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ABSTRACT

Graft-versus-host disease (GVHD) is a major complication of allogeneic hematopoietic stem cell
transplant (AHSCT) associated with significant morbidity and mortality. This review focuses on the
pathophysiology, clinical features, prevention, and treatment of acute GVHD. Specifically, we ex-
plain how new discoveries in immunology have expanded our understanding of GVHD, in which
tissue damage from chemotherapy or radiation results in cytokine release, which activates T cells,
resulting in proliferation and differentiation, trafficking to target organs, and tissue destruction and
inflammation. Insights into the mechanisms of this disease relate directly to the development of
preventive strategies and therapies, such as immunosuppression, T-cell depletion, calcineurin
inhibitors, CCR5 antagonists, gut decontamination, extracorporeal photopheresis, and more. We
also discuss how GVHD affects the gut, liver, and skin, as well as diagnosis, grading, and scoring. We
end by examining future directions of treatment, including new immunomodulators and biomark-
ers. Understanding the immunobiology of GVHD and developing effective preventions and treat-
ments are critical to the continuing success of AHSCT. STEM CELLS TRANSLATIONAL MEDICINE

2013;2:25-32

INTRODUCTION

Allogeneic hematopoietic stem cell transplant
(AHSCT) is an effective treatment for many he-
matologic and genetic diseases. Patients with he-
matologic malignancies may derive particular
benefit: by replacing the patient’s bone marrow
with the donor’s, the new immune system can
attack tumor cells, known as graft-versus-tumor
(GVT). However, donor-derived cells may also
recognize recipient organs as foreign and mount
an immune attack against the patient’s own
tissues, known as graft-versus-host disease
(GVHD).

GVHD is a major cause of nonrelapse morbid-
ity and mortality, affecting up to 40%—60% of
AHSCT patients [1] and accounting for 15% of
deaths after AHSCT [2]. Acute GVHD, typically oc-
curring between the time of engraftment
through 100 days after transplant, can have dev-
astating consequences on the skin, gut, and liver.
Chronic GVHD typically occurs after 100 days, al-
though this temporal distinction is blurring with
strategies such as reduced-intensity condition-
ing, and an overlap syndrome is recognized that
shares features of both. This review focuses on
the pathophysiology, clinical features, preven-
tion, and treatment of acute GVHD following
AHSCT. Of note, GVHD has also been observed in
rare instances after autologous bone marrow

transplant [3], as well as after blood transfusion
[4]; these lie outside the scope of this review, as
does discussion of chronic GVHD.

PATHOPHYSIOLOGY

GVHD classically develops over five steps [5] (Fig.
1). First, tissue damage from the conditioning
regimen (either radiation or chemotherapy) re-
leases proinflammatory cytokines such as tumor
necrosis factor-a (TNF-«) and interleukin-1 (IL-1)
and danger signals such as adenosine-5’-triphos-
phate (ATP) and nicotine adenine dinucleotide,
as well as extracellular matrix proteins such as
biglycan that promote activation and maturation
of antigen-presenting cells (APCs) [6]. This is fur-
thered by damage to the gastrointestinal epithe-
lium, allowing translocation of lipopolysaccha-
ride, which can activate innate immunity through
Toll-like receptors, furthering the cytokine cas-
cade [7]. Polymorphisms in cytokine genes have
been shown to affect the severity of GVHD [8].
Second, donor T-cell activation is triggered
by recipient antigens presented by host APCs [9]
and sustained by donor APCs [10]. This is medi-
ated by human leukocyte antigen (HLA) proteins
encoded by the major histocompatibility com-
plex (MHC) found on chromosome 6. MHC com-
patibility is the most powerful determinant of
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Figure 1. Pathophysiology of graft-versus-host disease (GVHD). (1) Chemotherapy and radiation cause tissue damage, producing proinflam-
matory cytokines, resulting in (2) T-cell activation through APC-T-cell interaction via MHC-T-cell receptor binding and costimulatory signals,
leading to (3) expansion and differentiation into various subtypes of T cells, which (4) traffic through blood vessels to target organs, where they
(5) cause tissue destruction and recruitment of other inflammatory cells through pathways such as perforin/granzyme and cytokine release.
These inflammatory cells and cytokines can further propagate the cycle of GVHD. This process is internally regulated by Tregs as well as thymic
deletion of alloreactive T cells (inside of circle); exogenous means of treating GVHD include inhibitors of inflammation and cytokines, immune
checkpoint modulators, calcineurin inhibitors, and CCR5 inhibitors (outside of circle). Abbreviations: APC, antigen-presenting cell; CCR5,
chemokine receptor type 5; IFNvy, interferon y; MHC, major histocompatibility complex; T¢,,, central memory T cell; Tg,,, effector memory T
cell; TNFe, tumor necrosis factor «; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; Treg, regulatory T-cell.

