and, in thymic stromal 
cells, we measured their cell-surface expression of Fas and DR5, 
which are receptors for FasL and TRAIL, respectively, as well as 
their expression of the intracellular protein caspase-8–like inhibi-

Figure 6
Thymic stromal cells upregulate the death receptors Fas and DR5 and 
downregulate the antiapoptotic protein cFLIP, upon exposure to radia-
tion. Nontransplanted BALB/c mice were lethally irradiated (XRT) (8.5 
Gy), and CD45– thymic stromal cell subsets were analyzed for Fas and 
DR5 on days 1 and 3 (A) and intracellular cFLIP expression on days 
0, 1, 3, and 6 (B) by flow cytometry. On day 0, mice were analyzed 
4–6 hours after exposure (mean ± SEM). Nonirradiated BALB/c mice 
served as controls. *P < 0.05, **P < 0.001 versus control; combined 
data from 2–3 identical experiments. Gating for percentage of expres-
sion was based on isotype controls, with limits set at 2%. n = 5–13/
group for DR5 and Fas expression; n = 15–17/group for cFLIP expres-
sion; combined results from 2 to 3 identical experiments.
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tory protein (cFLIP), a negative regulator of Fas-mediated and 
DR5-mediated apoptosis.

These experiments revealed that cTECs and mTECs significantly 
upregulate DR5 by day 3 after irradiation and that thymic fibro-
blasts and cTECs upregulate Fas by day 3 after irradiation (Figure 
6A). Furthermore, there is a transient decrease in cFLIP levels on 
day 1 after irradiation in mTECs and a similar trend in cTECs, 
fibroblasts, and endothelium (Figure 6B). This suggests that radia-
tion injury indeed sensitizes thymic stromal cells to apoptosis via 
the FasL and TRAIL pathways.

Both canonical T cell thymus-trafficking molecules and T cell gut-traffick-
ing molecules are implicated in tGVHD. A number of T cell–trafficking 
molecules have been implicated in GVHD. We assessed a subset 
of these molecules, including CCR9, L selectin, αE and β7 integ-
rin subunits, P selectin glycoprotein ligand-1 (PSGL-1), CCR2, 
and CXCR3,  to evaluate  their  roles  in mediating tGVHD. We 
performed experiments with B6.WT versus B6.KO (deficient for 
trafficking molecule) donor T cells, by transplanting B6.CD45.1+ 
TCD-BM into lethally irradiated BALB/c recipients (8.5 Gy) and 

assessing donor BM-derived CD45.1+CD4+CD8+ thymocyte num-
bers on day 28 after transplant (Figure 7A).

Recipients of donor alloreactive T cells deficient for molecules 
with documented functions in trafficking to the thymus (CCR9,  
L  selectin,  and  PSGL-1;  refs.  30–34)  accordingly  exhibited 
increased numbers of BM-derived CD45.1+CD4+CD8+ thymocytes 
as compared with recipients of WT T cells, indicating a partial res-
cue of tGVHD (Figure 7A). However, to our surprise, alloreactive  
T cells deficient for trafficking molecules traditionally ascribed to 
gut trafficking (αE and β7 integrin subunits, CCR2, CXCR3; refs.  
35–38) also mediated attenuated tGVHD (Figure 7A). We note 
however, that no deficiency in any single trafficking molecule test-
ed was sufficient to completely abrogate the ability of donor allo-
reactive T cells to mediate tGVHD. This suggests both redundancy 
in the trafficking of donor alloreactive T cells to the thymus, and 
that many of the molecules we tested are partially but not com-
pletely required for thymic homing (Figure 7A).

