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Allogeneic hematopoietic cell transplantation (allo-HCT) is a curative therapy for
hematologic malignancies, but its success is complicated by graft-versus-host disease
(GVHD). GVHD can be divided into acute and chronic types. Acute GVHD represents an
acute alloimmune inflammatory response initiated by donor T cells that recognize recipient
alloantigens. Chronic GVHD has a more complex pathophysiology involving donor-
derived T cells that recognize recipient-specific antigens, donor-specific antigens, and
antigens shared by the recipient and donor. Antibodies produced by donor B cells
contribute to the pathogenesis of chronic GVHD but not acute GVHD. Acute GVHD can
often be effectively controlled by treatment with corticosteroids or other
immunosuppressant for a period of weeks, but successful control of chronic GVHD
requires much longer treatment. Therefore, chronic GVHD remains the major cause of
long-term morbidity and mortality after allo-HCT. Murine models of allo-HCT have made
great contributions to our understanding pathogenesis of acute and chronic GVHD. In this
review, we summarize new mechanistic findings from murine models of chronic GVHD,
and we discuss the relevance of these insights to chronic GVHD pathogenesis in humans
and their potential impact on clinical prevention and treatment.

Keywords: hematopoietic cell transplantation, chronic graft-versus-host disease, mouse models, tissue resident
memory T cell, B cell
INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) offers a way to eliminate residual malignant
cells and prevent relapse by taking advantage of the graft-versus-leukemia/lymphoma (GVL) activity of
alloreactive donor T cells (1–6). However, the same alloreactive T cells also mediate graft-versus-host
disease (GVHD) (7–9). Acute GVHD is an acute alloimmune inflammatory response characterized by
infiltration of donor T cells that cause apoptosis and necroptosis of epithelial cells in GVHD target
tissues (10–12). Chronic GVHD is an autoimmune-like chronic inflammation variably characterized
with lymphopenia, IgG autoantibodies in the serum (13), moderate donor cell infiltration, and fibrosis
in certain target tissues (14). Chronic GVHD often occurs as a sequel of acute GVHD, although chronic
org September 2021 | Volume 12 | Article 7008571
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GVHD can occur in the absence of overt acute GVHD (15). In
humans, acute and chronic GVHD can both involve the skin, liver,
and gut, whereas prototypical target organs affected by chronic
GVHD include salivary and lacrimal glands, oral mucosa,
subcutaneous connective tissue and adipose tissue, lung, genital
tract, and esophagus (15–18). Clinical manifestations of chronic
GVHD typically begin between 2 and 12 months after allo-HCT
(15, 19). In one retrospective study, 75% of the patients diagnosed
with chronic GVHD had prior acute GVHD, and in 10% of the
patients, acute GVHD evolved directly into chronic GVHD (20).

Studies of GVHD pathogenesis in humans are limited by the
inaccessibility of target organ tissues other than the skin. Therefore,
preclinical animal models represent important tools for elucidating
the pathogenic processes leading to acute and chronic GVHD (21,
22). Murine models of allo-HCT have become the most important
animal models for the GVHD mechanistic pathogenic studies,
owing to the availability of genetically modified strains (21, 22),
although work with canine and nonhuman primate models has
produced important contributions (23, 24). Murine models of allo-
HCT have demonstrated the role of recipient mismatching for
major and minor histocompatibility antigens in triggering acute
GVHD. These models have also elucidated the role of T-cell subsets
and cytokines in acute GVHD pathogenesis (25–36). As one
example, observations from murine models that NKT cells
specific for nonpolymorphic CD1d suppressed acute GVHD (37)
and preservation of NKT cells by conditioning regimens consisting
of total lymphoid irradiation (TLI) and antithymocytes cell
globulin (ATG) prevented GVHD while preserving GVL activity
(38, 39) have been successfully translated into clinical application in
humans (40, 41). Similarly, observations from murine models that
removal of naïve T cells can ameliorate GVHD while preserving
GVL activity (42, 43) have also been successfully translated into
clinical application in humans (44).

Modeling chronic GVHD appeared to be more complicated, but
murine models of chronic GVHD have evolved and improved
during the past three decades. It was initially thought that murine
models of autoimmune-like chronic GVHD required specific
donor-recipient combinations that differ from those used to study
acute GVHD (21, 22, 45). In this review, we will describe how we
have used identical allogeneic donor and recipient strain
combinations to induce acute GVHD mediated by alloreactive T
cells and to induce autoimmune-like chronic GVHD. In these
models, acute and chronic GVHD can occur sequentially in
murine recipients (46), similar to what most often occurs in
humans (15). These murine models also reflect the characteristic
features of autoimmune-like chronic GVHD in humans (46). We
will also summarize new insights into chronic GVHD pathogenesis
through the murine models.
A MURINE MODEL CAN REFLECT
CHARACTERISTIC FEATURES OF
CHRONIC GVHD IN PATIENTS

We recently found that induction of acute and chronic GVHD does
not require different donor and host combination (46). With the
Frontiers in Immunology | www.frontiersin.org 2
commonly used acute GVHD model of C57BL/6 donor to MHC-
mismatched BALB/c recipient, acute GVHD recipients develop into
chronic GVHD as long as they survive for up to 60 days after allo-
HCT (46). The induction of both acute and chronic GVHD can be
achieved by adjusting donorT-cell numbers in the graft, and chronic
GVHD in the absence of acuteGVHDcanbe induced by injection of
purified donor CD8+ T cells alone with T-cell–depleted bone
marrow cells (46). Recipients with chronic GVHD induced by
whole splenic T cells or by sorted donor CD8+ T cells both have
lymphopenia, damage in the thymus, serum autoantibodies, and
damage in small intestine, liver, lung, skin, and salivary and lacrimal
glands, together with collagen deposition and fibrosis in target organ
tissues (46, 47). The recipients clearly showed lymphocytic
bronchiolitis and interstitial collagen deposition in the lung (46,
47), although bronchial obstruction (BO) observed in a murine
model conditioned with TBI plus cyclophosphamide (CY) (48) was
not observed in ourmodels. BO inmurinemodel of chronic GVHD
may require special conditioning. In addition, as summarized in
Table 1, chronic GVHD can be induced with low-dose splenic T
cells in otherMHC-mismatched orMHC-matched donor–recipient
combinations, includingMHC-mismatched C57BL/6 (H-2b) donor
to B10BR (H-2k) recipient andMHC-matched LP/J (H-2b) donor to
C57BL/6 (H-2b) recipient and DBA/2 (H-2d) or B10D2 (H-2d)
donor to BALB/c (H-2d) recipient models (46, 49–55). Chronic
GVHDwith little acuteGVHDcan also be induced by naïve CD8+T
cells from C3H.SW (H-2Db, CD45.2) donor to MHC-matched B6/
SJL (H-2Db, CD45.1) recipient (46, 56) or from C57BL/6 donor to
MHC-mismatched BALB/c recipient models (46).