GVHD, and there is a direct relationship between the frequency
of GVHD and mismatch at HLA-A, -B, -C, and -DRB1 (mismatch at
HLA-DQ and -DP appears less significant, although still impor-
tant) [11]. However, despite full 8 of 8 or even 12 of 12 match,
40% of recipients still develop GVHD [12], thought secondary to
minor histocompatibility antigens (MiHAs) [13]. MiHAs are also
targets for GVT [14].

In addition to the interaction between the T-cell receptor
and MHC, T-cell activation requires signaling between costimu-
latory molecules such as CD28 (present on the T cell) and B7.1 or
B7.2 (CD80 or CD86, present on the APC); other T-cell:APC co-
stimulatory signaling pairs include inducible costimulator (ICOS)
(CD278):B7H (CD275), OX40 (CD134):0X40L (CD252), CD4OL
(CD154):CD40, and 4-1BB (CD137):glucocorticoid-induced tu-
mor necrosis factor receptor (GITR) [15]. The absence of these
costimulatory signals, particularly CD28:B7.1/B7.2, can lead to
anergy; furthermore, this interaction can be blocked by coinhibi-
tory molecules such as CTLA4 (CD152), which competes with

CD28 for B7.1/B7.2. Programmed death-1 (PD-1) (CD279):pro-
grammed death ligand 1 (B7H1, CD274) are another pair of in-
hibitory molecules that can induce anergy or tolerance. Models
that block these costimulatory or coinhibitory interactions have
been shown to reduce or exacerbate GVHD, suggesting possible
therapeutic targets [15].

Third, T cells proliferate and differentiate into naive, effec-
tor, memory, regulatory, Th1/Tc1, Th2/Tc2, Th17, and other sub-
sets. Naive CD44'°CD62LM T cells appear to be essential to this
response [16]; interestingly, CD44™CD62L'" effector memory
and CD44"CD62L" central memory T cells may be able to pro-
mote GVT without GVHD [17]. The balance between Th1/Tc1 and
Th2/Tc2 subsets as well as other subsets such as Th17 and the
productions of cytokines such as IL-4, IL-5, IL-6, IL-12, IL-13, IL-17,
IL-21, IL-23, TNF-q, transforming growth factor-f3, and interfer-
on-vy (IFN-y) have been shown to impact the manifestation of
GVHD, although the various contributions of each of these ele-
ments are still under active investigation [18].
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Table 1. Acute graft-versus-host disease staging

Stage Skin Gut Liver
1 Maculopapular rash <25% of body area Diarrhea >500 ml/day Bilirubin 2—-3 mg/dI
2 Maculopapular rash 25%-50% of body area Diarrhea >1,000 ml/day Bilirubin 3—6 mg/dI
3 Generalized erythroderma Diarrhea >1,500 ml/day Biliribuin 6-15 mg/dl
4 Desquamation and bullae Diarrhea >2,000 ml/day or pain or ileus Bilirubin >15 mg/dl

Fourth, activated T cells migrate from secondary lymphoid
organs to target tissues (skin, liver, gut) through a combination of
chemokine-receptor, selectin-ligand, and integrin-ligand inter-
actions [19]. Selectins and integrins mediate rolling and tether-
ing of lymphocytes along high endothelial venules through inter-
actions with their matching ligands. For example, interactions
between L-selectin (CD62L) and «4f37 integrin expressed on T
cells and peripheral node addressin and mucosal addressin cell
adhesion molecule expressed on secondary lymphoid tissue me-
diate homing to mesenteric lymph nodes and Peyer patches and
induction of gut GVHD [20]. Lymphocyte chemotaxis receptors
such as chemokine receptor type 5 (CCR5), CCR6, and CCR7 are
also essential to T-cell trafficking between secondary lymphoid
tissues and target organs [21-23].

