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Abstract

Steroid-refractory acute graft-versus-host disease (aGVHD) remains a frequent and often fatal
complication of allogeneic hematopoietic cell transplantation (HCT). Recent evidence suggests
that angiogenic factors — growth factors that contribute to blood vessel development — may be
involved in tissue healing and restitution after inflammatory insults such as aGVHD. However,
some angiogenic factors may also be involved in inflammation and worsen clinical outcomes. In
this review, we summarize the data relevant to angiogenic factors that may contribute to healing
after aGVVHD (epidermal growth factor and vascular endothelial growth factor-A) and angiogenic
factors that may promote inflammation after aGVHD (placental growth factor and follistatin). It is
currently unknown whether changes in these factors are a cause or a consequence of aGVHD.
Mechanistic studies in the coming years will clarify their roles and identify new pathways for
improving outcomes in steroid-refractory aGVHD.
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Background

Steroid-refractory acute graft-versus-host disease (aGVHD) is a life-threatening
complication of allogeneic hematopoietic cell transplantation (HCT) affecting 11% of
transplant recipients [1]. In this condition, an immunocompromised host’s organs are
attacked by immunocompetent lymphocytes from the donor graft without clinical
improvement after the accepted first-line therapy, corticosteroids. As a result of the
immunologic attack, target organs and tissues can be badly damaged, leading to
inflammatory cytokine release (e.g., tumor necrosis factor-alpha) into the circulation, which
can fuel ongoing immune activation in a vicious cycle [2].

Corresponding author: Shernan G. Holtan, MD, Assistant Professor of Medicine, Blood and Marrow Transplant Program, University
of Minnesota, 420 Delaware Street SE, MMC 480, Minneapolis, MN 55455, Phone: (612) 301-1095, Fax: (612) 625-6919,
sgholtan@umn.edu.

Financial disclosure: The authors of this manuscript have no relevant conflicts of interest to disclose.

The authors have no conflicts of interest to disclose and are familiar with the journal’s definition of potential conflicts of interest. All
authors have read the journal’s authorship agreement.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holtan and Arora

Page 2

Damage to the gastrointestinal (GlI) tract is the major cause of morbidity and mortality in
most patients with steroid-refractory aGVHD (although severe skin aGVHD presenting with
erythroderma, bulla formation, and desquamation and severe liver aGVHD presenting with
marked cholestasis can also be observed). Patients with steroid-refractory aGVHD of the Gl
tract typically have severe diarrhea (often >2 liters daily), with abdominal pain and
cramping, intermittent ileus, and at times, overt Gl bleeding. They endure prolonged hospital
stays measured in weeks to months, are often unable to eat, receive intravenous nutrition
support, develop anasarca related to hypoalbuminemia, are at risk for bacteremia due to
compromised gut barrier function, and are often debilitated by steroid myopathy and
malnutrition. Endoscopically, the intestinal tract of patients with severe GI aGVHD often
demonstrates mucosal erythema, loss of vascular markings, and ulceration [3].
Histologically, crypt loss, epithelial and endothelial cell apoptosis, and precapillary
hemorrhage are observed in these patients [4, 5]. Intensification of immunosuppression, the
standard approach to steroid-refractory aGVHD at present, results in neither complete
correction of malabsorption nor long-term survival in the majority of patients [6, 7]. In
addition, intensification of immunosuppression can have a profoundly negative effect on
infectious immunity, significantly increasing risk of life-threatening infections. New
approaches that can promote restoration of epithelial and endothelial integrity and promote
normal mucosal immune homeostasis without impairing the immune response to infections
are urgently needed. Aside from mucoadherent platelet lysates [8] and intralesional injection
of mesenchymal stromal cells into oral surfaces damaged by steroid-refractory chronic
GVHD (NCT02055625), the concept of mucosal healing as an endpoint has not been
extensively studied in allogeneic HCT recipients.

