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devastating disease.

Burden and pathogenesis

of GVHD

Chronic graft-versus-host disease (GVHD)
complicates allogeneic hematopoietic cell
transplantation (allo-HCT) in a large frac-
tion of transplant recipients (1). Extensive,
chronic GVHD can induce life-long mor-
bidity and markedly impair the quality
of life of patients, even if they have been
cured of their underlying malignancy.
Chronic GVHD is typically poorly respon-
sive to treatment, and efforts to identify
new therapeutic strategies have been frus-
tratingly unsuccessful so far. Thus, chronic
GVHD remains an unmet medical need,
and fresh insights into its pathogenesis are
critically needed to rationally design effec-
tive interventions.

Acute GVHD, which typically occurs
during the first weeks and months after
transplantation, is characterized by acute
inflammation and infiltration of allore-
active donor T cells into host tissues. In
contrast, chronic GVHD presents either de
novo or following acute GVHD with clinical
features reminiscent of autoimmune dis-
orders such as scleroderma and Sjogren’s
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Chronic graft-versus-host disease (GVHD) is a major complication of
allogeneic hematopoietic cell transplantation that resembles autoimmunity,
with unclear pathogenesis and few effective therapeutic options. In this
issue of the JCI, Dertschnig et al. used mouse models to investigate the basis
of T cell autoreactivity following GVHD. Notably, GVHD caused irreversible
damage to a population of tolerogenic stromal cells that display peripheral
tissue-restricted antigens in lymph nodes, which impaired their capacity to
purge and suppress autoreactive T cells. Together with damage to central
tolerance mechanisms in the thymus, these findings outline a critical
one-two punch injury that profoundly disrupts immune tolerance in this

syndrome. Chronic GVHD often affects
the skin (rashes, fibrosis) and the oral cav-
ity (ulcers, lichenoid hyperkeratosis), but
can involve multiple other organs such
as the eyes, gastrointestinal tract, lungs,
joints, and liver. More than 50% of patients
with chronic GVHD still require immuno-
suppression five years after their initial
diagnosis, often with inadequate control
of disease manifestations in addition to
immunodeficiency and an increased risk of
opportunistic infections (2).

To date, the mechanisms underlying
the transition from acute to chronic GVHD
remain poorly understood. In mice, mul-
tiple research groups reported that acute
GVHD damages thymic epithelial cells
(TECs), which disrupts central tolerance
induced by medullary TECs (mTECs)
(3-8). In steady-state conditions, mTECs
play a critical role in the negative selection
of autoreactive T cells and in the develop-
ment of thymus-derived regulatory T cells.
Under the control of the autoimmune
regulator (AIRE), mTECs promiscuous-
ly express a diverse set of peripheral tis-
sue-restricted antigens usually confined
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to other organs, thereby eliminating or
tolerizing developing T cells that recog-
nize these antigens (9). In acute GVHD,
mTEC damage leads to the emergence of
donor-derived autoreactive T cells that
fail negative selection in the thymus (3-8).
This situation continuously generates a
new population of pathogenic T cells in
addition to the bolus of alloreactive T cells
present in the initial hematopoietic graft,
thus propagating immune injury. Howev-
er, despite experimental data in mice, to
what extent mTEC damage might impact
chronic GVHD pathogenesis in human
patients remains unknown, especially in
the large group of older transplant recip-
ients who have age-related thymic invo-
lution and yet remain most susceptible to
GVHD. In addition, immune tolerance is
maintained through multiple mechanisms
both centrally (in the thymus) and periph-
erally (in secondary lymphoid organs), and
it has remained unclear why a defect in
central tolerance during GVHD could not
be compensated by fail-safe mechanisms
of peripheral tolerance.

