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Acute graft-versus-host disease (aGVHD) is the second most common cause of death after

allogeneic hematopoietic stem cell transplantation (allo-HSCT), underscoring the need for

novel therapies. Based on previous work that endothelial cell dysfunction is present in

aGVHD and that epidermal growth factor-like domain 7 (EGFL7) plays a significant role

in decreasing inflammation by repressing endothelial cell activation and T-cell migration,

we hypothesized that increasing EGFL7 levels after allo-HSCT will diminish the severity

of aGVHD. Here, we show that treatment with recombinant EGFL7 (rEGFL7) in 2

different murine models of aGVHD decreases aGVHD severity and improves survival in

recipient mice after allogeneic transplantation with respect to controls without affecting

graft-versus-leukemia effect. Furthermore, we showed that rEGFL7 treatment results in

higher thymocytes, T, B, and dendritic cell counts in recipient mice after allo-HSCT. This study

constitutes a proof of concept of the ability of rEGFL7 therapy to reduce GHVD severity and

mortality after allo-HSCT.

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is used to treat patients with high-risk/
refractory hematological malignancies and/or blood disorders. Unfortunately, acute graft-versus-host dis-
ease (aGVHD) is the principal complication of allo-HSCT.1 aGVHD is mediated by alloreactive donor T
lymphocytes and occurs in response to differences in major and/or minor histocompatibility antigens
expressed by recipient cells.2,3 Despite the use of standard GVHD prophylaxis regimens such as calci-
neurin inhibitors and other agents, 30% to 75% of allo-HSCT patients eventually develop aGVHD.4,5

Patients with severe and/or steroid-refractory aGVHD have a poor long-term prognosis and a mortality
rate reaching 70% to 80%.6-9 Thus, alternative treatments for controlling excessive aGVHD are needed.

Epidermal growth factor-like domain 7 (EGFL7) is an �30-kDa secreted protein important for angiogene-
sis and neurogenesis.9-11 EGFL7 inhibits endothelial cell (EC) activation by proinflammatory cytokines
through a negative feedback loop.12 In a murine model of multiple sclerosis, EGFL7 reduced neuroin-
flammation by binding avb3 integrins and preventing T-cell infiltration.13 Thus, unlike immunosuppressive
therapies that target immune cell function, EGFL7 acts primarily on blood vessels to reduce immune cell
infiltration. Given the importance of lymphocyte homing in aGVHD pathology,14,15 we hypothesized that
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Key Points

� Treatment of GVHD
with EGFL7 protein
results in decreased
disease severity and
prolonged survival.

� EGFL7 treatment
improved immune
reconstitution and did
not inhibit graft-
versus-leukemia
effect.
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blocking EC activation after allo-HSCT could reduce GVHD sever-
ity. This study is the first to demonstrate EGFL7 as a potential novel
treatment of allo-HSCT patients that develop aGVHD.

Methods

Mice and reagents

C57BL/6.SJL (cat. no. 002014), B6D2F1 (cat. no. 100006),
BALB/c (cat. no. 000651), and C57Bl/6J (cat. no. 000664) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). All

animals were housed at Maisonneuve-Rosemont Hospital and The
Ohio State University animal facilities. Animal studies were per-
formed in accordance with the Maisonneuve-Rosemont Hospital
Animal Care Committee and Institutional Animal Care and Use
Committee (The Ohio State University). Recombinant human
EGFL7 (rEGFL7) was purchased from Peprotech (Rocky Hill, NJ).