Both endothelial cell damage and neovascularization play a role in the pathophysiology of
aGVHD. In the 1970s, the concept of “lymphocyte-induced angiogenesis” was introduced,
where adoptive transfer of thymus-derived lymphocytes was observed to cause a quantifiable
increase in vascular reticulation in immunocompromised recipients [9]. Although it was
clear from historical studies that mature lymphocytes were the main effectors in the
lymphocyte-induced angiogenesis reaction, the soluble mediators involved in host vascular
proliferation were unknown. In the years that followed, several factors critical for angiogenic
responses were discovered, with the first prototypic angiogenic factor, vascular endothelial
growth factor-A (VEGF-A, initially known as vascular permeability factor), discovered in
the 1980s [10, 11]. In general, angiogenic factors are characterized by their participation in
blood vessel development, wound healing, and tissue regeneration after injury. More
recently, vascular endothelial trophic factors have also been described for modulating
immune responses [12, 13], which could have significant implications for the
pathophysiology and treatment of steroid-refractory aGVHD.

Approximately five decades after the first description of a host vascular proliferative
response accompanying aGVHD [14], Luft et al. provided critical evidence that endothelial
damage, not recalcitrant T-cell activity, characterizes refractory aGVVHD [15], where patients
with refractory aGVHD had increasing levels of serum thrombomodulin and elevated
angiopoietin-2/VEGF ratios, indicating endothelial vulnerability in refractory patients. In a
multivariate analysis of non-relapse mortality, elevated angiopoietin-2/VEGF ratio >10 was
associated with a 17.5-fold increased risk of death [15]. The phenomenon of endothelial cell
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damage and subsequent vascular response possibly arises in a manner similar to the classic
description of the pathogenesis of aGVHD itself, with endothelial damage as a result of the
conditioning regimen, followed by T-cell activation against host endothelial cells, followed
by apparent neovascularization in an effort to repair damaged tissues. Interestingly, epithelial
injury — the clinical hallmark of aGVHD - might be considered a secondary event after
initial endothelial cell damage caused by alloreactive T cells [16, 17]. The dichotomy of
endothelial cell damage and neovascularization in aGVHD remains an area of active
investigation.

Recently, studies involving patient samples from multicenter aGVHD treatment trials have
expanded the number of angiogenic factors of interest in the pathophysiology of steroid-
refractory aGVHD. Alterations in VEGF-A and 3 other circulating angiogenic factors —
epidermal growth factor (EGF), placental growth factor (PIGF), and follistatin (FS) — were
associated with important clinical outcomes, including response to therapy and survival in a
pilot study and two validation cohorts [18]. In samples collected from patients with aGVHD
compared to controls, (a) plasma levels of EGF were markedly lower in patients with
aGVHD, in particular those without a complete response (CR) to first-line therapy with
corticosteroids, and EGF levels decreased after 28 days in patients with no response (NR) to
corticosteroids; (b) plasma VEGF-A was low at the onset of aGVHD, but increased after 28
days in patients with CR to first-line corticosteroids; (c) plasma and serum PIGF and FS
were elevated at the onset of aGVHD compared to controls; and (d) elevated FS predicted
poor 6-month survival after aGVHD. These findings, as summarized in Table 1, suggest that
some angiogenic factors may attenuate, while others may exacerbate, inflammation in
aGVHD.

With neovascularization and endothelial damage both involved in the pathophysiology of
aGVHD [15, 19], interest in studying angiogenic factors for their potential healing and
inflammatory roles in aGVHD has grown. Angiogenic factors in general are classified as
such by their ability to contribute to the growth of new blood vessels, although the balance
of some angiogenic factors may also determine clinical outcomes — repair and regeneration
versus ongoing damage and inflammation — in aGVVHD. In this review, we will discuss
recent findings in the context of what is currently known regarding the role of EGF, VEGF-
A, PIGF, and FS in tissue repair and inflammation in models that are relevant to aGVHD. It
is possible that EGF and VEGF-A predominantly support tissue repair, while PIGF and FS
predominantly reflect tissue damage and unresolved inflammation in aGVVHD.