The role of lymph node
fibroblastic reticular cells
Fibroblastic reticular cells (FRCs) are non-
endothelial stromal cells whose precursors
play a critical role during embryogene-
sis in assembling functional secondary
lymphoid organs. In adult tissues, FRCs
are strategically dispatched throughout
lymphoid tissues to control their architec-
ture, compartmentalization, and function.
FRCs create a supportive network regulat-
ing immune cell recruitment, trafficking,
and activation in lymphoid organs, with
specialized regional immunological func-
tions (10-12). For example, T zone FRCs
produce the cytokine IL-7 and the chemo-
kine CCL19, which is essential to attract
CCR7* dendritic cells and naive T cells. B
zone FRCs and follicular dendritic cells
express CXCL13 to attract both CXCR5*
B cells and T follicular helper cells, facili-
tating T cell-B cell interactions. Additional
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Figure 1. Model of impaired tolerance in GVHD pathogenesis. Acute GVHD simultaneously damages nonhematopoietic cells enforcing central and periph-
eral tolerance in the thymus and lymph nodes. In the thymus, mTECs ectopically express a broad range of tissue-restricted antigens under the control of
the autoimmune regulator AIRE. mTECs promote the negative selection of autoreactive T cells and development of central tolerance. In the periphery,
lymph node FRCs also show promiscuous expression of tissue-restricted antigens and facilitate the suppression of mature autoreactive T cells, thereby
maintaining peripheral tolerance. Acute GVHD targets both mTECs in the thymus and FRCs in lymph nodes, thereby creating a dangerous situation in
which large numbers of autoreactive T cells are left to sustain tissue damage during chronic GVHD. TRA, tissue-restricted antigen; GVHD, graft-versus-
host disease; mTECs, medullary thymic epithelial cells; AIRE, autoimmune regulator; FRCs, fibroblastic reticular cells.

FRC subsets currently being discovered
through heterogeneous expression of sur-
face markers and single-cell transcriptom-
ics will undoubtedly emerge, refining our
understanding of their specialized molec-
ular functions (12). Importantly, functions
of FRC subsets in enhancing immune
responses coexist with their capacity to
enforce peripheral tolerance through
multiple mechanisms that remain under
investigation, but at least in part through
a tolerogenic display of selected tissue-
restricted antigens (refs. 13-18 and Figure 1).

In this issue of the JCI, Dertschnig et
al. provide a critical perspective into the
pathogenesis of chronic GVHD by focus-
ing on the role of lymph node FRCs in the
maintenance of peripheral immune tol-
erance after allo-HCT (19). Within weeks
after performing allo-HCT in several
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mouse models, and starting during the
acute phase of GVHD, the authors noted
selective, profound, and durable loss of
FRCs in the recipient lymph nodes. FRC
loss resulted from CD4" T cell-mediated
or CD8" T cell-mediated alloreactivity
in polyclonal GVHD models, as well as in
models driven by T cell receptor-transgen-
ic T cells specific for a prototypical minor
histocompatibility antigen relevant to
human transplantation. Although others
had previously described T cell-mediated
FRC damage in GVHD (20), Dertschnig
et al. explored in detail the impact of this
injury on the maintenance of peripher-
al tolerance (19). Even before profound
physical loss of FRCs was apparent, they
observed decreased abundance of multi-
ple transcripts encoding peripheral tissue-
restricted antigens normally displayed by
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FRCs, as well as decreased expression of
Deafl, encoding a transcription factor pre-
viously shown to regulate expression of
tissue-restricted antigens in lymph node
stromal cells (by analogy with the effects
of Aire in the thymus) (15, 21). Moreover,
the authors elegantly investigated the
functional impact of FRC damage. They
studied T cell immune responses using a
previously developed model in which a tis-
sue antigen expressed in gut epithelial cells
was found to be displayed in lymph node
FRCs to maintain peripheral tolerance (13,
14). Indeed, acute GVHD and FRC loss
were associated with impaired purging
and increased effector functions of T cells
autoreactive to this model antigen, leading
to gut injury (19). In additional support for
this concept, FRCs were characterized by
gene expression signatures enriched for
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transcripts also present in key target organs
of chronic GVHD. Thus, donor-derived
alloreactive T cells not only damage TECs
during acute GVHD, but also lymph node
FRCs — a one-two punch to populations of
nonhematopoietic cells in central and sec-
ondary lymphoid organs that cooperate to
maintain immune tolerance (Figure 1).
The important role of lymph node
FRCs in immune homeostasis has been
an emerging and rapidly evolving field of
study. FRC damage as observed in GVHD
was previously associated with humoral
immunodeficiency and defective respons-
esto T cell-dependent antigens (20), while
Dertschnig et al. focused mostly on the
loss of peripheral tolerance in similar cir-
cumstances (19). These observations are
by no means a contradiction, as FRCs exert
versatile functions to support and to limit
immune responses, and GVHD patients
experience both increased immune reac-
tivity with features of autoimmunity, as
well as functional immunodeficiency out
of proportion to their degree of lymphope-
nia. In acute GVHD, we previously report-
ed that FRCs expressing a Ccl19-Cre trans-
gene (22) function as a critical cellular
source of Delta-like Notch ligands to prime
the pathogenic reactivity of alloreactive T
cells within days after allo-HCT, with loss
of Notch ligands specifically in FRCs lead-
ing to profound protection from GVHD
(23). It is interesting to speculate whether
this initial proinflammatory function of
FRCs and their intimate interaction with
T cells may also tag them as prime cellu-
lar targets of alloreactivity. It also remains
to be established precisely which FRC
subsets are most susceptible to immune-
mediated damage and if these overlap with
stromal cells expressing Notch ligands.