WT CD4 T cells out-compete Itgb7–/– and Psgl1–/– CD4 T cells in early 
trafficking to spleen and thymus. To distinguish whether the decrease 

Figure 7
Alloreactive T cells require various homing molecules and costimulatory/inhibitory molecules to mediate tGVHD. (A) Allo-BMT and analysis was 
done as in Figure 3A. Dots represent individual animals. *P < 0.05, **P < 0.001 versus WT. BM only, n = 15; WT T cells, n = 17; Ccr9–/–, n = 15; 
Sell–/–, n = 7; Itgae–/–, n = 6; Itgb7–/–, n = 21; Psgl1–/–, n = 16; Ccr2–/–, n = 8; Cxcr3–/–, n = 6. Combined from 1 to 3 experiments. (B) For the β7 
subunit, CFSE+CD45.1+CD4+ T cells were mixed 1:1 with CFSE+CD45.2+CD4+ WT or CFSE+CD45.2+CD4+ Itgb7–/– B6 T cells, and 5 × 106 mixed 
cells were transferred into irradiated BALB/c. Infiltrating donor T cells on day 7 are shown. n = 5/group. For PSGL-1, CD45.1+CFSE B6 T were 
mixed 1:1 with CFSE+CD45.2+ WT T or CFSE+CD45.2 Psgl1–/– B6 T cells and adoptively transferred. Recovered CD4+ T cells are shown. n = 10/ 
group (mean ± SEM). *P < 0.05, **P < 0.001 for percentage of CD45.1– B6.KO versus B6.WT T cells. (C) Allo-BMT and analysis was done as 
in Figure 3A. Squares represent individual animals. *P < 0.05, **P < 0.001 versus WT. BM only, n = 8; WT T cells, n = 13; Icos–/–, n = 5; Ox40–/–, 
n = 7; Gitr–/–, n = 7; Ceacam1–/–, n = 6; Ceacam1-Tg, n = 6; combined from 1 to 2 experiments. (D) Numbers of BM-derived CD45.1+CD4+CD8+ 
(DP) thymocytes (mean ± SEM) in recipients of 5 × 106 B6 CD45.1 TCD-BM with or without 3.2 × 106 Teffs plus 0.8 × 106 Tregs. *P < 0.05 ver-
sus WT Tregs plus WT Teffs; recipients of TCD-BM only and recipients of Ox40–/– Tregs plus WT B6 Teffs, n = 5; all other groups, n = 7/group. 
Horizontal bars indicate the mean.
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in tGVHD was due to a specific, direct trafficking defect of (β7) 
Itgb7–/– donor T cells versus an indirect overall decrease in alloacti-
vation of Itgb7–/– donor T cells, we performed mixing experiments 
with Itgb7–/– and WT donor T cells. We combined purified CD4 
T cells of WT B6 (CD45.1) origin with either Itgb7–/– (CD45.2) 
CD4 T cells or WT (CD45.2) T cells in a 1:1 ratio. Upon infusing 
CFSE-labeled cell mixtures into irradiated BALB/c mice and ana-
lyzing the spleens and thymus on day 6 after adoptive transfer, we 
noted similar proliferation kinetics (data not shown) but increased 
numbers of WT CD4 T cells in both the spleen and thymus of 
recipients of WT CD45.1+/Itgb7–/–CD45.2+ mixtures (Figure 7B, 
top). Results of experiments performed with mixed CD8 T cells 
suggested that β7 integrin was not important for CD8 T cell traf-
ficking (Supplemental Figure 6A). The observation that WT CD4 
T cells out-compete Itgb7–/– T cells in both spleen and thymus sug-
gests that the β7 integrin subunit may be involved in trafficking of 
alloreactive donor T cells to the spleen and thymus. Similar experi-
ments, in which whole WT versus Psgl1–/– donor T cells were mixed, 
revealed also that WT T cells out-competed Psgl1–/– T cells in the 
spleen and thymus (Figure 7B, bottom, and Supplemental Figure 
6B), suggesting that PSGL-1 may have indirect effects in mediat-
ing tGVHD, despite its requirement for early thymic progenitors 
from the BM to seed the thymus (33).

Ox40 and carcinoembryonic antigen-associated cell adhesion molecule 1  
regulate the activation of alloreactive donor T cells during tGVHD. We 
assessed a variety of costimulatory and coinhibitory molecules impor-
tant for alloreactive T cell function during GVHD (39) to determine 
their specific relevance in tGVHD. We found that inducible costimu-
lator (ICOS) and glucocorticoid-induced TNF receptor (GITR) were 
dispensable for tGVHD (Figure 7C), whereas costimulatory molecule 
Ox40 was required for tGVHD (Figure 7C). Interestingly, both abla-
tion and overexpression of carcinoembryonic antigen-associated cell 
adhesion molecule 1 (Ceacam1), a net negative regulator of T cell 
function, were able to attenuate tGVHD (Figure 7C).