BM transplantation and GVHD

B6D2F1 mice were irradiated (2 3 600 rad, 3 hours apart), and
107 bone marrow (BM) cells from C57BL/6 donor mice (H-2b)
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Figure 1. Effect of EGFL7 on GVHD severity in B6fiB6D2F1 mice. (A) Weights of animals that had undergone transplantation were measured daily and averaged for

the group (green circles: syngeneic T cells [no GVHD]; red triangles: allogeneic treated with PBS; blue squares: allogeneic treated with rEGFL7). Daily EGFL7 treatment

was initiated at day 121 post-BMT. Data were pooled from 3 experiments with 6 to 13 mice per group. (B) Survival curve of transplanted mice (dotted green line: syngeneic

control [SYN], blue line: allogeneic treated with rEGFL7, and thin dotted red line: allogeneic treated with PBS). Data were pooled from 3 experiments with 6 to 13 mice per

group. (C) Clinical scores of GVHD 1 PBS, GVHD 1 rEGFL7, and syngeneic mice at day 128 post-BMT. (D) Histopathology of the gut 28 days after allo-HSCT. Left:

magnification 3200 and right: magnification 3400. (E) Gastrointestinal (GI) histopathology score of the gut of GVHD 1 rEGFL7 and GVHD 1 PBS-treated mice. Results

show mean 6 standard error of the mean (SEM). (F) Immunofluorescence analysis of the intestine from PBS or rEGFL7-treated mice transplanted with allogenic splenocytes

that were stained for immunofluorescence. Cells were stained with CD31 (secondary antibody: donkey anti-goat alexa fluor 488), CD45 (secondary antibody: donkey

anti-rabbit alexa fluor 647), and Ki-67 antibodies (secondary antibody donkey anti-rat alexa fluor 594). Nuclei were counterstained with 49,6-diamidino-2-phenylindole (DAPI).

Magnification 3400. (G) Cells were stained with CD3 (secondary antibody donkey anti-goat alexa fluor 488), CD4 (secondary antibody donkey anti-rabbit alexa fluor 647),

and CD8 antibodies (secondary antibody donkey anti-rat alexa fluor 594). Nuclei were counterstained with 49,6-diamidino-2-phenylindole. Magnification 3400. Data show

1 representative sample from each experimental group, which consists of 3 to 4 mice per group.
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were injected IV into lethally irradiated B6D2F1 recipients
(H-2b/d) along with 3 3 106 T cells from B6.SJL (allogeneic) or
B6D2F1 (syngeneic) mice. T cells were isolated using the T-cell
enrichment kit (Stemcell Technologies). Mice were monitored
daily and scored thrice a week for clinical severity of acute
GVHD using a scoring system modified from Cooke et al.16

Vehicle (phosphate-buffered saline [PBS]) or rEGFL7 (10 mg)
was administered intraperitoneally daily to mice, starting when
signs of GVHD appear (�17 to 21 days post–stem cell trans-
plantation). Mice with a clinical score of 7 or more were consid-
ered very sick and euthanized according to approved animal
protocols.
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Figure 2. Effect of EGFL7 on immune reconstitution and graft-versus-leukemia effect. (A-C) Splenocytes and thymocytes were collected from PBS-treated mice

as they reached their endpoints (day 128 to 35) and from EGFL7-treated mice (day 130 to 35 post-BMT). (A) Absolute counts of TCR1, CD41, and CD81 lymphocytes in

the spleen of Syn, GVHD 1 rEGFL7, and GVHD 1 PBS treated (B6!B6D2F1) mice. Data were pooled from 3 experiments with 4 to 7 mice per group. Gating was

performed on CD45.11 and CD45.21 cells. (B) Absolute counts of BM-derived thymocytes (CD45.21) in Syn, GVHD 1 rEGFL7, and GVHD 1 PBS treated

(B6!B6D2F1) mice. Data were pooled from 3 experiments with 4 to 8 mice per group. Results show mean 6 SEM. Statistical analysis compared GVHD 1 rEGFL7 vs

GVHD 1 PBS treated (B6!B6D2F1) mice, and P values were determined by a Mann-Whitney U test. (C) Dot-plot analysis of thymocytes (derived from the BM cells

[CD45.21CD45.12]), based on the expression of CD4, CD8, and CD45.2 antigens, in the thymus of SYN control, GVHD 1 rEGFL7, and GVHD 1 PBS mice. These data

are representative of 3 or more experiments with 6 to 8 mice per group. Histogram showed mean 6 SEM. Statistical analysis compared GVHD 1 rEGFL7 vs GVHD 1

PBS treated (B6!B6D2F1) mice, and P values were determined by a Mann-Whitney U test. Transplant for GVL was performed in BALB/c mice as described in “Methods.”