Many characteristic features of acute and chronic GVHD in
humans can be reflected by any murine model, although no
single murine model captures the entire spectrum of
abnormalities observed in humans, just as no single patient
can represent the full spectrum of abnormalities that can be
caused by the disease. Establishing murine models of acute and
chronic GVHD does not require any specific donor and recipient
combination. The key is to adjust the number of donor T cells in
the graft to allow the recipients to survive acute phase, such that
inflammation in acute GVHD can evolve into the myriad
features unique to chronic GVHD.
AUTOREACTIVE PATHOGENIC CD4+ T
CELLS IN CHRONIC GVHD ARE DERIVED
FROM BOTH MATURE CD4+ T CELLS IN
THE GRAFT AND DE NOVO-GENERATED
CD4+ T CELLS IN THE THYMUS

The diversity of TCRs are randomly generated by VDJ
recombination during positive selection in the thymus, and
autoreactive T cells in healthy thymus are depleted by negative
selection in the thymic medullary mediated by medullary
epithelial cells (mTECs) and dendritic cells (DCs). The mTECs
express tissue-restricted antigens (TRA) in AIRE- or Fezf2-
dependent manner (57–59). The CD11c+ DCs in the thymic
medullary include CD11c+B220+PDCA-1+ plasmacytoid DCs
September 2021 | Volume 12 | Article 700857
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TABLE 1 | Summary of murine models of cGVHD.

cell type
ributing to
enotype

Cell type and dose Outcome Reference

CD8+ T, and 2.5 × 106 T-cell–depleted (TCD)
BM cells and 0.5–1.25 × 106

unfractionated spleen cells or 0.5
× 106 CD4+ or 0.5–5 × 106

CD8+ T cells

Systemic disease including (1) damages in
the acute and chronic GVHD overlapping
targets such as thymus, gut, liver, lung,
and skin, as well as chronic GVHD
prototypical targets salivary and lacrimal
glands; (2) increased serum autoantibodies
and tissue antibody deposition; (3)
collagen deposition and fibrosis in target
organ tissues.

Wu et al. (46) and Kong
et al. (47)

nd CD8+ T TCD-BM and 0.75 × 105 purified
splenic T cells

Fibrosis with bronchiolitis obliterans Katelyn Paz et al. (49)

nd CD8+ T Whole spleen (10 × 106) and
TCD-BM (2.5 × 106)

Skin scleroderma Deng et al. (50), Hamilton
and Parkman (51), and
DeClerck et al. (52)

and B cells 2.5–10 × 107 whole spleen cells Autoantibodies; skin scleroderma; kidney
damage

Zhang et al. (53) and Zhao
et al. (54)

nd CD8+ T Whole spleen (10 × 106) and
TCD-BM (2.5 × 106)

Skin scleroderma? Systemic disease? Deng et al. (50), Korngold
and Sprent (27), and
Eyrich et al. (55)

D8+ T TCD-BM (5 × 106) and
CD44lowCD8+ T cells (2 × 106)

Systemic disease including thymus, skin,
liver, and gastrointestinal tract damage.

Zhang et al. (56)
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Donor strain Recipient
strain

Conditioning
regiment

Genetics Main
cont
ph

C57BL/6 (H-2b) BALB/c (H-2d) 850 cGy Mismatched for MHCI,
MHCII, and miHAs

CD4+,
B cells

C57BL/6 (H-2b) B10BR (H-2k) Cyclophosphamide-
treated (120 mg/kg/
day, days −3 and
−2), irradiated (8.3
Gy by radiograph,
day −1)

Mismatched for MHCI,
MHCII, and miHAs

CD4+ a

LP/J (H-2b) C57BL/6 (H-2b) 900–1,100 cGy MHC-matched and miHA-
mismatched

CD4+ a

DBA/2 (H-2d) BALB/c (H-2d) 650 cGy MHC-matched and miHA-
mismatched

CD4+ T

B10D2 (H-2d) BALB/c (H-2d) 850 cGy MHC-matched and miHA-
mismatched

CD4+ a

C3H.SW (H-
2Db, CD45.2)

C57BL/6SJL
(B6/SJL, H-2Db,
CD45.1)

1,000 cGy MHC-matched and miHA-
mismatched

Naïve C
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(pDCs), CD8+SIRPa− thymus-resident DCs (tDCs), and
CD8−SIRPa+ migratory DCs (mDCs) (60–62). TRA from
mTECs can be picked up by thymic DCs, and TRA from
periphery tissues can be brought into the thymus by mDCs
(59). pDCs and tDCs augment thymic negative selection with
limited impact on Treg generation; in contrast, mDCs augment
both negative selection and tTreg generation in the thymus (60–
63). The mTEC- and DC-mediated negative selection deletes
most of the autoreactive thymocytes; however, the deletion is not
100%, and a small portion of the autoreactive T cells is exported
to the periphery (64). The residual autoreactive T cells in the
periphery of healthy individuals are well regulated and controlled
by peripheral tolerance mechanisms consisting of regulatory T
cells and tolerogenic DCs (65).