Repair and Regeneration Factors in aGVHD

EGF

Epidermal growth factor (EGF) levels are markedly lower in allogeneic HCT recipients with
aGVHD than in those without aGVHD, and higher EGF levels are associated with a
complete response to first-line therapy with corticosteroids and improved 2-year survival
[20, 21]. EGF is a well-described trophic factor for gastrointestinal and other tissues, but it
has not been extensively studied for its pathophysiologic role in aGVHD. However, low
circulating EGF levels have been identified in inflammatory bowel disease [22], an
autoimmune disorder that shares many clinical manifestations with aGVHD. The major
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luminal (exocrine) sources of EGF in the gastrointestinal tract are salivary glands and
Brunner’s glands in the duodenum. Paneth cells in the small intestine, a recently described
target of aGVHD, are also producers of EGF [23, 24], raising the possibility of an
alloimmune attack on EGF-producing cells as one mechanism underlying the observation
that EGF levels are markedly lower in patients with aGVHD. Damaged intestinal stem cells
also produce EGF which, like EGF from Paneth cells, may work in a paracrine or autocrine
manner to heal ulceration [25].

EGF has been shown to enhance gut epithelial restitution after radiation injury [26] and
protect against the development of colitis in a rat model [27]. Furthermore, EGF treatment
can improve ion transport capabilities, especially sodium reabsorption, in inflamed colonic
mucosa [28]. In addition to providing mitogenic signals for intestinal epithelial cells, EGF
also has been shown to regulate inflammation, intestinal epithelial apoptosis, and autophagy
in the setting of necrotizing enterocolitis [29]. The EGF receptor (EGFR) is activated in
intestinal macrophages in both experimental and in human ulcerative colitis, suggesting that
EGFR signaling may play a critical role in mucosal immune homeostasis [30].

Based upon the evidence suggesting a deficiency of EGFR signaling in various forms of
intestinal inflammation, supplementation of EGF has been tested in pre-clinical models and
small clinical trials. Chronic administration of intraluminal EGF enhanced colonic mucosal
growth in both a rodent model [31] and in humans [32]. However, rectal administration is
unlikely to be adequate to treat aGVHD due to widespread gastrointestinal damage.
Feasibility of systemic treatment with EGF has recently been demonstrated. In a
randomized, placebo-controlled trial of intravenous recombinant EGF in premature infants
with necrotizing enterocolitis, 6-day continuous 1V administration of EGF improved gut
mucosal thickness by 54% over baseline as early as day 4 of therapy [33]. No significant
infusional or other systemic side effects from EGF administration were noted in the trial. It
is not known whether similar responses could be elicited in aGVHD, with both preclinical
and clinical studies currently lacking. However, such an approach is attractive, as current
immunosuppression strategies do not directly address the issue of intestinal damage. Rather,
clinical improvement is expected to spontaneously occur with recovery of endogenous repair
mechanisms. Lack of responses to immunosuppressive therapy and poor survival after
steroid-refractory aGVHD suggest that EGF-mediated repair pathways do not spontaneously
activate after reduction of inflammation in most patients, although this requires further
study.