We further assessed the role of the costimulatory molecule Ox40 
for tGVHD because of its functions as an activator of both Teffs and 
Tregs. We performed experiments by mixing T effector cells (Teffs) 
and Tregs from WT and Ox40–/– FoxP3-GFP mice in a 1:4 ratio 
to assess the relative importance of Ox40 on Teff versus Treg for 
tGVHD. We observed that recipients of Ox40–/– Teffs have increased 
numbers of donor CD4+CD8+ (DP) thymocytes compared with 
recipients of WT Teffs (Figure 7D). These experiments suggest that 
while Ox40 expression on Teffs is important for donor T cells to 
mediate tGVHD, Ox40 expression on donor Tregs is dispensable.

Discussion
The organ specificity of GVHD has been attributed in part to 
conditioning-associated tissue damage, numbers and types of 
antigen-presenting cells, local levels of cytokines and chemokines, 
as well as the differential use by alloreactive T cells of trafficking, 
costimulatory/coinhibitory, and cytolytic pathways (39). However, 
the relevance of specific molecules within these pathways and the 
interactions between donor alloactivated T cells and host thymic 
stromal cells in tGVHD have not been extensively studied. Here, we 
use a library of genetically modified mice and antibody reagents to 
address these questions and show that, as with the gut, liver, and 
skin, damage to the thymus is mediated by a highly specific set of 
molecules that regulate multiple aspects of T cell function. Our 
work represents the first in-depth study to our knowledge of both 
the pathways used by alloreactive T cells to mediate tGVHD as well 

as the target cell subsets in the thymus that are involved and their 
reciprocal interactions. Additionally, we address the kinetics of 
tGVHD onset, the reversibility of tGVHD over time as a function 
of donor T cell dose, and the relative sensitivity of the thymus as 
well as its function in the context of systemic and clinical GVHD.

Our study suggests that tGVHD can be viewed as a spatially and 
temporally regulated series of steps. First, the radiation component 
of allo-BMT–conditioning regimens induces thymic stromal cells, 
particularly epithelial cells, to upregulate the death receptors Fas 
and DR5 and, at the same time, to downregulate cFLIP, a negative 
regulator of extrinsic apoptosis through both of these pathways 
(Figure 6B) (40). This sensitizes the thymus to damage from T cells 
via FasL and TRAIL as well as potentially via soluble DR5 agonists.

Second, there is a relatively rapid infiltration of donor T cells 
into the thymus, which begins by days 4 to 6 after transplant, 
peaks with a maximal number of T cells on day 14 (Figure 2, A 
and C), and declines to low but persistent numbers in the thymus 
by days 21–28. This is reminiscent of alloactivated T cell traffick-
ing into the gut (41) but slower in its kinetics. We found that both 
canonical thymic-trafficking molecules, such as PSGL-1, as well 
as molecules thought to be primarily relevant for gut trafficking, 
such as integrin subunit β7, were ultimately important for the dis-
ease course of tGVHD.

Third, there is a selective activation of donor T cells through 
regulation of costimulation and coinhibition (via molecules such 
as Ox40 and Ceacam1), followed by specific cytolysis of thymic 
stromal cells via the Fas/FasL and TRAIL/DR5 pathways, ulti-
mately leading to derangements in thymus cytoarchitecture as 
defined by thymic cortical thinning, obliteration of the cortico-
medullary junction, and decreased thymic cellularity (Figure 1, H 
and I, and Figure 5, B and C).