Fifth, once they reach target organs, T cells cause tissue de-
struction through direct cytotoxic activity as well as recruitment
of other leukocytes. Cytotoxic activity is largely mediated by the
Fas ligand:Fas and perforin-granzyme pathways [24]. Interest-
ingly, other cytolytic pathways, such as TNF-related apoptosis-
inducing ligand, may preferentially mediate GVT but not GVHD
[25]. Cytokines such as TNF-a, IFN-v, IL-2, IL-7, IL-10, and others
also appear to be essential to regulating leukocyte recruitment
and tissue destruction; these effects are dependent on strength,
timing, and other interactions, making the effects of individual
cytokines difficult to predict [5].

Although the above discussion focuses on T cells, B cells also
play a role in GVHD via antigen presentation, cytokine secretion,
and antibody production [26-28]. A retrospective analysis sug-
gested that the concentration of infused B cells may predict the
incidence of GVHD [29], and correlations have been reported
between high levels of B cell activating factor and chronic GVHD
[30]. Furthermore, a preparative regimen including rituximab for
patients with follicular lymphoma undergoing AHSCT has been
associated with an intriguingly low rate of GVHD (11%) [31], al-
though further studies are needed before recommending ritux-
imab for prophylaxis or treatment, and data from murine studies
on the role of recipient B cells in GVHD are mixed [32, 33].

Another important part of immune reconstitution is the in-
duction of tolerance and anergy [34]. These negative feedback
mechanisms are crucial to the prevention of excessive tissue de-
struction and autoimmunity. Central deletion of autoreactive T
cells occurs in the thymus, and loss of normal thymic repertoire
selection has been shown to contribute to GVHD [35]. Peripher-
ally, FoxP3+ regulatory T cells (Tregs) have been found to sup-
press GVHD [36]. Coinhibitory signals as noted above also con-
tribute to tolerance and anergy. Further investigation into these
regulatory pathways will provide insight into the pathogenesis
and treatment of GVHD.

CLINICAL FEATURES

Acute GVHD primarily affects the skin (81% of patients with
GVHD), gastrointestinal tract (54%), and liver (50%) [37]. Skin
lesions are usually the first manifestation and arise around the
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time of white cell engraftment. Affected patients typically have a
maculopapular rash that starts around the neck and shoulders
and often involves the palms, soles, and ears; however, the scalp
is usually spared [12]. Milder forms can look like sunburn, but
more severe lesions can blister and ulcerate, with bullae and
toxic epidermal necrolysis mimicking Stevens-Johnson syn-
drome in the most extreme cases (staging is shown in Table 1).
The differential also includes drug rash and viral exanthem.
Pathologic findings include dyskeratotic epidermal keratino-
cytes, lymphocytic exocytosis, perivascular lymphocytic infiltra-
tion, and apoptosis at the base of crypts [38].

Gastrointestinal (Gl) manifestations include abdominal
cramping and pain, diarrhea, hematochezia, and ileus (lower Gl),
as well as anorexia, nausea, and vomiting (upper Gl). Severity is
determined by the volume of diarrhea (Table 1), which is secre-
tory and may persist despite cessation of oral intake. Hemato-
chezia may result in significant transfusion requirements. The
differential includes Clostridium difficile colitis, cytomegalovirus
(CMV) enteritis, herpes simplex virus or candida esophagitis, gas-
tritis, ulcers, and postchemoradiation effect. Histologic features
include apoptotic bodies in the base of crypts, crypt abscesses,
and loss and flattening of surface epithelium [39].

Liver disease is due to damage to bile canaliculi, leading to
cholestasis with hyperbilirubinemia and elevated alkaline phos-
phatase; severity is based on serum bilirubin (Table 1). The dif-
ferential includes sinusoidal obstructive syndrome (also called
veno-occlusive disease), drug toxicity, and viral infection. Histo-
logic features of bile damage include bile duct atypia and degen-
eration, epithelial cell dropout, lymphocytic infiltration of small
bile ducts; endothelialitis and pericholangitis may also be ob-
served [40].