(D-E) Whole-body bioluminescent signal intensity of recipient mice (n 5 4-5 per cohort). Mice were imaged on indicated days. Average radiance expressed as mean 6

SEM. One representative transplant experiment of 2 is shown. (F) Splenocytes were isolated at the time when mice reached their endpoints, days 28 to 33 post-BMT for

PBS vehicle and days 30 to 35 post-BMT in rEGFL7-treated mice. Percentage GFP positivity representing P815 leukemic cell infiltration in the spleen. Each dot represents

a single mouse. (G) Representative flow cytometric contour plots. Allo. spl., allogeneic splenocytes; GFP, green fluorescent protein; Min, minimum; Max, maximum; SSC-A,

side-scatter-area; SYN, syngeneic control; TCD-BM, T cell depleted bone marrow. ***P , .001.
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Other detailed methods

All other methods are described in the supplemental data.

Results and discussion

Current therapies for aGVHD rely largely on the inhibition of immune
cell activation and effector functions.17 Here, we evaluated how
EGFL7, an inhibitor of EC activation, can reduce aGVHD. We used
a parent into F1 (B6!B6D2F1) mouse model to evaluate the thera-
peutic benefit of EGFL7 treatment (supplemental Figure 1A). Mice
at day 121 post-HSCT showed evidence of mild hunching posture
and dull fur. Because rEGFL7 administration could represent an
alternative second-line therapy, we initiated rEGFL7 treatment
at day 121 post–bone marrow transplantation (BMT) to deter-
mine the effect of rEGFL7 on active, established disease rather
than preventing the development of aGVHD. After 7 days of
rEGFL7 treatment, mice showed marked improvement in pos-
ture, fur appearance, and activity. This was accompanied by a
stop or reduction in body weight loss in rEGFL7-treated mice in
contrast to PBS-treated mice that continued to lose weight (Fig-
ure 1A). Importantly, rEGFL7 treatment results in lower clinical
scores and prolonged survival of mice after allo-HSCT com-
pared with PBS controls (Figure 1B-C). We validated this result
in a second mouse model of aGVHD, B6!Balb/c, showing
increased survival of rEGFL7-treated mice compared with PBS
controls (supplemental Figure 2A-C). The gut and liver are typi-
cally affected by aGVHD.18,19 Visual examination of the colon
revealed the presence of swelling and a reduction in the length
in the PBS group compared with the rEGFL7-treated mice (sup-
plemental Figure 1B-C). Histopathology analysis revealed a
higher amount of leukocyte infiltration in both large intestine and
liver of the PBS group compared with rEGFL7-treated mice
(Figure 1D; supplemental Figure 1D). Large intestine of PBS-
treated mice showed focal to diffuse areas of villous atrophy
with a dense amount of mixed inflammatory infiltrate in the lam-
ina propria composed predominantly of lymphomononuclear
cells and neutrophils. In addition, PBS-treated mice showed a
more profound loss of mucous-secreting goblet cells in the
mucosal epithelium along with enhanced crypt epithelial cell
apoptosis (.1 apoptotic body per crypt), and focal crypt
abscess formation. In contrast, rEGFL7-treated mice showed
normal integrity of mucosal epithelium with negligible to mild
degree of lamina propria inflammation and a lesser number of
crypt epithelial cell apoptotic bodies (Figure 1D). In the liver,
rEGFL7-treated mice showed a fewer number and limited extent
of portal tracts involvement by inflammatory cell infiltrates,
smaller degree of bile duct injury, lobular necroinflammatory
activity, and vascular endotheliitis (supplemental Figure 1D).
Thus, reduction in leukocyte infiltration in the gut and liver is
consistent with an overall lower aGVHD histopathological score
in rEGFL7-treated mice compared with the PBS-treated group
(Figure 1E; supplemental Figure 1E). Finally, we performed im-
munofluorescence microscopy to assess EC and T-lymphocyte
populations in the intestine. We found that rEGFL7 treatment
resulted in increased proliferation (Ki-671) of intestine ECs
(CD311CD452) (Figure 1F; supplemental Figure 1F) with an
associated decrease in infiltrating CD41 and CD81 T cells (Fig-
ure 1G; supplemental Figure 1G). In addition, we found that
rEGFL7 treatment resulted in a decrease in the expression of