Earlier studies have shown that radiation causes rapid and tran-
sient neutrophilic infiltration of the thymus and early appearance 
of donor-type antigen-presenting cells  (42, 43). Conditioning 
radiation may enable early infiltration of alloreactive T cells, as 
we observed in our model system, and additionally could change 
strict requirements for the usual homing molecules. Our studies of 
trafficking molecules involved in tGVHD revealed that in addition 
to molecules, such as CCR9, L selectin, and PSGL-1, which have 
been directly implicated in thymus trafficking in other physiologi-
cal and pathophysiological settings (31–34), molecules thought to 
be primarily important for T cell gut trafficking and gastrointes-
tinal GVHD, such as CCR2, CXCR3, and the αE and β7 integrin 
subunits (36–38), were also relevant for tGVHD. It is difficult to 
address whether the involvement of gut-trafficking molecules in 
tGVHD represents a direct thymus-trafficking requirement or 
whether these molecules allowed T cells to first efficiently traffic 
to the intestines (e.g., on days 2 to 3) and subsequently undergo 
generalized alloactivation and expansion before entering the thy-
mus. Our studies of the integrin β7 subunit, which is a classic “gut-
homing” molecule, versus PSGL-1, which has been implicated in 
“thymus-homing,” suggest that both effects may be relevant. How-
ever, the end result of decreased tGVHD and increased numbers of 
donor BM-derived CD4+CD8+ thymocytes in recipients of T cells 
deficient for both thymus and gut-trafficking molecules suggests 
that both sets of molecules are either directly or indirectly involved 
in tGVHD and disease severity.

Although multiple costimulatory and coinhibitory molecules have 
been shown to be relevant for systemic and target organ GVHD, our 
studies suggest that, in contrast to their relevance in gut, liver, or 
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skin GVHD, the molecules ICOS and GITR (44, 45) were dispensable 
for tGVHD. We did observe, however, that the TNF-family costimu-
latory molecule Ox40 was relevant for Teffs but not Tregs to medi-
ate tGVHD. Similar to our studies of T cell–trafficking molecules, 
the selective requirements for specific costimulatory and coinhibi-
tory molecules in tGVHD may indicate either a direct interaction of  
T cells with target cells within the thymus or a more general role for 
these molecules in regulating T cell alloactivation.

Finally, upon studying donor alloactivated T cell cytolytic path-
ways, we were surprised to note that TNF, which is important for 
skin and gastrointestinal GVHD, is dispensable for tGVHD in our 
model systems. We also noted that perforin, which is required for 
gut GVHD, is also dispensable for tGVHD, in agreement with pre-
vious studies by Levy and colleagues (46, 47). Also in agreement 
with this group’s previous study, we found that Fas/FasL inter-
actions were important for tGVHD (46). Interestingly, TRAIL, 
which we have previously shown to be predominantly important 
for GVT activity (29), was important for donor alloreactive T cells 
to mediate tGVHD. These observations were true both at com-
paratively low doses of donor T cells as well as at higher doses 
(Figure 3, compare A and B).

Our studies with TRAIL analogs indicate that the posttransplant 
thymus is exquisitely sensitive to TRAIL/DR5-mediated damage 
(Figure 4). Surprisingly, despite the absence of donor alloreactive 
T cells, these mice exhibited a significant decrease in total as well 
as donor CD4+CD8+ (DP) thymocyte numbers, as compared with 
recipients of control hamster IgG, as well as a decrease in thymic 
export. This suggests that the presence of TRAIL analogs, which 
can agonize the DR5 receptor even in the setting of T cell–deplet-
ed allo-BMT, is sufficient to cause damage to the thymus in the 
absence of donor alloreactive T cells, their other cytolytic path-
ways, or the proinflammatory cytokines associated with the con-
ditioning regimen and GVHD onset. Taken together, this dispar-
ity in cytolytic pathways that damage gastrointestinal tissues, the 
skin, and the thymus may be one reason why “subclinical” GVHD 
can still be associated with disruption of thymopoiesis and delayed 
T cell reconstitution after transplant.

In our studies, for which we used a low dose of T cells, we have 
discriminated the T cell pathways that are required for the traffick-
ing, activating, and cytolytic functions in the thymus and the target 
stromal cells subsets that are most affected by GVHD. Here we also 
highlight how even very small numbers of donor T cells, consti-
tuting less than 1% of total donor leukocytes, may cause minimal 
mortality or clinical GVHD, yet still damage the thymus, its cyto-
architecture, and its function, both in MHC-mismatched as well as 
MHC-matched minor antigen–disparate model systems (Figure 1  
and Supplemental Figure 3). Indeed, tGVHD may be directly or 
indirectly associated with decreased proliferative capacity of periph-
eral donor T cells. Furthermore, our data are supported by a recent 
report from Tsao et al., which compared purified hematopoietic 
progenitor cells (devoid of mature T cells) with T cell–replete whole 
BM: this study showed that purified progenitor populations give 
superior lymphoid reconstitution and function, particularly of the 
lymph nodes, likely through a mechanism by which donor allo-
reactive T cells mediate subclinical GVHD in the periphery (48). 
Consequently, even small numbers of donor alloactivated T cells, 
which cause mild or minimal clinical GVHD, may still be clinically 
important and associated with impaired thymopoiesis, immune 
reconstitution, and delayed T lineage reconstitution and function 
after allo-BMT, via both central and peripheral mechanisms.