The hematopoietic system is also commonly affected with
thymic atrophy, cytopenias (particularly thrombocytopenias),
and hypogammaglobulinemia (particularly IgA). More rarely af-
fected organs include the eyes (photophobia, hemorrhagic con-
junctivitis, lagophthalmos) and kidneys (nephritis, nephrotic syn-
drome, e.g., membranous nephropathy) [41].

The diagnosis of GVHD is based primarily on clinical criteria,
although histopathological changes on biopsy may be helpful.
Plasma biomarkers, although not widely adopted, are a promis-
ing area of research: elafin (also known as peptidase inhibitor-3,
skin-derived antileukoproteinase, or trappin-2) is elevated
threefold in skin GVHD [42], and regenerating islet-derived 3-«a is
increased threefold in patients with GI GVHD [43]. The combina-
tion of these two proteins with IL-2 receptor-«, TNF receptor-1,
hepatocyte growth factor, and IL-8 form a six-protein biomarker
panel that predicted response to GVHD treatment and mortality
in a randomized clinical trial [44]. Grading of GVHD is based on
dermal, gastrointestinal, and hepatic involvement plus func-
tional impairment; the Glucksberg and International Bone Mar-
row Transplant Registry systems have both been validated [45,
46] (Tables 2 and 3). Severe GVHD can be associated with signif-
icant mortality: 5-year survival for patients with grade Il disease
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Table 2. Acute graft-versus-host disease grading: Glucksberg grade
[45]

Functional
Grade Skin® Gut® Liver® status®
| 1-2 0 0 0
I} 1-3 1 1 1
1 2-3 2-3 2-3 2
v 1-4 2-4 2-4 3

Staging is described in Table 1.
®Mild, moderate, or severe decrease in performance status.

Table 3. Acute graft-versus-host disease grading: International
Bone Marrow Transplant Registry Severity Index [46]

Grade Skin? Gut? Liver®
A 1 0 0
B 2 1-2 1-2
C 3 3 3
D 4 4 4

Staging is described in Table 1.

is only 25%, and this drops to 5% for patients with grade IV dis-
ease [47].

PREDICTIVE FACTORS

As noted above, HLA mismatch is the strongest determinant of
GVHD. Using female donors for male recipients also increases
the risk of GVHD; this is thought to be secondary to minor anti-
gen mismatch, which also underlies the increased the risk of
GVHD with unrelated donors [48]. Multiparity in donors has also
been linked with increased risk of GVHD secondary to maternal
alloimmunization [49]. However, in haploidentical transplanta-
tion, mismatches for noninherited paternal antigens increase
the risk of GVHD compared with noninherited maternal anti-
gens, suggesting that in utero exposure to noninherited mater-
nal antigens may exert more complicated long-lasting immune
effects [50]. Interestingly, use of umbilical cord blood appears
less likely to cause GVHD, and four of six mismatches can be
tolerated with this donor source [51].

In addition to donor characteristics, many other factors have
been associated with the risk of GVHD. Reduced intensity condi-
tioning causes less damage and results in less GVHD [52],
whereas total body irradiation causes more GVHD [48]. Trans-
plants that result in full donor chimerism (in which all detectable
cells are donor in origin) are associated with a higher incidence of
GVHD than mixed chimerism (in which a mixed population of
donor and recipient cells are detected) [53]. Unfortunately,
mixed chimerism is also associated with higher rates of engraft-
ment failure and relapse; attempts to convert mixed to full donor
chimerism with donor lymphocyte infusion often increase GVHD
[54, 55]. Infections may also play a role: it has been known since
1974 that the intestinal microflora affects GVHD [56], and admin-
istration of antibiotics can attenuate the risk [57]. Additionally, if
the donor and recipient are both CMV negative, the risk of GVHD
isreduced, whereasitisincreased if one or both are positive [58].
Older patients are more likely to have GVHD [48], possibly be-
cause of increased thymic involution with aging and impaired
central deletion of autoreactive T cells. Patients with worse per-
formance status are also at higher risk [58].