Interestingly, a potential role of intestinal microbiota may exist in the availability of EGF
receptor ligands in the gut. A probiotic, Lactobacillus rhamnosus GG, has been shown to
increase EGF receptor signaling by enhancing the activity of an EGF receptor ligand
sheddase, ADAM17 [34]. EGF may also play a role in host recovery from infections. EGF
can attenuate the severity of several experimental gastrointestinal infections, including
rotavirus [35], Clostridium difficile colitis [36], and enteropathogenic £. coli[37]. While the
ability to resist an infection is important for survival, robust mechanisms that promote the
capacity of the host to survive an infection (e.g., mucosal repair) are equally important and
less methodically studied [38].
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Other EGF receptor ligands produced in the gastrointestinal tract work in concert to
maintain mucosal immune homeostasis. One of these ligands, amphiregulin (AREG), is
produced by an immune cellular subset, innate lymphoid cells (ILCs, Figure 2), and other
immune cellular subsets in the intestine [39]. AREG differs from EGF in that it is a low
affinity ligand for EGFR, potentially creating a tonic signal that can produce not only
proliferation but also differentiation of target cells [39]. Studies are ongoing to determine the
role of AREG and other EGFR ligands as produced by ILCs and other cellular subsets in
aGVHD. ILCs are also of significant interest in the transplant community as producers of
IL-22, a tissue-protective cytokine of the IL-10 superfamily which may work to protect
intestinal stem cells from damage and improve outcomes in aGVHD [40]. Much work
remains in further defining the mechanisms by which EGF and related EGF receptor ligands
may aid in the prevention or treatment of aGVHD.

VEGF-A is the prototypic angiogenic factor, and like EGF, plays an important role in
healing of intestinal mucosa after damage [41]. VEGF-A inhibitors have been available for
clinical use since 2004 and have revolutionized treatment of many solid tumors by both
interfering with the blood supply to tumors as well as correcting the VEGF-induced immune
suppression that accompanies chronic inflammation in malignancies [42]. The
preponderance of studies available regarding the role of VEGF in immune responses
suggests that it is more regulatory and immune suppressive as opposed to immune
activating. VEGF-A at physiologic concentrations can impair thymic output [43], and
continuous infusion of VEGF-A in a steady-state serum level of 120 to 160 pg/mL leads to
inhibition of dendritic cell maturation with a concomitant expansion of B cells and immature
myeloid cells [44]. The functional impairment of dendritic cells matured in the presence of
VEGF-A can be restored by VEGF-A inhibitors, such as bevacizumab and sorafenib [45].
Recently, Voron et al. identified enhanced inhibitory checkpoint receptors on cytotoxic
CDB8+ T-lymphocytes — a mechanism by which VEGF-A exerts its immune modulatory
effects on T cells [46].

The above observations suggest that enhancing VEGF-A signaling would be helpful in
attenuating an alloimmume attack in aGVHD. Indeed, in addition to our own studies, others
have shown that higher VEGF levels appear to be protective against aGVHD [47, 48]. It is
possible that a patient’s capacity to produce VEGF-A in response to damage or injury to
peripheral tissues underlies that observation. Accordingly, patients with VEGF single
nucleotide polymorphisms associated with low VEGF production have increased risk of
aGVHD [49]. Another line of evidence suggesting a protective role of VEGF-A in aGVHD
is the observation that VEGF-A blockade worsens aGVHD in experimental transplantation
[50]. However, not all studies evaluating VEGF-A in aGVHD are completely consistent with
a protective effect [51]. One recent study of pediatric recipients found that VEGF-A at day
21 post-HCT was significantly higher in patients destined to develop skin or intestine
aGVHD compared to those who did not develop aGVHD, and when coupled with a higher
angiopoietin-2 level also associated with a significantly higher risk of relapse or death after
allogeneic HCT [52]. The range of tissues with increased expression of VEGF-A after
aGVHD are not completely known, although bone marrow megakaryocytes have been
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shown to increase VEGF-A expression after aGVHD [53]. Further mechanistic studies will

be required to clarify the role of VEGF-A in recovery from aGVHD.

