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T cells in allogeneic 
hematopoietic stem cell 
transplantation
T cells act as a double-edged sword in allo-
geneic hematopoietic stem cell transplan-
tation (HSCT), the only available curative 
option for many hematological malig-
nancies (1). Alloreactive T cells within 
the graft help eradicate malignant clones, 
but unfortunately also attack healthy tis-
sues of the recipient. The resulting graft-
versus-host disease (GVHD) is fatal in 
approximately 15% of transplant patients, 
with close to 90% mortality in patients 
who fail to respond to immunosuppression 
(1). Better treatment options are needed 
and would ideally suppress GVHD, while 
preserving graft-versus-leukemia (GVL) 
reactivity. A greater understanding of how 
alloreactive T cell responses are regulated 
is key to finding more effective treatments. 
In this issue, Chung et al. reveal that the 
Notch signaling pathway is one factor that 
controls alloreactive T cell responses (2).

Notch is a cell-surface receptor that 
responds to membrane-bound ligands of 
the jagged and delta-like (DLL) families (3) 

and is expressed on a variety of cells, includ-
ing T cells. Notch is known to regulate T cell 
functions and differentiation; however, 
this receptor is not universally required for 
all T cell responses (3). Previous work has 
shown that inhibition of Notch signaling 
after allogeneic bone marrow transplanta-
tion in mice impedes the differentiation of 
alloreactive T cells into cytokine-producing 
effector cells, consequently preventing the 
development of GVHD, while still allow-
ing GVL activity (4). Chung et al. wanted 
to better understand the generation of 
the alloreactive T cell response and there-
fore searched for the cellular origin of the 
ligands that activate Notch in alloreactive 
T cells (2). This search led them to make a 
surprising discovery.

Lymphoid tissue stromal cells
GVHD is caused by naive T cells (1), which 
have never before been activated by anti-
gen and require specific signals to be ful-
ly aroused from their somnolent state. In 
contrast, the GVL response relies on cross- 
reactive memory T cells, which have dif-
ferent activation requirements (1). Accord-

ing to immunological canon, the ability to 
awaken naive T cells belongs to the realm 
of DCs, informally crowned by immunol-
ogists with the epithet “professional anti-
gen-presenting cells (APCs)” (5). DCs pick 
up antigens in peripheral tissues to present 
to naive T cells in secondary lymphoid 
organs (SLOs). Additionally, DCs deliver a 
broad repertoire of costimulatory signals, 
which instruct naive T cells to proliferate 
and acquire the ability to produce effector 
molecules such as cytokines and/or cyto-
lytic molecules. The expression of costimu-
latory molecules is induced by recognition 
of microbes, a feature that presumably 
ensures that full-blown T cell responses are 
induced only when needed (6). Ligands for 
Notch are among the costimulatory mole-
cules expressed by DCs (3). Surprisingly, 
Chung et al. found that the Notch-activat-
ing signal that enables the T cell response in 
GVHD does not come from DCs. Instead, 
their data indicate that this signal is provid-
ed by a CCL19-producing lymphoid tissue 
stromal cell (2).