In additional studies, we explored the reversibility of tGVHD in 
experiments with a longer follow-up period (to 60 days). Interest-
ingly, our results are in agreement with a recent report on clinical 
tGVHD in young allo-BMT patients by Clave et al., which mea-
sured peripheral blood counts and T cell receptor excision circles 
as an indicator of thymic function (49). In both our murine model 
systems and this report on tGVHD in humans, the process was 
transient: in our model systems, although recipients of low doses 
of donor alloreactive T cells had marked GVHD at day 28 after 
transplant (Figure 1C), by day 60 after transplant, recipients of up 
to 105 donor T cells exhibited largely recovered total thymocytes 
counts (Supplemental Figure 4A).

The majority of our results agree with previous studies of T cell 
trafficking, regulation, and cytolysis in GVHD (30, 37, 44, 50, 51). 
In particular, previous studies by Levy and colleagues in the MHC-
matched minor antigen–disparate model B6 → C3H.SW have 
shown that FasL, but not perforin, is required for GVHD-associ-
ated thymic atrophy (46). In addition, our work agrees with that 
of Hollander and colleagues, who have found that thymic epithe-
lial cells are the primary target cells in vitro and in GVHR model 
systems (22). This is further validated by the work of Blazar, Hol-
lander, and colleagues, who have shown that keratinocyte growth 
factor (which acts on thymic epithelial cells) may be cytoprotective 
in the thymus, and suggests one therapeutic strategy for the clini-
cal prophylaxis or treatment of tGVHD (23, 24, 52).

However, our results differ from previous reports in the rel-
evance of TNF, Fas/FasL, and IFN-γ for tGVHD, which we attri-
bute to model-dependent effects (21, 22, 53–55). Our model sys-
tems depart from most previous reports: due to the sensitivity of 
the thymus to GVHD (Figure 1C and Supplemental Figure 3D), 
we selected a low dose of 0.25 × 106 donor T cells, which caused 
relatively little GVHD mortality or morbidity, but largely chose 
stringent MHC-disparate models, which included radiation-con-
taining–conditioning regimens that we show to be an important 
initiator of tGVHD, by sensitizing thymic stroma to apoptotic 
stimuli. By contrast, most previous studies have employed either 
(a) a higher dose of T cells to elicit disease; (b) different model sys-
tems, such as parent → F1 or MHC-matched minor antigen–dis-
parate strain combinations; (c) nonirradiated GVHR systems; or 
(d) in vitro techniques.

We conclude that even small numbers of donor alloreactive  
T cells, which are insufficient to cause classical “clinical GVHD,” 
are nonetheless sufficient to damage the thymus, thereby impair-
ing T lineage reconstitution and peripheral donor T cell function. 
Consequently, improved clinical T cell depletion strategies and 
strategies that block TRAIL and FasL-mediated apoptosis or their 
common downstream pathways may mitigate tGVHD and improve 
thymopoiesis and donor T cell function after an allogeneic BMT.