VCAM1 on CD311 ECs in the gut, suggesting that EGFL7 can
reduce EC activation (supplemental Figure 1H-I). EC damage
occurs during GVHD,20,21 and based on these data, we show
that rEGFL7 treatment not only reduces EC activation but also
perhaps promotes EC repair, leading to reduction in T-cell infiltra-
tion in the gut and liver, resulting in GVHD improvement.

aGVHD insults to primary and secondary lymphoid organs impair
immune reconstitution after allo-HSCT.22-25 Treatment with rEGFL7
tends to increase T-cell (Figure 2A), B-cell, and dendritic cell (DC)
counts in the spleen (supplemental Figure 3A-B) and BM (supple-
mental Figure 3C-E) compared with PBS-treated mice. rEGFL7
therapy also tends to increase thymocyte counts with normalization
of double-positive and single-positive CD41 and CD81 thymocyte
populations in rEGFL7 compared with PBS-treated mice (Figure
2B-C). Variability in immune reconstitution may be related to GVHD
insults prior to initiating EGFL7 treatment, but additional studies are
needed. Thus, increases in T-cell, B-cell, and dendritic cell counts
are consistent with a reduction in aGVHD severity in rEGFL7-
treated mice. However, it is also possible that the effect of rEGFL7
on immune reconstitution could result from direct effects on these
cells/tissues, thus contributing to decreased disease severity. Part
of the success of an allogeneic transplant is the ability to sustain
the graft-versus-leukemia (GVL) effect important for eliminating mini-
mal residual disease.3-5 To study the impact of rEGFL7 treatment
on GVL, we transplanted a luciferase-transduced murine mastocy-
toma P815 cell line along with or without alloreactive-B6 spleno-
cytes. Recipients of allogeneic splenocytes were treated daily with
PBS or rEGFL7 starting at day 13 until day 110 post-BMT. Mice
transplanted with mastocytoma P815 cells without allogeneic sple-
nocytes all succumbed to leukemia. In mice that received allogeneic
splenocytes, treatment with rEGFL7 did not interfere with GVL
effects as seen by decreased leukemia burden similar to PBS con-
trols (Figure 2D-E). Splenocytes were isolated from mice at time of
death, and flow cytometric analysis confirmed the absence of GFP1

P815 cells (GFP1) in the spleen of rEGFL7-treated mice (Figure
2F-G), further validating the GVL-sparing effect of rEGFL7. Impor-
tantly, further investigation is warranted to evaluate the impact of
rEGFL7 on relapse post–allo-HSCT, as EGFL7 effect has been
documented on human AML cells.

In conclusion, we identified EGFL7 as a potential therapy to
reduce/treat aGVHD. Although immunosuppressive therapies typi-
cally impair immune cell activation/functions, the effectiveness of
EGFL7 therapy to treat GVHD relies largely on the inhibition of EC
activation and access of immune cells to inflamed tissues.11 How-
ever, we cannot exclude the possibility that EGFL7 might have a
direct effect on alloreactive T lymphocytes. This work represents the
first proof of concept that EGFL7 therapy can diminish/treat
aGVHD and provides a novel perspective about modulating ECs to
reduce GVHD.
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