PREVENTION OF GVHD

Immunosuppression has been the primary pharmacologic strategy
to prevent GVHD. Methotrexate has been used since the 1950s as a
way of shutting down T cells through inhibition of dihydrofolate
reductase and production of thymidylate and purines [59]. Post-
transplant cyclophosphamide is another method of eliminating rap-
idly dividing T cells that shows promise in recent clinical trials [60].
The calcineurin inhibitors cyclosporine and tacrolimus inhibit T-cell
proliferation; combinations with methotrexate have successfully
been used since the 1970s and are the cornerstone of most prophy-
lactic regimens [61]. However, these agents have numerous side
effects, including delayed cell count and immunological recovery,
thrombotic microangiopathy [62], and posterior reversible enceph-
alopathy syndrome [63]. The inosine monophosphate dehydroge-
nase inhibitor mycophenolate mofetil and the mammalian target of
rapamycin (mTOR) inhibitor sirolimus have been proposed as alter-
nate agents [64, 65]; however, there is no clear consensus on opti-
mal drug combination, dosing, or timing.

Other drugs attempt to target cytokine/chemokine-receptor
interactions that appear integral to development of GVHD. Excit-
ing new success has been reported with maraviroc, a CCR5 an-
tagonist that blocks T-cell chemotaxis and dramatically de-
creased the incidence of gastrointestinal and liver GVHD [66]. At
the same time, despite the central role of cytokines IL-1 and
TNF-q, drugs that block these pathways (etanercept, infliximab)
failed to improve rates of acute GVHD [67, 68].

Alternative methods of reducing GVHD involve dampening
the cytokine storm that sets off the cascade. Reduced intensity
conditioning causes less tissue damage and has been shown to
reduce GVHD [69].

Additionally, gut decontamination with ciprofloxacin and
metronidazole has been shown to decrease the risk of acute
GVHD compared with ciprofloxacin alone [57]. However, at-
tempts to preserve epithelial integrity with keratinocyte growth
factor (palifermin) did not decrease the risk of GVHD, although
palifermin does reduce the risk of mucositis [70].

Given the central role of T cells in GVHD, T-cell depletion
(TCD) has been studied since the 1980s as a preventative strat-
egy. This can be done with physical techniques, such as ex vivo
counterflow centrifugal elutriation or soybean lectin agglutina-
tion and E-rosetting, or by immunological methods, such as ex
vivo or in vivo administration of anti-sera (anti-thymocyte glob-
ulin) or monoclonal antibodies; positive selection techniques can
also isolate CD34+ cells ex vivo, allowing T cells to be discarded.
Randomized trials have shown that although TCD successfully
decreases the risk of GVHD, the risks of graft failure, disease
relapse, and opportunistic infections are increased [71, 72].
However, some of these risks can be mitigated (e.g., higher
CD34+ cell dose to promote engraftment, antibiotic prophylaxis
to prevent opportunistic infections), and more recent single-arm
trials have shown 3-year disease-free survival approaching 60%
[73, 74]. Furthermore, T-cell depletion strategies such as in vivo
administration of the anti-CD52 antibody alemtuzumab can fa-
cilitate transplants from HLA-mismatched haploidentical donors
without significant GVHD [75], opening up transplant options to
patients without HLA-matched donors.

Alternative methods of suppressing T cells are promising. A
single-arm trial of soluble CTLA4 targeting the CD28:B7 costimu-
latory pathway successfully induced anergy and reported a low
rate of GVHD [76], although further studies are lacking. Another
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exciting strategy is infusion of multipotent mesenchymal stromal
cells (MSCs, also known as mesenchymal stem cells), which
maintain the ability to differentiate into a variety of supportive
cells. MSCs exert immunosuppressive effects on both lympho-
cytes and APCs. In a randomized phase |l trial, prophylactic MSC
administration resulted in only 5.3% grade II-IV acute GVHD
compared with 38.9% in the control arm [77].