Methods
Mice. Mice were housed in microisolator cages in Memorial Sloan-Kettering 
Cancer Center’s specific pathogen–free facilities and received autoclaved 
sterile drinking water and standard chow. WT C57BL/6J (B6, H-2b), B6 
CD45.1, B6 Thy1.1, BALB/c (H-2d), BALB/c Thy1.1, LP (H-2b), FVB (H-2q), 
B6D2F1 (H-2b/d), E selectin (Sele–/–), FasL-deficient generalized lympho-
proliferative disease (gld), Fas receptor-deficient lpr, IFN-γ (Ifng–/–), perforin 
(Pfp–/–), and P selectin (Selp–/–) mice on the B6 background were obtained 
from The Jackson Laboratory. Ccr9–/– mice on the B6 background were a 
gift from P. Love (NIH, Bethesda, Maryland, USA). CD2-CC1-Tg (Ceacam1-
Tg) mice, Ceacam1–/– B6, and BALB/c mice were provided by N. Beauchemin  
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(McGill Cancer Center).  Ceacam1–/– mice are ablated  for all Ceacam1 
isoforms (56, 57). Icos–/– mice on the B6 background were obtained from 
R. Flavell  (Yale University, New Haven, Connecticut, USA). L selectin 
(Sell–/–) mice on the B6 background were obtained from T. Tedder (Duke 
University). B6 luciferase+/EGFP-transgenic mice were obtained from  
R. Negrin (Stanford University, Palo Alto, California, USA). memTNF mice 
were obtained from DNAX corporation. Psgl1–/– mice (58) on the B6 back-
ground were obtained from Bruce and Barbara Furie (Beth Israel Deacon-
ess Medical Center, Boston, Massachusetts, USA). RAG2-EGFP mice on the 
FVB background (H-2q) were obtained from M. Nussenzweig (Rockefeller 
University, New York, New York, USA). Tnf–/– mice on the B6 background 
were obtained from L. Old (Memorial Sloan-Kettering Cancer Center). 
Trail–/– mice on the B6 background were obtained from Immunex Corp. B6 
FoxP3-GFP mice were generated in the laboratory of A. Rudensky (Memo-
rial Sloan-Kettering Cancer Center), and B6 FoxP3-GFP/Ox40–/– mice were 
generated in the laboratory of A. Houghton (Memorial Sloan-Kettering 
Cancer Center). Trail–/–/gld double-deficient mice and Trail–/–/gld/Tnf–/– tri-
ple-deficient mice were created for this project by O.M. Smith (Memorial 
Sloan-Kettering Cancer Center) and backcrossed for 10 generations on a 
B6 background. Ceacam1-Tg mice were generated in our laboratory and 
constitutively overexpress the Ceacam1-4L isoform on all somatic NK and 
T cells under the control of the human CD2 promoter. Briefly, the CC1-4L  
cDNA, expressing 4 Ig domains and the long cytoplasmic domain, was 
inserted into the unique EcoR1 site within the VAhCD2 vector containing 
the hCD2 promoter and 2 polyadenylation sites (PolyA1,2). The linearized 
construct was microinjected into B6 oocytes (Harlan Laboratories) to pro-
duce transgenic mice that were identified by Southern blot with a 1.3-kb 
32P-labeled probe. This probe cross-reacts with the endogenous Ceacam1, 
Ceacam2, and Ceacam10 genes and also identifies the 1.7-kb EcoR1-digested 
transgene. Ceacam1-Tg mice were additionally identified by PCR amplifi-
cation of a 3 oligo CD2A2 within the hCD2 LCR region.

BMT. All transplantation protocols were reviewed and approved by the 
Memorial Sloan-Kettering Cancer Center IACUC. Transplantation proto-
cols have been previously described (59). Briefly, femurs and tibias were 
removed aseptically from euthanized donors, and BM was obtained. T cells 
were depleted by incubation with anti–Thy 1.2 antibody for 40 minutes at 
4°C, followed by incubation with Low-TOX-M rabbit complement (Ceder-
lane Laboratories) for 40 minutes at 37°C. In select experiments in which 
mice expressed the Thy 1.1 allele, we depleted T cells via anti-CD5 mag-
netic beads (Miltenyi Biotec). TCD-BM was analyzed for purity of residual 
contaminating T cells; following a single round of complement depletion, 
contaminating T cells constituted approximately 0.2% of all leukocytes, 
and following 2 rounds of complement depletion, contaminating T cells 
constituted approximately 0.1% of all leukocytes. For a TCD-BM graft of 
5 × 106 cells, this represents approximately 5,000–10,000 contaminating  
T cells. In most experiments, congenic differences between the donor BM 
(B6 CD45.1) and donor T cells (B6 Thy 1.1, B6 CD45.1, or B6 CD45.2) 
allowed the 2 syngeneic cell populations to be distinguished by  flow 
cytometry. Allo-BMT recipients received total body irradiation from a 
137Cs source as a split dose, 3 hours apart, and then received the allograft. 
Radiation doses for each recipient strain are indicated in the manuscript 
or figure legends as appropriate.