The FRC network shows little
evidence of repairin GVHD
Strikingly, Dertschnig et al. reported lit-
tle evidence of repair in the FRC network
after initial damage during acute GVHD,
even when applying potent immunosup-
pressive regimens to deplete or inactivate
offending T cells (19). Defective repair
contrasts with previous observations
made in models of viral infection. Initial
virus-mediated FRC damage is followed by
the engagement of repair mechanisms that
borrow from the playbook of lymph node
ontogeny, with innate lymphoid cells stim-

ulating FRCs and their precursors through
lymphotoxin-p (LT-f) (22, 24). Several
mechanisms could account for insufficient
FRC regeneration during chronic GVHD.
First, low levels of persistent T cell allore-
activity could be sufficient to inhibit repair
or to induce ongoing damage to the FRC
network. Second, innate lymphoid cells
or other cellular sources of LT-B could be
inadequate after allo-HCT, either in num-
bers, function, or microanatomical loca-
tion. Third, damaged FRCs may acquire
hyporesponsiveness to LT-B and other
critical pathways needed for their recov-
ery. Finally, it is possible that acute GVHD
damages the very stromal cell subsets
with progenitor potential that are need-
ed to rebuild a functional FRC network,
although the precise identity of these pro-
genitors has not been established in adult
lymphoid organs. In any case, long-lasting
FRC damage could be a cardinal feature of
the dysregulated immune reactivity char-
acteristic of chronic GVHD. New insights
into FRC biology and regulation are criti-
cally needed to understand their functions
during acute GVHD, their demise during
chronic GVHD, and the regeneration
mechanisms that might be tapped into to
promote healing of the stromal network in
secondary lymphoid organs.

Twin cellular mechanisms of
tolerance are under attack

Taken together, these exciting results pro-
vide some answers as to why the immune
dysfunction and autoimmune manifesta-
tions of chronic GVHD may be so exten-
sive and unresponsive to treatment. Twin
cellular mechanisms that maintain central
and peripheral tolerance are under attack
during GVHD. In lymph nodes, damaged
FRCs may lead to a profound disorgani-
zation of the immune cell choreography
that sustains effective immune responses.
This results in immune deficiency, as well
as loss of the mechanisms that purge and
restrain T cells with autoreactive potential,
or that support regulatory T cells. Of note,
B cells have also been reported to display
a combination of defective function and
increased autoreactivity during chronic
GVHD (25). Thus, persistent damage to
the FRC network could underlie multiple
critical aspects of the complex immune
dysregulation that our patients struggle
with during chronic GVHD.
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