Residual autoreactive T cells in the graft from healthy donors
are expanded after allo-HCT due to breakdown of tolerance
mechanisms. In murine models, as depicted in Figure 1, early
after allo-HCT, donor T cells including the residual autoreactive
T cells in the graft are activated by host-type APCs and
differentiate into Th/Tc1 cells, and they infiltrate GVHD target
tissues including gut, liver, lung, skin, thymus, and bone marrow
to mediate acute GVHD. Autoreactive CD4+ T cells express
promiscuous TCRs that cross-react with both self-MHC-antigen
complex and allo-MHC-antigen complex (66). Since
autoimmune-like chronic GVHD can be induced in
thymectomized and athymic recipients (53), the autoreactive
CD4+ T cells in those recipients are most likely derived from the
residual autoreactive CD4+ T cells in the graft that expanded
during alloimmune responses (53, 54). The autoreactive CD4+ T
cells recognize both donor antigen-MHC complex and host
Frontiers in Immunology | www.frontiersin.org 4
antigen-MHC complex, such that they first act as alloreactive
T cells and are activated by host-type APCs, and then they act as
autoreactive T cells and are expanded by donor-type APCs,
particularly by the activated donor-type B cells presenting
donor- or host-type antigens (67).

The autoreactive CD4+ T cells in chronic GVHD recipients
are also derived from de novo-generated CD4+ T cells from
GVHD-damaged thymus (46). The thymus of allo-HCT
recipients can be damaged by condition regimen and GVHD.
The thymus damage by conditioning regimen alone can recover
in an IL-22-dependent manner (68). Alloreactive CD4+ T and
CD8+ T cells mediate damage of mTECs that mediate negative
selection of autoreactive T cells (34, 46, 69). Although donor-
type DCs augment negative selection of autoreactive antidonor
and antihost T cells in non-GVHD recipients with mixed or
complete chimerism (70, 71), donor-type DCs no longer
augment negative selection of the autoreactive T cells in
GVHD recipients due to loss or dysfunction of donor-type
DCs (46, 72). Therefore, damage of thymus, especially by
GVHD leads to an increased generation of autoreactive T cells.

Autoreactive CD4+ T cells in chronic GVHD recipients include
those derived from the mature T cells in the graft or those from de
novo-generation in the damaged thymus. In the recipients with
overt acute and chronic GVHD, majority of pathogenic CD4+ T
cells are from donor-type CD4+ T cells from the graft (46, 47). This
may result from rapid destruction of thymus by acute GVHD that
ends the thymic production. However, in the recipients transplanted
with sorted CD8+ T cells and that developed little acute GVHD, de
novo-generated donor-type CD4+ T cells are required for induction
of chronic GVHD (46). The autoreactive CD4+ T cells from both
FIGURE 1 | Loss of Foxp3+CD4+ Treg cells in the target tissues of chronic GVHD recipients. Lethal TBI-conditioned BALB/c recipients were given T-cell–depleted
bone marrow cells (TCD-BM, 2.5 × 106) only from C57BL/6 donors as GVHD-free control or given TCD-BM plus spleen cells (1 × 106) for induction of chronic
GVHD. Sixty days after HCT, the spleen, liver, lung, and skin tissue mononuclear cells were stained with anti-H-2Kb, TCRb, CD4, and FoxP3. The gated donor-type
H-2Kb+CD4+TCRb+ T cells are shown in CD4 versus Foxp3. The FoxP3+ Treg cells are boxed, and the percentage of the Treg cells among the CD4+ T cells is
shown beside the box. One representative is shown of four recipients in each group.
September 2021 | Volume 12 | Article 700857
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sources recognize donor antigen-MHC complex and host antigen-
MHC complex, and they interact with autoreactive B cells to
produce autoantibodies that further damaged the thymus and
causes lymphopenia in chronic GVHD recipients (46, 50, 67, 73).
Therefore, the autoreactive CD4+ T cells derived from the
preexisting autoreactive CD4+ T cells in the graft play a major
role in mediating chronic GVHD pathogenesis in recipients with
overt acute and chronic GVHD, and the de novo-generated
autoreactive CD4+ T cells from damaged thymus play a major
role in chronic GVHD pathogenesis in recipients with little prior
acute GVHD.
CHRONIC GVHD PATHOGENESIS DOES
NOT REQUIRE GERMINAL CENTERS AND
ITS ONSET IS ASSOCIATED WITH
DESTRUCTION OF LYMPHO-FOLLICLES
AND GERMINAL CENTERS

Patients with active chronic GVHD have marked reduction of
PD-1hiCXCR5+CD4+ follicular T helper cells (Tfh) among
peripheral blood mononuclear cells (PBMC), but high serum
concentrations of IgG autoantibodies and CXCL13, the ligand of
CXCR5 (13, 74), suggesting intense T helper activity for B cells.
The results were interpreted to indicate that Tfh had been
recruited into germinal centers of lymphoid follicles in
secondary lymphoid organs, consistent with previous
preclinical studies showing that chronic GVHD onset was
associated with enlarged germinal centers in some murine
models of chronic GVHD (74, 75) . However , this
interpretation conflict with observations that patients with
chronic GVHD usually have lymphopenia (76–79), and that
somatic hypermutation (SHM) in the memory B cells is low at 1
year after HCT (80, 81).