TREATMENT OF GVHD

Glucocorticoids are the gold standard for treatment of grade
II-IV acute GVHD, even though the main mechanism of action
still remains unclear (possibilities include suppression of proin-
flammatory cytokines, as well as direct lymphotoxic effects) [78].
A randomized clinical trial has suggested that methylpred-
nisolone at 2 mg/kg per day is the ideal starting dose, with esca-
lating doses or the addition of alternative agents if there is no
response by 5 days [79]. Acute adverse effects include hypergly-
cemia and psychosis; chronic changes include immunosuppres-
sion and infections, myopathy, osteoporosis and avascular ne-
crosis of bone, cataracts, and fat distribution. Unfortunately,
only about half of patients respond [80], and there is no clear
second-line agent for steroid-refractory GVHD.

Many single-arm trials have shown benefit with other immu-
nomodulators, such as anti-thymocyte globulin, tacrolimus,
sirolimus, or mycophenolate mofetil, or antibody therapy
against CD3,CD7,CD52,CD147, IL-2-R, IL-1, and TNF-«; however,
none of these agents have proven efficacy in randomized clinical
trials [41]. Intravenous immunoglobulin (IVIG) is the only drug
that has been shown to reduce the rate of acute GVHD in a large
randomized clinical trial (51% in controls vs. 34% in IVIG recipi-
ents), although its cost and concern for impaired humoral recov-
ery limit its widespread use [81].

Many novel approaches are currently under investigation.
Adoptive transfer of Tregs following in vitro enrichment and ex-
pansion has shown safety and decreased rates of GVHD com-
pared with historical controls [82]. Extracorporeal photopheresis
involves ex vivo incubation of patient leukocytes with
8-methyoxypsoralen and ultraviolet A (UVA) irradiation, expo-
sure to UVA, and reinfusion, resulting in immunomodulatory ef-
fectsincluding lymphocyte apoptosis, increasing Tregs, and shift-
ing from a Thl to Th2 phenotype [83]; studies are now looking at
this strategy for prevention [84]. Denileukin diftitox, a recombi-
nant protein composed of IL-2 fused to diphtheria toxin, is an-
other novel approach that showed promise in a phase Il trial [85],
as is pentostatin, a purine analog [86]. Phototherapy using UVA
irradiation with or without psoralen appears to help cutaneous
lesions [87], and oral beclometasone may improve gastrointes-
tinal GVHD [88]. Finally, in addition to use as prophylaxis, mes-
enchymal stem cells have been used for treatment of GVHD, with

promising response rates ranging from 71% to 94% and com-
plete response rates of 55%—74% [89, 90].

Supportive care is critical for patients with acute GVHD. This
includes gut rest, hyperalimentation, and fluid and electrolyte
repletion for gastrointestinal GVHD. A single arm trial suggests
that octreotide may also help [91]. Prophylaxis against infections
and early intervention when infections are suspected are essen-
tial, and treatment of hypogammaglobulinemia with IVIG may be
helpful. Providers should closely monitor patients for side effects
of immunosuppressants, such as diabetes and osteoporosis with
steroids and renal impairment and hypertension with calcineurin
inhibitors.

FUTURE DIRECTIONS

Experimental therapies are under development to attack other
steps in the GVHD pathway. Preclinical studies suggest that IL-21
blockade may increase FoxP3+ inducible Tregs in vivo and de-
crease GVHD [92, 93]. Histone deacetylase inhibitors can also
enhance Treg function and induce tolerance [94]. ICOS blockade
can inhibit expansion of effector T cells in secondary lymphoid
organs, thereby reducing GVHD [95]. Other strategies target in-
nate immunity by blocking antigen-presenting cell-derived com-
plement [96]. Administration of CSF-1 can expand host macro-
phages and decrease GVHD [97]. Ongoing work in biomarkers is
essential to identifying GVHD early and initiating treatment be-
fore symptoms get worse.

CONCLUSION

As our ability to prevent and treat GVHD improves, it isimportant
to keep in mind the ultimate goal: curing our patients. As expe-
rience with TCD has shown, methods that lower GVHD may also
lower GVT, thereby increasing the risk of relapse of hematologic
malignancies. Further insights are needed not just to treat GVHD
but to treat GVHD while maintaining or maximizing GVT; this
separation remains the holy grail of AHSCT.
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