Lineage depletion of BM cells. For some experiments, BM was obtained asepti-
cally from the femurs and tibias of donors, and lineage-positive cells were 
depleted using MACS according to the manufacturer’s instructions (Miltenyi 
Biotec). Lineage-depleted BM cells typically contained less than 0.1% contami-
nating donor T cells as measured by FITC-conjugated anti-CD3ε staining.

Magnetic selection of donor splenic T cells and potential influence of donor B cells 
in tGVHD. We purified donor T cells from the spleens of B6.WT or B6.KO 
mice with positive selection, using CD5+ magnetic beads with the MACS 

system (Miltenyi Biotec). Typical purities were more than 90% by flow 
cytometry with FITC-conjugated anti-CD3ε. To exclude the influence of 
a small number of CD5+ donor B cells from our studies of tGVHD, we 
assessed the purity of the resultant purified T cell grafts, and found that 
CD5+ selection alone typically resulted in a graft, which contained approxi-
mately 2% B220+ or CD19+ B cells (Supplemental Figure 1A). Magnetic 
depletion of B220+ cells before positive CD5-selection resulted in donor 
grafts with less than 0.2% contaminating donor T cells (Supplemental 
Figure 1A). Recipients of allo-BMT that received T cell allografts with or 
without B cell depletion showed similar severity in tGVHD as measured by 
a decrease in donor BM-derived CD45.1+CD4+CD8+ thymocyte count rela-
tive to recipients of TCD-BM alone (Supplemental Figure 1B), suggesting 
that the small number of B cells in a typical allograft do not significantly 
influence the development of tGVHD.

Monitoring of GVHD. All transplanted mice were monitored daily for 
survival and weekly  for weight  loss and clinical GVHD (fur and skin 
pathology, motility, hunching, and weight loss greater than 10%), using a 
semiquantitative score as previously described (25). Mice with a summed 
score greater than 5 were considered moribund and euthanized.

Antibodies, dyes, cell staining, and flow cytometry. For analysis of thymocytes 
or splenic T cells, cells were stained with H-2Kb (clone AF6-88.5; BD Bio-
sciences), H-2Dd (clone 34-2-12; BD Biosciences), Thy 1.1 (clone OX-7; BD 
Biosciences), CD45 (clone 30-F11; BD Biosciences), CD45.1 (clone A20; BD 
Biosciences), CD3ε (clone 145-2C11; BD Biosciences), CD4 (clone RM4-5  
or GK1.5; BD Biosciences), CD8 (clone 53-6.7; BD Biosciences), CD25 
(clone PC61; BD Biosciences), CD44 (clone IM7; Invitrogen), CD62L (clone 
MEL-14; BD Biosciences), DR5 (clone MD5-1; eBioscience), TRAIL (clone 
N2B2; BD Biosciences), and FasL (clone MFL3; BD Biosciences). For analy-
sis of thymic stroma, cells were stained with UEA-1 (polyclonal; Vector Lab-
oratories), Ly51/6C3 (clone BP-1; BD Biosciences), PDGFR1 (clone APB5; 
eBioscience), CD4 (clone RM4-5; BD Biosciences), CD8 (clone 53-6.7;  
BD Biosciences), CD11b (clone M1/70; BD Biosciences), CD11c (clone 
HL3 or N418; BD Biosciences), CD31 (clone 390; BD Biosciences), CD45 
(clone 30-F11; BD Biosciences), MHC class II (clone M5/114.15.2; eBio-
science), and c-FLIP (rabbit polyclonal; Abcam) and DR5 (clone MD5-1; 
eBioscience). FACS staining was performed as previously described (60). 
Intracellular  staining  was  performed  as  previously  described  per  the  
manufactures’ directions (60).

Cells were labeled with CFSE as described previously (60). Antibody 
reagents and dyes were obtained from BD Biosciences, eBioscience Inc., 
Biolegend, Vector Laboratories, and AbCam. Samples were acquired on a 
Becton-Dickinson LSR II with DiVA version 6.1 software and analyzed in 
FlowJo version 8.7 (Treestar Inc.).