Damage and Inflammation Factors in GVHD

PIGF

PIGF is a member of the VEGF family of angiogenic factors. Although PIGF is redundant as
a growth factor in homeostasis, it is required for angiogenesis in settings such as pregnancy
and wound healing [54]. Like VEGF-A, PIGF signals through VEGF receptor 1 (VEGFR1).
Due to its production by placental tissues [55], it would seem as though PIGF would play a
role in immunologic tolerance. However, PIGF appears to exert a more inflammatory role in
pathologic conditions than VEGF-A. PIGF is involved in regulation of cutaneous
inflammation and edema [56], and it causes an increase in production of TNF-alpha, I1L-1,
IL-8, MIP-1 beta, and MCP-1 from monocytes [57]. In the circulation, PIGF levels have
been shown to increase with VEGF-A blockade for treatment of solid tumors [58] as well as
in several inflammatory conditions [59].

Recently, we have shown that circulating PIGF levels in allogeneic HCT patients are
elevated by over 10-fold compared to healthy donors, with PIGF levels further elevated in
the setting of aGVHD especially after unrelated donor HCT, regardless of organ involvement
or severity [20, 60]. The source of PIGF in allogeneic HCT is not completely known. Our
preliminary studies indicate that during severe aGVHD PIGF expression is increased in the
skin, but decreased in the colon [61]. A unifying mechanism that results in lower circulating
VEGF-A and higher PIGF in aGVHD has not yet been confirmed. Soluble VEGFR1,
released from cell types such as endothelial cells (Figure 2) and mononuclear phagocytes,
can bind VEGF-A with higher affinity than PIGF [62] and thus act as a sink for VEGF-A
[63]. VEGFR2 from endothelial and epithelial cells can also circulate, providing an
additional mechanism for VEGF-A sequestration [64]. Studies are ongoing to determine
whether a VEGF-A sequestration mechanism or other possibilities explain the observations
of elevated PIGF in aGVHD.

Follistatin (FS)

FS is an angiogenic factor with clinical relevance to aGVHD. We recently found that FS is
elevated post-HCT, especially in the setting of aGVVHD, where it is independently prognostic
for 6-month survival [20, 60]. FS was first described as an inhibitor of follicle stimulating
hormone in ovarian follicular fluid [65]. Aside from its hormone regulatory and pro-
angiogenic role, FS is also a specific binding protein of activin-A, a protein with
inflammatory and pro-fibrotic properties [66, 67]. Studies are ongoing to determine whether
FS increases are related to or independent of activin-A. It is possible that elevations in FS
are reflective of endothelial damage [68, 69], a known manifestation of steroid refractory
aGVHD [15]. It is not known why FS levels were associated with poor survival after
treatment of aGVHD. In the Blood and Marrow Transplant Clinical Trials Network 0302
and 0802 trials, elevated FS was an independent predictor of poor survival and was not
related to day 28 response after initial aGVHD therapy [18]. We recently identified that
circulating FS is significantly higher in healthy pregnant women carrying a male fetus as
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opposed to a female fetus [70]. This sex-based disparity raises the possibility of chronic
GVHD contributing to poor outcomes. This possibility will be tested in future studies.

Proposed Model of Circulating Angiogenic Factor Alterations in aGVHD

We propose a model to explain our findings of altered levels of angiogenic factors after
allogeneic HCT, exacerbated by aGVHD (Figure 2). In our hypothesized model, the
conditioning regimen and immunosuppressive medications for GVHD prophylaxis can
damage the endothelium [71-75]. This damage leads to the production and release of tumor
necrosis factor-alpha (TNFa.) as previously described [2]. PIGF production is triggered in
target tissues in response to inflammation and leads to recruitment of donor myeloid and
angiogenic progenitors for endothelial repair [76, 77], although repair from these marrow-
derived progenitors may not be completely effective in the setting of GVHD, possibly due to
a relative deficiency of trophic angiogenic growth factors (i.e., EGF and VEGF-A) for repair.
Failure of donor progenitors to heal endothelium was demonstrated by Mueller et al., who
recently showed using short tandem repeat analysis of laser-captured endothelial cells that
donor bone marrow-derived cells do not systematically integrate into the recipient’s
endothelium despite complete donor chimerism in the bone marrow [78]. Soluble VEGFR1,
released from cell types such as endothelial cells and mononuclear phagocytes, can bind
VEGF-A with higher affinity than PIGF [62] and thus act as a sink, contributing to an anti-
angiogenic phenotype [63]. VEGF-A also binds to VEGFR2, whereas PIGF does not [79].
VEGFR?2 from endothelial and epithelial cells can also circulate, providing an additional
mechanism for VEGF sequestration [64]. When this endothelial damage cascade is
amplified in GVHD, endothelial cell detachment and release into the circulation may occur
[68, 69, 80]. As a result, circulating endothelial cells release follistatin for autocrine
enhancement of endothelial cell proliferation in ongoing, but unsuccessful, attempts at
repair. Thus, evidence of severe endothelial damage reflects poor outcomes in aGVHD, and
a shift of the anigiogenic factor milieu back to one that is able to facilitate repair and
regeneration may be needed to overcome the vicious cycle.