SHM takes place in the B cells during differentiation in the
GCs (82–84). With variety murine models, we have
demonstrated that chronic GVHD onset is associated with
destruction of lymphoid follicles and GCs in the spleen. In
addition, we showed that GC formation is not required for
induction of chronic GVHD, because recipients with an
absence of BCL6 in donor B cells that could not form GCs
nonetheless developed chronic GVHD (50, 73). Recipients with
overt chronic GVHD had no detectable GCs, Tfh cells, or GC B
cells, although recipients with mild chronic GVHD had
remnants of GCs, residual Tfh, and GC B cells (47, 50, 73).
EXTRAFOLLICULAR PSGL1loCD4+ T AND
B CELL INTERACTIONS AUGMENT
AUTOIMMUNE DEVELOPMENT AND
CHRONIC GVHD PATHOGENESIS

P-selectin glycoprotein ligand 1 (PSGL1, also known as CD162)
is an adhesion and coinhibitory receptor; PSGL1 are widely
expressed in almost all T cells in the blood and binds to E-
Frontiers in Immunology | www.frontiersin.org 5
selectin and P-selectin (85, 86). A subset of activated CD4+ T
cells in the spleen of SLE mice downregulate expression of
PSGL1 and become CD44hiCD62L-PSGL1loCD4+ T
(PSGL1loCD4+ T) cells (87). PSGL1loCD4+ T cells localize at
the extrafollicular sites of systemic lupus mice and express high
levels of CXCR4, ICOS, and CD40L without expression of
CXCR5 (88). We served that chronic GVHD onset is
associated with expansion of PSGL1loCD4+ T helpers in the
GVHD target tissues (47, 50). Extrafollicular PSGL1loCD4+ T
helpers for autoreactive B cells were first identified as CD4+ T
helpers in the spleen of systemic lupus mice (87). The
differentiation of the PSGL1loCD4+ T helpers in chronic
GVHD recipients depends on the IL-6R-Stat3-BCL6 pathway,
and Stat3 or BCL6 deficiency in donor CD4+ T cells prevented
expansion of the PSGL1loCD4+ T cells in GVHD target tissues
(47, 50). The PSGL1loCD4+ T cell interaction with B cells results
in autoantibody production and augmented thymus damage
early after HCT (50). Prevention of PSGL1loCD4+ T expansion
by BCL6 or Stat3 deficiency and by blockade of ICOS or PD-1
interaction with ICOSL or PD-L2 on B cells markedly reduced
serum concentrations of autoantibodies and decreased the
severity of chronic GVHD (47, 50). In addition, we observed
that chronic GVHD tissues had high levels of CXCL13 as
measured with liver tissue homogenates, and PSGL1loCD4+ T
cells expressed high levels of CXCL13 mRNA (Kong,
unpublished data). Taken together, these results suggest that
the low number of Tfh cells in the PBMC of active chronic
GVHD patients is unlikely due to redistribution of the Tfh cells
into GCs in the lymphoid follicles, and it is more likely due to the
destruction of GCs and lymphoid follicles. The high
concentrations of CXCL13 and IgG autoantibodies in the
serum of the patients may result from expansion of
extrafollicular CD4+ T and B cells in GVHD target tissues.
EXTRAFOLLICULAR PSGL1loCD4+ T
HELPER CELLS ARE TISSUE RESIDENT
MEMORY T CELLS THAT INTERACT WITH
MEMORY B CELLS IN THE GVHD TARGET
TISSUES DURING CHRONIC GVHD
PATHOGENESIS

As mentioned above, extrafollicular PSGL1loCD4+ T cells were
identified in the spleen of systemic lupus more than a decade ago
(87), but their role in human systemic lupus pathogenesis remains
unknown. We have recently found that PSGL1loCD4+ T cells were
not detectable in the peripheral blood of murine or human chronic
GVHD recipients (47). Instead, they were CD4+ tissue-resident
memory T (Trm) cells with upregulated expression of CD69,
CXCR6, P2RX7, and PD-1 and downregulated expression of Klf2,
S1PR1, and CCR7 (47), consistent with Trm cell phenotype
reported by others in infection and autoimmune colitis models
(89). These observations explain why extrafollicular PSGL1loCD4+

T cells are not detectable in the peripheral blood of mice or
patients with chronic GVHD. This may also explain why their role
September 2021 | Volume 12 | Article 700857
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in the pathogenesis of systemic lupus has not been investigated
in humans.

The PSGL1loCD4+ Trm cells interact with memory B cells in
the GVHD target tissues in murine recipients, humanized
murine recipients, and in the liver of cGVHD patients (47).
The humanized murine model was established by injection of
HLA-A2−DR4− human PBMC into MHC−/−HLA-A2+DR4+

NSG mice (47). The PSGL1loCD4+ T cells were juxtaposed to
memory B cells in the liver of murine recipients, humanized
murine recipients, and patients with chronic GVHD, as indicated
by immunofluorescent and immunohistochemistry staining of
the tissue-infiltrating cells (47). Sorted PSGL1loCD4+ T cells
from GVHD target tissues (liver and lung) of murine and
humanized murine recipients augmented in vitro differentiation
of syngeneic or autologous memory B cells but not naïve B cells
into IgG-producing plasma cells in a manner that depended on
PD-1/PD-L2 interaction and IL-21 (47).

On the other hand, the expansion of human memory B and
plasma B cells in the GVHD target tissue liver and lung of
humanized murine recipients was associated with expansion of
PSGL1loCD4+ T cells, but little B cell activation and expansion
were observed in the MHC−/− control recipients (47). We also
observed that PD-1 deficiency in donor T cells and PD-L2
deficiency in donor B cells were associated with reduction of
serum anti-dsDNA, reduction of tissue IgG deposition, reduction
of tissue fibrosis, and reduction of chronic GVHD severity (47).
Finally, sorted PD-1+/+ or PD-1−/− PSGL1loCD4+ T and
PSGL1hiCD4+ T cells from liver and lung GVHD target tissues
were adoptively transferred into GVHD-free adoptive recipients
with PD-L2+/+ or PD-L2−/− B cells. The results showed that
PSGL1lo and PSGL1hi CD4+ memory T cells preferentially
migrated back to the original GVHD target tissues in the
adoptive recipients, but only PSGL1loCD4+ T cells augmented
expansion of plasma cells in the GVHD target tissues and
increased serum concentration of total IgG and anti-dsDNA-
IgG in a manner that required PD-1 interaction with PD-L2 (47).
Taken together, these results show that PSGL1loCD4+ Trm cell
interaction with memory B cells in GVHD target tissues
contributes to perpetuation of chronic GVHD pathogenesis.
EXTRAFOLLICULAR PSGL1loCD4+ T
HELPERS ARE DERIVED FROM
PSGL1hiCD4+ T CELLS IN THE GRAFT IN
AN IL-6-STAT3-BCL6-DEPENDENT
MANNER