The DR5-1 hybridoma (61) was provided by H. Yagita (Juntendo Univer-
sity School of Medicine, Tokyo, Japan), and the Memorial Sloan-Kettering 
Cancer Center Monoclonal Antibody Core Facility generated endotoxin-
free DR5-1 antibody for in vivo administration. Endotoxin-free hamster 
IgG control antibody was obtained from Bio XCell.

Thymic stromal cell digest. Thymi were digested as previously described 
(62). Briefly, thymi were removed from the thoracic cavities of sacrificed 
animals, cleaned of fat and connective tissues, cut radially to release free 
thymocytes, and incubated repeatedly in baths of collagenase D (0.15% 
w/v) and DNAse I (0.01% w/v) in RPMI 1640 plus 10% FCS, with periodic 
mechanical agitation until completely digested. Fractions containing cells 
were then collected and centrifuged before analysis.

Bioluminescent imaging. Animals received 150 mg/kg d-Luciferin (Xenogen) 
via i.p. injection. Ten to fifteen minutes later, mice were anesthetized with iso-
flurane and placed in the Xenogen IVIS bioluminescence imaging system for 
analysis. Heatmap images depicting the whole body distribution of biolumi-
nescent signals were superimposed on conventional grayscale photographs.
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Histopathologic analysis, keratin staining, and microscopy. Thymi were fixed 
using 4% paraformaldehyde for 24 to 48 hours and transferred to 70% etha-
nol for storage until use. Thymi were then embedded in paraffin. Sections of 
4-μm thickness were cut using a Leica Cryotome. The sections were stained 
using H&E to observe the tissue morphology. To distinguish between the 
cortex and the medulla by immunofluorescence, paraffin sections were 
stained using K5 (catalog no. PRB-160P; Covance) and K8 (Troma-1; Devel-
opmental Studies Hybridoma Bank) (Service de Genetique Cellulaire, Insti-
tute Pasteur) antibodies and detected with a Discovery XT processor from 
Ventana Medical Systems. Sections were visualized using a Zeiss Axioplan 2 
Imagining microscope or scanned via a Mirax Scanner (Zeiss).

For objective analysis of cortical-medullary junction features, the per-
centage of cortical area, or K5/K8 staining and cortical thickness, each 
individual thymus was sectioned 3 times through various parts of the 
organ, which were 50 μm apart from each other. To assess cortical area, the 
percentage of the cortex as an index for cortical thinning was determined 
for all 3 sections via the following formula: ([total area – medulla area]/
total area) ×100. Each percentage was averaged for the individual thymus.

Mirax Viewer (Zeiss) and Metamorph software (Molecular Devices) were 
used for quantification and analysis.

Anti-CD3 and anti-CD28 stimulation. Ninety-six-well plates were coated 
with anti-CD3 antibody (clone 145-2C11, BD Biosciences; 10 μg/ml) and 
anti-CD28 antibody (clone 37.51, BD Biosciences; 10 μg/ml) for 90 min-
ute at 37°C in PBS and washed 3 times with ice-cold PBS prior to use. 
Then, 105 rbc-depleted CD5-selected splenic T cells were added to each 
well. Cells were incubated for 24 hours at 37°C under 5% CO2 and then 
pulsed with 1 μCi of 3H thymidine. Thymidine incorporation was mea-
sured at 18 hours as CPM.

Mixed leukocyte reaction. Stimulator cells were splenocytes of B6, BALB/c,  
or B10.BR origin and were depleted of CD5+ T cells by magnetic selection 
and rbc by hypotonic lysis, and then irradiated with 20 Gy from a 60Co 
source. Responder cells were magnetically selected for CD5+ T cells from 
spleens. Then, 105 stimulators and 105 responders were incubated for  
5 days at 37°C under 5% CO2 and then pulsed with 1 μCi of 3H thymidine. 
Thymidine incorporation was measured at 18 hours as CPM, and stimula-
tion indices were calculated as described in the figure legends.

Statistics. Calculations were performed in GraphPad Prism version 5.0 
(GraphPad Software) or Excel 2008 (Microsoft Corp.) Survival curves were 
analyzed with the Mantel-Cox test. All other comparisons were made with 
the Mann-Whitney U test unless specified. A P value of less than 0.05 was 
considered statistically significant.
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