Conclusions

In the next few years, our understanding of the role of angiogenic factors in recovery from
allogeneic HCT — both with and without aGVHD — will be significantly enhanced.
Preliminary evidence suggests that circulating angiogenic factors involved in healing, EGF
and VEGF-A, are deficient in steroid-refractory aGVHD. Furthermore, elevated PIGF and
follistatin appear to contribute to, or reflect, inflammation, which could contribute to poor
clinical outcomes. Mechanistic studies of these factors are justified to identify new, non-
immunosuppressive therapies to improve outcomes in steroid-refractory aGVHD.
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Figure 1.
Intestinal cells require epidermal growth factor (EGF) receptor signaling for proliferation

and differentiation to support healing in response to mucosal damage. Exocrine EGF in the
intestinal lumen comes from predominantly submandibular and Brunner’s glands, although
some luminal EGF may also be supplied by Paneth cells and damaged epithelial cells. EGF
plays a key role in intestinal epithelial cell proliferation. Paracrine or autocrine EGF receptor
signaling in response to damage can also occur via subepithelial sources of amphiregulin
(AREG) from stromal cells, mast cells, regulatory T cells (Treg), and innate lymphoid type 2
cells (ILC2). AREG plays a key role in intestinal epithelial cell differentiation as well as
proliferation. If damage is so severe that EGF and AREG can no longer be produced,
intestinal epithelial restitution may be compromised.
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Figure 2.
Potential mechanism of alterations in levels of angiogenic factors after conditioning prior to

HCT and during GVHD. Damage to endothelial cells (EC) can cause release of
angiopoietin-2 (Ang2) and vascular endothelial growth factor receptors (VEGFR) 1-2, the
latter of which possibly leads to sequestration of VEGF-A in circulation. Damage also
increases tumor necrosis factor-alpha (TNF-a)) production, leading to increased production
of placental growth factor (PIGF) in target tissues. PIGF causes chemotaxis of donor
myeloid and angiogenic progenitors (Prog) to repair the damage, which is not completely
effective due to ongoing inflammation. This cascade is amplified in GVHD, where
endothelial damage is sufficiently severe to cause circulation of endothelial cells (CEC),
which release follistatin (FS) as an autocrine enhancer of proliferation. Thus, although these
alterations are observed after transplant, the cascade is exaggerated in GVHD, which reflects
a greater degree of endothelial damage.
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Summary of recently described clinical associations and tissue expression of angiogenic factors in aGVHD.

Angiogenic | Circulating Clinical Associations Cellular/Tissue
Factor Level inaGVHD Expression in aGVHD
EGF Low Decreases in patients with no response to steroids at day Unknown
28
VEGF-A Low Increases in patients with complete response to steroids at Megakaryocytes, likely others
day 28
PIGF High Highest in patients with aGVHD after HCT from unrelated | Increased in aGVHD skin, decreased in
donors compared to sibling donors aGVHD colon compared to normal controls
FS High Elevated levels associated with mortality at 6 months Unknown
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