SLOs, such as lymph nodes and the 
splenic white pulp, are swarming with 
white blood cells, and at least five stromal 
cell populations are responsible for the 
organization of these structures (7). The 
best-known CCL19-producing stromal 
cells are fibroblastic reticular cells (FRCs), 
which use this chemokine (together with 
CCL21) to attract T cells and DCs into 
so-called “T cell areas” (Figure 1). FRCs 
form a 3D road system for the migration 
and interaction of T cells and DCs. FRCs 
also create conduits that allow antigens in 
the lymph to penetrate into SLOs and sup-
port T cell viability by producing IL-7 (7). 
Given the intimate interaction between 
FRCs and T cells, it is perhaps not sur-
prising that these stromal cells influence 
T cells beyond a mere supporting role. 
Indeed, FRCs can induce T cell tolerance 
to self-antigens and prevent excessive T 
cell responses by the production of nitric 
oxide (7). The current work by Chung and 
colleagues now suggests that these FRCs, 
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Allogeneic hematopoietic stem cell transplantation (HSCT) remains the 
only treatment option for several severe hematological malignancies. The 
development of graft-versus-host disease (GVHD) is a common complication 
of the procedure and results when donor T cells become activated against 
recipient-specific antigens. The factors that drive the alloreactive T cell 
response are not completely understood. In this issue of the JCI, Chung 
and colleagues present evidence that stromal cells within lymphoid tissue 
express the Notch ligands Delta-like 1/4 (DLL1 and DLL4), which in turn 
directly activate T cells. Importantly, inhibition of DLL1/DLL4-mediated 
Notch signaling in murine HSCT models dramatically reduced GVHD and 
improved graft survival.
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is whether this role for stromal cells is a 
peculiarity of allogeneic T cell transplanta-
tion. Indeed, DCs are apparently dispens-
able for GVHD development in this setting 
(9, 10), in sharp contrast to their central role 
in the generation of antimicrobial T cell 
responses. Moreover, the highest expres-
sion of DLL4 was found on the surface of 
FDCs (2), which reside in B cell areas not 
normally accessed by most T cells. There-
fore, if this high expression identifies FDCs 
as the source of the Notch-activating sig-
nal, their interaction with T cells would 
presumably require abnormal T cell traf-
ficking. This could perhaps occur after T 
cell transfer into irradiated hosts. On the 
other hand, surface levels of Notch ligands 
do not correlate well with activity (11), and 
evidence exists that Notch ligands on lym-
phoid tissue stromal cells can affect CD4+ 
T cells also in normal mice (i.e., without 
irradiation) (12). A recent study showed 
that inactivation of the receptor for lym-
photoxin β (Ltβ) in stromal cells prevented 
effective T cell–mediated responses to sev-
eral viruses in mice (13). Neither conduit 
function nor recruitment of T cells and DCs 
was perturbed, suggesting that Ltβ induces 
another property in stromal cells necessary 
for optimal T cell responses to microbi-
al pathogens. The results by Chung et al. 
suggest that this property might involve 
the expression of activating signals, such 
as DLL molecules (2). Notch promotes the 
differentiation of effector T cells but is not 
overtly required for the differentiation of 
memory or regulatory T cells (3, 14, 15). 
An exciting hypothesis based on the find-

was also expressed in other stromal cell 
types (2). These included follicular DCs 
(FDCs), which, despite their name, are not 
related to DCs, and lymphatic endothelial 
cells (LECs). All three of these stromal cell 
types also expressed DLL4. Each of these 
could therefore theoretically be responsi-
ble for the nefarious Notch signal that fuels 
the GVHD-inducing T cell response.

The finding that a stromal cell is 
responsible for delivering activating sig-
nals to T cells is provocative, even though 
the precise identity of the cell type involved 
may still be uncertain. An obvious question 

unexpectedly, also provide signals that 
actively promote T cell responses via acti-
vation of Notch (2).

A note of caution regarding this con-
clusion: the study by Chung et al. does not 
unequivocally identify FRCs as the relevant 
source of T cell–activating Notch ligands. 
The authors evaluated mice harboring 
deletions of the genes encoding DLL1 and 
DLL4, the two Notch ligands responsible 
for the GVHD-associated T cell reaction 
(8), specifically in cells expressing a Ccl19-
Cre transgene. Although FRCs are major 
producers of CCL19 (7), this transgene 

Figure 1. Stromal cells directly activate Notch 
on allogeneic T cells. FRCs within SLOs, such 
as lymph nodes, are located in the T cell 
zone, where they help form a fibrous network 
within the tissue. FRCs also produce the T cell 
chemoattractant CCL19, which is an important 
mediator of T cell trafficking. In this issue, 
Chung et al. present evidence that during HSCT, 
Ccl19-expressing stromal cells express the Notch 
ligands DLL1 and DLL4. DLL1/DLL4-mediated 
Notch signaling directly promotes the activation 
of alloreactive T cells, resulting in GVHD. Given 
their location in the T cell zone, FRCs are most 
likely the Ccl19-expressing cell responsible for 
the activation of Notch in alloreactive T cells; 
however, other stromal cells, including FDCs 
and LECs, also express Ccl19 and Notch ligands. 
Under normal conditions, FDCs and LECs are not 
likely to encounter T cells, but this possibility 
cannot be entirely ruled out.
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press the future development of chronic 
GVHD. Finally, acute GVHD is one of the 
greatest risk factors for the development 
of chronic GVHD (1). Preventing the acute 
form might therefore also protect against 
chronic disease.