We observed that all peripheral blood CD4+ T cells from healthy
murine and human donors were PSGL1hi (47). After
transplantation into murine and humanized murine recipients,
a portion (5%–20%) of PSGL1hiCD4+ T cells differentiated into
PSGL1loCD4+ Trm cells in an IL-6-Stat3-dependent manner (47)
because Stat3 deficiency in the CD4+ T cells and administration
of blocking anti-IL-6R mAb markedly reduced the expansion of
PSGL1loCD4+ T cells in the GVHD target tissues of murine
recipients (47). We have also observed expansion of de novo-
Frontiers in Immunology | www.frontiersin.org 6
generated PSGL1loCD4+ T cells in chronic GVHD recipients
induced by sorted donor CD8+ T cells (Kong, unpublished data).
These results indicate that PSGL1loCD4+ T differentiation is
similar to prefollicular CD4+ T differentiation that is controlled
by IL-6-Stat3-BCL6 pathways (50, 84).
CIRCULATING ANTIBODIES AUGMENT
SCLERODERMATOUS CUTANEOUS
CHRONIC GVHD

In humans, autoantibodies such as PDGF-1 have been associated
with increased severity of cutaneous chronic GVHD (90).We found
that high serum concentrations of autoantibody were associated
increased IgG deposition and fibrosis in the skin tissues of murine
and humanized murine recipients (47). Donor-derived IgG
antibodies were required to perpetuate cutaneous chronic GVHD
(73). Unexpectedly, we found no PSGL1loCD4+ T or B cells in the
skin tissues of murine or humanizedmurine recipients with chronic
GVHD, although PSGL1loCD4+ T andmemory B cells were present
in the liver and lung (47). Studies are in progress to determine
whether B cells or PSGL1loCD4+ T cells are present in the skin of
patients with cutaneous chronic GVHD.

Taken together, the preclinical results indicate that circulating
autoantibodies contribute to pathogenesis of cutaneous chronic
GVHD. We also observed that circulating IgG antibodies
augmented DC secretion of IL-23 and expansion of Th17 cells
in the skin of chronic GVHD mice (73). MacDonald et al.
showed that in an IL-17-dependent cutaneous chronic GVHD
model, donor-type F4/80+CSF-1R+ type 2 macrophages
augmented cutaneous chronic GVHD in a G-CSF but not GM-
CSF-dependent manner, in which the macrophages mediate
fibrosis via their production of TGF-b (91). Whether
circulating IgG autoantibodies regulate the differentiation and
expansion of type 2 macrophages during cutaneous GVHD
remains to be studied.
LOSS OF FUNCTIONAL THYMIC DCS AND
PERIPHERAL PD-L1hi PLASMACYTOID
DCS MAY CONTRIBUTE TO LOSS OF
FOXP3+CD4+ TREG CELLS IN CHRONIC
GVHD TARGET TISSUES

Chronic GVHD patients had markedly low percentages of
Foxp3+CD4+ regulatory T (Treg) cells in the blood (92). Low-
dose IL-2 preferentially expanded CD4+ Treg cells by binding to
high affinity IL-2Ra (CD25) and ameliorated clinical
manifestation of chronic GVHD (93–95). Consistently, in a
chronic GVHD model with DBA/2 donors and BALB/c
recipients, loss of CD4+ Treg cells was associated with chronic
GVHD onset, and infusion of donor-type Treg cells prevented
the disease onset or ameliorated the progression of chronic
GVHD (96, 97). Importantly, we observed that percentages of
Treg cells were high among CD4+ T cells in the spleen, liver,
September 2021 | Volume 12 | Article 700857

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Song et al. Murine Models of Chronic GVHD Pathogenesis
lung, and skin of healthy donor or GVHD-free recipients, but
few Treg cells were found among CD4+ T cells in the same tissues
from mice with chronic GVHD (Figure 1).

The low number of CD4+ Treg cells may result from reduced
thymic Treg (tTreg) output, reduced differentiation of
conventional CD4+ T (Tcon) cells into peripheral Treg (pTreg)
cells, and reduced Treg expansion and survival in the periphery.
Thymic damage or engraftment with MHCII−/− donor DCs
resulted in reduced generation of tTreg cells in GVHD
recipients (98, 99), while engraftment of donor-type DCs
increased donor- and host-type thymic tTreg generation in
GVHD-free MHC-mismatched or haploidentical mixed
chimeras (71, 100, 101). Plasmacytoid DCs that express high
levels of PD-L1 (PD-L1hi pDCs) augment Tcon differentiation
into pTreg cells in a PD-L1/PD-1 interaction-dependent manner
(102–104). DC PD-L1 interaction with CD80 on Treg cells also
augments Treg survival and expansion (96). GVHD in bone
marrow reduced the production of PD-L1+ pDCs, leading to
reduced generation and expansion of Treg cells (105). Therefore,
loss of functional DCs in the thymus and loss of bone marrow
Frontiers in Immunology | www.frontiersin.org 7
generation of PD-L1hi pDCs may contribute to the marked
reduction of Treg cells in the chronic GVHD recipients, and
prevention of thymus and bone marrow GVHD as well as
restoration of bone marrow production of pDCs might reverse
chronic GVHD.
CONCLUSIONS

In summary, with murine models of chronic GVHD, we have
found that extrafollicular CD4+ T and B interactions and CD4+

Trm cells in the GVHD target tissues play critical roles in chronic
GVHD pathogenesis, and these findings have been linked to
chronic GVHD pathogenesis in humans through studies with
humanized MHC−/−HLA-A2+DR4+ NSG mice and patient
GVHD target tissues (47). These studies have provided new
insights into chronic GVHD pathogenesis in humans.

As depicted in the diagram (Figure 2), we propose how donor
CD4+ T cells mediate autoimmune-like chronic GVHD
pathogenesis. Step 1, early after allo-HCT, in the lymphoid
FIGURE 2 | Pathogenesis of chronic GVHD. Early after allo-HCT, donor-type CD4+, and CD8+ T cells including autoreactive CD4+ T cells are activated by host
APCs in the lymphoid tissues. The majority of the injected alloreactive T cells differentiate into PSGL1hi Th1/Tc1 cells to cause acute GVHD. At the same time, some
of the autoreactive CD4+ T cells differentiate into PSGL1loCD4+ pre-Tfh-like cells via IL-6-Stat3-BCL6 pathway, and they interact with activated donor B cells to
augment antibody production, and some of them remain PSGL1hi. The Th1/Tc1 cells infiltrate GVHD target tissues including thymus and bone marrow. Damage of
thymic medullary epithelial cells (mTECs) leads to decreased generation of thymic Tregs (tTreg) cells and increased release of autoreactive T cells that are cross-
reactive with donor antigen-MHC complex and host antigen-MHC complex. Damage of bone marrow microenvironment results in increased production of
autoreactive B cells and reduced production of tolerogenic plasmacytoid dendritic cells (pDCs). Acute GVHD destroys lymphoid tissues. As acute GVHD subside into
chronic GVHD, alloreactive pathogenic memory T, especially CD4+ memory T cells, that can cross-react with donor APCs become autoreactive CD4+ T cells and
gather in the GVHD target tissue. The de novo-generated autoreactive CD4+ T cells from damaged thymus also infiltrate the GVHD target tissues. The autoreactive
CD4+ T cells from both sources interact with donor-type APCs and become CD69+ tissue resident memory T (Trm) cells in the tissues. The PSGL1hi autoreactive
Trm cells interact with DCs and macrophages to mediate pathogenesis via their production of cytokines such as TGF-b, IFN-g, TNF-a, IL-4, IL-17, and IL-22. The
pre-Tfh-like PSGL1loCD4+ helper T cells interact with B cells to augment memory B-cell differentiation into plasma cells that produce IgG autoantibodies. IgG
autoantibodies enter circulation and deposit in the GVHD target tissues such as skin to augment GVHD pathogenesis.
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tissues, donor CD4+ and CD8+ T cells including cross-reactive
residual autoreactive CD4+ T cells in the graft act as alloreactive
CD4+ and CD8+ T cells; they are activated by interaction with
host-type APCs. The alloreactive T cells differentiate into
PSGL1hi Th1/Tc1 cells and infiltrating GVHD target tissues.
The small portion of autoreactive CD4+ T cells differentiate into
PSGL1hiCD4+ memory T cells and PSGL1loCD4+ pre-Tfh-like
cells via IL-6-Stat3-BCL6 pathway. The alloreactive Th1/Tc1
cells migrate into and cause damage in the thymus and bone
marrow, among other GVHD target tissues such as the liver,
lung, and skin. Those alloreactive Th1/Tc1 cells also destroy
secondary lymphoid tissues as time goes on. Due to GVHD
damage of thymic medullary epithelial cells and defective
negative selection, the thymus increases production of
autoreactive CD4+ T cells that recognize both donor antigen-
MHC complex and host antigen-MHC complex, as well as
reduces production of CD4+ tTreg cells. Those cross-reactive
autoreactive CD4+ T cells are activated in the periphery and
infiltrate GVHD target tissues. The GVHD-damaged bone
marrow has low production of tolerogenic PD-L1hi pDCs,
defective negative selection of autoreactive B cells, and
markedly reduced output of B cells and myeloid cells, leading
to lymphopenia with relative expansion of autoreactive B cells in
the periphery.

Step 2, the cross-reactive autoreactive CD4+ T cells derived
from the residual autoreactive CD4+ T cells in the graft and from
de novo-generation in the damaged thymus interact with donor-
type DCs/macrophages or B cells, leading to their survival and
expansion after acute GVHD subsides. The cross-reactive
autoreactive CD4+ T cells infiltrate GVHD target tissues and
become CD69+ Trm cells. The PSGL1hi Th1, Th2, and Th17
cross-reactive autoreactive Trm cells interact with DCs and
macrophages to mediate chronic GVHD pathogenesis via their
production of cytokines such as TGF-b, IFN-g, TNF-a, IL-4, IL-
17, and IL-22. The pre-Tfh-like autoreactive PSGL1loCD4+ T
cells become extrafollicular PSGL1loCD4+ helper T cells in the
GVHD target tissues (i.e., liver and lung). They attract and
interact with autoreactive B cells in the tissues and become
Trm cells. Their interaction with B cells augments memory B-
cell differentiation into plasma cells that produce IgG
Frontiers in Immunology | www.frontiersin.org 8
autoantibodies that augment local inflammation and fibrosis or
enter circulation. The circulating IgG antibodies deposit in the
tissues such as skin to augment GVHD pathogenesis.

Finally, lack of tolerogenic pDCs and Treg cells allow the
cross-reactive autoreactive CD4+ Trm cells that recognize both
donor antigen-MHC complex and host antigen-MHC complex
to continuously interact with DCs, macrophages, and B cells to
perpetuate chronic GVHD pathogenesis. Therefore, PSGL1hi and
PSGL1lo CD4+ Trm cells, macrophage, dendritic cells, B cells,
and circulating IgG autoantibodies, all contribute to the
pathogenesis of chronic GVHD, but CD4+ Trm cells play
the essential role. Targeting autoreactive CD4+ Trm cells in the
GVHD target tissues for treatment of chronic GVHD is
under investigation.