How attractive is Notch, then, as a 
therapeutic target? At face value, the wide-
spread role of Notch signaling in physiolog-
ical processes seems to make this pathway 
less than ideal for therapeutic exploitation. 
Prolonged general inhibition of Notch sig-
naling does indeed yield undesirable side 
effects, including intestinal toxicity and 
vascular problems (18, 19). Nonetheless, 
promising leads to circumvent these side 
effects do exist. Notch receptors respond 
to at least five different ligands of the jag-
ged and DLL families, and separate func-
tions of Notch depend on different ligands 
(3). Antibody-mediated blockade of DLL1 
and DLL4 is sufficient to prevent GVHD, 
leaving the jagged-dependent functions 
of Notch untouched (8). Importantly, 
Chung et al. now show that the critical role 
of Notch in the development of GVHD is 
limited to the first days after T cell transfer 
(2), such that a single injection of blocking 
antibodies against DLL1 and DLL4 is suffi-
cient to avert pathology in animal models. 
Such short-term inhibition is much less 
likely than prolonged inhibition to cause 
side effects. Clinical trials exploring the 
therapeutic potency of Notch inhibition 
for the treatment of GVHD have been 
initiated (1). These findings by Chung et 
al. suggest that testing prophylactic short-
term inhibition of Notch, preferably with 
reagents that block DLL1 and DLL4, might 
be worthwhile.
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ings of Chung et al. could be that different 
microanatomical niches exist that physical-
ly separate the induction of T cell fates on 
the basis of whether the local stromal cells 
express ligands for Notch.

How does Notch do it?
Although the current work by Chung et al. 
relied on the elimination of Notch ligands 
(2), another study showed that direct inhi-
bition of Notch signaling in T cells also 
reduces GVHD, documenting a T cell–
intrinsic function (16). It is not clear exact-
ly how Notch controls the T cell response 
in GVHD, but multiple mechanisms are 
probably involved. Inhibition of Notch 
has little effect on T cell expansion, but 
does diminish the acquisition of effector 
functions (4, 8, 16). This latter finding fits 
with studies showing that Notch directly 
regulates genes that encode transcription 
factors such as T-bet, RORγt, and GATA3, 
which control effector differentiation, 
and genes that encode effector proteins 
such as IL-4, IFN-γ, IL-17, and granzyme 
B (3). Additionally, Notch indirectly pro-
motes T cell responses by diminishing 
the suppressive capacity of Tregs (17) 
and expansion of these suppressive cells, 
especially after allogeneic T cell transfer 
(4, 8, 16). Tregs are potent suppressors of 
GVHD, and adoptive cellular therapy with 
such cells is currently being examined as 
a therapeutic option (1).

Clinical applicability
What do the findings by Chung et al. (2) 
mean for patients? A critical question 
will be whether Notch has a similar role 
in human GVHD. Future studies should 
also evaluate whether inhibition of Notch 
also prevents the development of chronic 
GVHD, which is different in nature than 
acute GVHD and is the main cause of mor-
tality associated with allogeneic HSCT (1). 
There is some ground for optimism that 
targeting Notch will prove to be beneficial 
in limiting chronic GVHD. Activation of 
alloreactive T cells in the absence of Notch 
signaling resulted in a state of nonrespon-
siveness, thereby decreasing the likeli-
hood that they will develop pathogenic 
function later on. Moreover, inhibition of 
Notch resulted in expansion of the Treg 
repertoire (4, 8, 16), which may also sup-