We would like to point out that the proposedmodel of cGVHD
pathogenesis is more relevant to chronic GVHD pathogenesis in
recipients with obvious acute GVHD. However, in the clinic, some
chronic GVHD patients did not have a clear phase of acute
GVHD. The origin of the pathogenic T cells in those patients
remains unclear. Theymay derive from de novo thymus-generated
T cells because our murine model showed that sorted donor CD8+

T cells induced thymus damage and chronic GVHD in the absence
of acute GVHD (46). The roles of Tfh and extrafollicular
PSGL1loCD4+ T-cell interaction with B cells in the pathogenesis
of chronic GVHD without obvious acute GVHD remain unclear
and are under investigation.
AUTHOR CONTRIBUTIONS

QS, XK, and DZ wrote the review manuscript. PM critically
reviewed and edited the manuscript. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported by the National Institutes of Health
Grant R01 AI066008 and R01 CA228465 (to DZ).
REFERENCES

1. Bleakley M, Riddell SR. Molecules and Mechanisms of the Graft-Versus-
Leukaemia Effect. Nat Rev Cancer (2004) 4(5):371–80. doi: 10.1038/nrc1365

2. Biernacki MA, Sheth VS, Bleakley M. T Cell Optimization for Graft-Versus-
Leukemia Responses. JCI Insight (2020) 5(9):e134939. doi: 10.1172/
jci.insight.134939

3. Kassim AA, Savani BN. Hematopoietic Stem Cell Transplantation for Acute
Myeloid Leukemia: A Review. Hematol Oncol Stem Cell Ther (2017) 10
(4):245–51. doi: 10.1016/j.hemonc.2017.05.021

4. DeFilipp Z, Advani AS, Bachanova V, Cassaday RD, Deangelo DJ, Kebriaei
P, et al. Hematopoietic Cell Transplantation in the Treatment of Adult
Acute Lymphoblastic Leukemia: Updated 2019 Evidence-Based Review
From the American Society for Transplantation and Cellular Therapy.
Biol Blood Marrow Transplant (2019) 25(11):2113–23. doi: 10.1016/
j.bbmt.2019.08.014
5. Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ, et al.
Graft-Versus-Leukemia Reactions After Bone Marrow Transplantation.
Blood (1990) 75(3):555–62. doi: 10.1182/blood.V75.3.555.555

6. Weiden PL, Flournoy N, Thomas ED, Prentice R, Fefer A, Buckner CD, et al.
Antileukemic Effect of Graft-Versus-Host Disease in Human Recipients of
Allogeneic-Marrow Grafts. N Engl J Med (1979) 300(19):1068–73. doi:
10.1056/NEJM197905103001902

7. Zeiser R. Advances in Understanding the Pathogenesis of Graft-Versus-
Host Disease. Br J Haematol (2019) 187(5):563–72. doi: 10.1111/
bjh.16190

8. Betts BC, Yu XZ. Editorial: Pathogenesis and Therapy of Graft-Versus-Host
Disease. Front Immunol (2019) 10:1797. doi: 10.3389/fimmu.2019.01797

9. Naymagon S, Naymagon L, Wong SY, Mabel Ko H, Renteria A, Levine J,
et al. Acute Graft-Versus-Host Disease of the Gut: Considerations for the
Gastroenterologist. Nat Rev Gastroenterol Hepatol (2017) 14(12):711–26.
doi: 10.1038/nrgastro.2017.126
September 2021 | Volume 12 | Article 700857

https://doi.org/10.1038/nrc1365
https://doi.org/10.1172/jci.insight.134939
https://doi.org/10.1172/jci.insight.134939
https://doi.org/10.1016/j.hemonc.2017.05.021
https://doi.org/10.1016/j.bbmt.2019.08.014
https://doi.org/10.1016/j.bbmt.2019.08.014
https://doi.org/10.1182/blood.V75.3.555.555
https://doi.org/10.1056/NEJM197905103001902
https://doi.org/10.1111/bjh.16190
https://doi.org/10.1111/bjh.16190
https://doi.org/10.3389/fimmu.2019.01797
https://doi.org/10.1038/nrgastro.2017.126
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Song et al. Murine Models of Chronic GVHD Pathogenesis
10. Zeiser R, Blazar BR. Acute Graft-Versus-Host Disease - Biologic Process,
Prevention, and Therapy. N Engl J Med (2017) 377(22):2167–79. doi:
10.1056/NEJMra1609337

11. Dignan FL, Clark A, Amrolia P, Cornish J, Jackson G, Mahendra P, et al.
Diagnosis and Management of Acute Graft-Versus-Host Disease. Br J
Haematol (2012) 158(1):30–45. doi: 10.1111/j.1365-2141.2012.09129.x

12. Matsuzawa-Ishimoto Y, Hine A, Shono Y, Rudensky E, Lazrak A, Yeung F,
et al. An Intestinal Organoid-Based Platform That Recreates Susceptibility to
T-Cell-Mediated Tissue Injury. Blood (2020) 135(26):2388–401. doi:
10.1182/blood.2019004116

13. Kuzmina Z, Gounden V, Curtis L, Avila D, Taylor Rnp T, Baruffaldi J, et al.
Clinical Significance of Autoantibodies in a Large Cohort of Patients With
Chronic Graft-Versus-Host Disease Defined by NIH Criteria. Am J Hematol
(2015) 90(2):114–9. doi: 10.1002/ajh.23885

14. Cooke KR, Luznik L, Sarantopoulos S, Hakim FT, Jagasia M, Fowler DH,
et al. The Biology of Chronic Graft-Versus-Host Disease: A Task Force
Report From the National Institutes of Health Consensus Development
Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease.
Biol Blood Marrow Transplant (2017) 23(2):211–34. doi: 10.1016/
j.bbmt.2016.09.023

15. Lee SJ. Classification Systems for Chronic Graft-Versus-Host Disease. Blood
(2017) 129(1):30–7. doi: 10.1182/blood-2016-07-686642

16. Zeiser R, Blazar BR. Pathophysiology of Chronic Graft-Versus-Host Disease
and Therapeutic Targets. N Engl J Med (2017) 377(26):2565–79. doi:
10.1056/NEJMra1703472

17. Socie G, Ritz J. Current Issues in Chronic Graft-Versus-Host Disease. Blood
(2014) 124(3):374–84. doi: 10.1182/blood-2014-01-514752

18. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-Versus-Host Disease. Lancet
(2009) 373(9674):1550–61. doi: 10.1016/S0140-6736(09)60237-3

19. MacDonald KP, Hill GR, Blazar BR. Chronic Graft-Versus-Host Disease:
Biological Insights From Preclinical and Clinical Studies. Blood (2017) 129
(1):13–21. doi: 10.1182/blood-2016-06-686618

20. Inamoto Y, Flowers ME, Sandmaier BM, Aki SZ, Carpenter PA, Lee SJ, et al.
Failure-Free Survival After Initial Systemic Treatment of Chronic Graft-
Versus-Host Disease. Blood (2014) 124(8):1363–71. doi: 10.1182/blood-
2014-03-563544

21. Schroeder MA, DiPersio JF. Mouse Models of Graft-Versus-Host Disease:
Advances and Limitations. Dis Model Mech (2011) 4(3):318–33. doi:
10.1242/dmm.006668

22. Reddy P, Ferrara JLM. Mouse Models of Graft-Versus-Host Disease.
Cambridge (MA: StemBook (2008).

23. Storb R, Thomas ED. Graft-Versus-Host Disease in Dog and Man: The
Seattle Experience. Immunol Rev (1985) 88:215–38. doi: 10.1111/j.1600-
065X.1985.tb01160.x

24. Furlan SN, Watkins B, Tkachev V, Cooley S, Panoskaltsis-Mortari A, Betz K,
et al. Systems Analysis Uncovers Inflammatory Th/Tc17-Driven Modules
During Acute GVHD in Monkey and Human T Cells. Blood (2016) 128
(21):2568–79. doi: 10.1182/blood-2016-07-726547

25. Korngold R, Sprent J. Lethal Graft-Versus-Host Disease After Bone Marrow
Transplantation Across Minor Histocompatibility Barriers in Mice.
Prevention by Removing Mature T Cells From Marrow. J Exp Med (1978)
148(6):1687–98. doi: 10.1084/jem.148.6.1687

26. Korngold R, Sprent J. Features of T Cells Causing H-2-Restricted Lethal
Graft-vs.-Host Disease Across Minor Histocompatibility Barriers. J Exp Med
(1982) 155(3):872–83. doi: 10.1084/jem.155.3.872

27. Korngold R, Sprent J. Variable Capacity of L3T4+ T Cells to Cause Lethal
Graft-Versus-Host Disease Across Minor Histocompatibility Barriers in
Mice. J Exp Med (1987) 165(6):1552–64. doi: 10.1084/jem.165.6.1552

28. Zeng D, Hoffmann P, Lan F, Huie P, Higgins J, Strober S, et al. Unique Patterns
of Surface Receptors, Cytokine Secretion, and Immune Functions Distinguish T
Cells in the Bone Marrow From Those in the Periphery: Impact on Allogeneic
Bone Marrow Transplantation. Blood (2002) 99(4):1449–57. doi: 10.1182/
blood.V99.4.1449

29. Hill GR, Crawford JM, Cooke KR, Brinson YS, Pan L, Ferrara JLM, et al.
Total Body Irradiation and Acute Graft-Versus-Host Disease: The Role of
Gastrointestinal Damage and Inflammatory Cytokines. Blood (1997) 90
(8):3204–13. doi: 10.1182/blood.V90.8.3204
Frontiers in Immunology | www.frontiersin.org 9
30. Teshima T, Ordemann R, Reddy P, et al. Acute Graft-Versus-Host Disease
Does Not Require Alloantigen Expression on Host Epithelium. Nat Med
(2002) 8(6):575–81. doi: 10.1038/nm0602-575

31. Korngold R, Sprent J. Surface Markers of T Cells Causing Lethal Graft-vs-
Host Disease to Class I vs Class II H-2 Differences. J Immunol (1985) 135
(5):3004–10.

32. Nikolic B, Lee S, Bronson RT, Grusby MJ, Sykes M. Th1 and Th2 Mediate
Acute Graft-Versus-Host Disease, Each With Distinct End-Organ Targets.
J Clin Invest (2000) 105(9):1289–98. doi: 10.1172/JCI7894

33. Beilhack A, Schulz S, Baker J, Beilhack GF, Wieland CB, Herman EI, et al. In
Vivo Analyses of Early Events in Acute Graft-Versus-Host Disease Reveal
Sequential Infiltration of T-Cell Subsets. Blood (2005) 106(3):1113–22. doi:
10.1182/blood-2005-02-0509

34. Na IK, Lu SX, Yim NL, Goldberg GL, Tsai J, Rao U, et al. The Cytolytic
Molecules Fas Ligand and TRAIL are Required for Murine Thymic Graft-
Versus-Host Disease. J Clin Invest (2010) 120(1):343–56. doi: 10.1172/
JCI39395

35. Zhang Y, Louboutin JP, Zhu J, Rivera AJ, Emerson SG. Preterminal Host
Dendritic Cells in Irradiated Mice Prime CD8+ T Cell-Mediated Acute
Graft-Versus-Host Disease. J Clin Invest (2002) 109(10):1335–44. doi:
10.1172/JCI0214989

36. Wu Y, Bastian D, Schutt S, Nguyen H, Fu J, Heinrichs J, et al. Essential Role
of Interleukin-12/23p40 in the Development of Graft-Versus-Host Disease
in Mice. Biol Blood Marrow Transplant (2015) 21(7):1195–204. doi: 10.1016/
j.bbmt.2015.03.016

37. Zeng D, Lewis D, Dejbakhsh-Jones S, Lan F, Garcıá-Ojeda M, Sibley R, et al.
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