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possible diagnostic and prognostic aid

Khalid Amin1
● Usman Yaqoob2

● Brittney Schultz 3
● Byron P. Vaughn4

● Alexander Khoruts4 ● Justin R. Howard4
●

Todd E. DeFor5,8 ● Colleen Forster1 ● Carolyn Meyer6 ● Isha Gandhi7 ● Daniel J. Weisdorf8 ● Armin Rashidi8 ●

Margaret L. MacMillan8
● Bruce R. Blazar8 ● Angela Panoskaltsis-Mortari6,8 ● Shernan G. Holtan8

Received: 11 May 2018 / Revised: 1 October 2018 / Accepted: 2 October 2018 / Published online: 13 November 2018
© United States & Canadian Academy of Pathology 2018

Abstract
Amphiregulin, a weak epidermal growth factor receptor agonist, is elevated, while epidermal growth factor, a strong
epidermal growth factor receptor agonist, is low in the blood of patients with severe acute graft-versus-host disease. However,
the tissue expression and function of these epidermal growth factor receptor ligands in acute graft-versus-host disease target
organs is unknown. We compared by immunohistochemistry expression of amphiregulin and epidermal growth factor in
archived, formalin-fixed, paraffin-embedded intestinal tissues of 48 patients with biopsy-proven gastrointestinal acute graft-
versus-host disease to 3 groups: (1) 10 non-hematopoietic cell transplant normal controls, (2) 11 patients with newly
diagnosed ulcerative colitis (ulcerative colitis), (3) 8 patients with a clinical diagnosis of acute graft-versus-host disease
despite pathologically non-diagnostic biopsies, (4) and 10 cases of cytomegalovirus colitis. We used a semi-quantitative score
of 0 (absent) through 3 (strong) to describe the intensity of immunohistochemical staining. We correlated serum and tissue
amphiregulin and epidermal growth factor in patients with acute graft-versus-host disease. Gastrointestinal amphiregulin was
significantly lower in acute graft-versus-host disease biopsies (median score 1), ulcerative colitis (median score 1.5), and
cytomegalovirus colitis (median score 1) than in normal colon (median score 2, p= 0.004, p= 0.03, p= 0.009 respectively).
Amphiregulin expression in was low in 74% of acute graft-versus-host disease cases with or without significant apoptosis.
Patients with acute graft-versus-host disease exhibiting the pattern of high gastrointestinal amphiregulin but low serum
amphiregulin (n= 14) had the best 1-year survival at 71%, but patients with high serum amphiregulin had poorer survival
(<30%) regardless of gastrointestinal amphiregulin expression. Overall, our results lead to the hypothesis that amphiregulin is
released into the circulation from damaged intestinal epithelium and stroma, although contributions from other cellular
sources are likely. Low gastrointestinal amphiregulin expression by immunohistochemistry may be further studied for its
utility in the pathologic acute graft-versus-host disease diagnosis without classic apoptotic changes.
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Introduction

Acute graft versus host disease is a common and unpre-
dictably severe complication of allogeneic hematopoietic
cell transplantation. Most of the non-relapse mortality
of acute graft-versus-host disease is driven by lower
intestinal involvement with the disease [1, 2]. For dec-
ades, the mainstay of treatment has been high-dose cor-
ticosteroids targeting the alloreactive T-cell mediated
damage. However, less than half of patients with
lower intestinal acute graft-versus-host disease have a
durable response to steroids [3]. Intensification of
immunosuppression beyond steroids has not yielded
major improvements in response and survival in clinical
trials to date [4].

Because of the clinical need to improve upon the out-
comes of acute graft-versus-host disease involving the
lower intestinal tract, recent studies have explored the host
tissue regenerative potential as a driver of disease severity
and as a potential therapeutic target. We recently reported
that growth factors involved in tissue repair are altered at
the onset of acute GVHD and are associated with steroid
response. Specifically, we found that circulating epidermal
growth factor is low at the onset of acute graft-versus-host
disease, and can decline to very low levels (less than 10 pg/
mL) in patients with steroid refractory disease [5]. We
subsequently found that another member of the epidermal
growth factor family, amphiregulin, is elevated at the onset
of acute graft-versus-host disease, and patients with circu-
lating levels ≥ 33 pg/mL have lower rates of steroid
response and an increased mortality compared to those with
lower levels [6, 7]. Although circulating amphiregulin is a
negative prognostic factor, at the tissue level amphiregulin
aids in mucosal repair in murine models of chemical colitis
and acute graft-versus-host disease [8–10]. These studies
and others suggest that tissue repair capacity, possibly
modulated by amphiregulin, may play a crucial role in
determining the outcomes of acute graft-versus-host
disease.

While both pilot and validation studies confirmed that
differences in circulating epidermal growth factor and
amphiregulin are prognostic in acute graft-versus-host
disease [6, 7], the expression of these proteins in acute
graft-versus-host disease target tissues is unknown. In
this study, we analyze tissue expression of epidermal
growth factor and amphiregulin by immunohistochemistry
in formalin fixed, paraffin-embedded biopsies taken
from patients diagnosed with acute graft-versus-host dis-
ease based upon classic apoptotic findings (cases) com-
pared to non-transplant patients undergoing evaluation for
diarrhea, with histopathology revealing no abnormalities
(controls). We also compared cases to hematopoietic
cell transplant recipients who underwent endoscopic

biopsy for diagnosis of acute graft-versus-host disease but
did not show increased apoptosis and to untreated non-
transplant patients with newly diagnosed ulcerative
colitis.

Patients and methods

Tissue amphiregulin and epidermal growth factor
immunohistochemistry

To determine the tissue expression of amphiregulin and epi-
dermal growth factor in intestinal acute graft-versus-host
disease, we analyzed by immunohistochemistry archived,
formalin-fixed, paraffin-embedded intestinal tissues of 48
patients with biopsy-proven acute graft-versus-host disease.
These 48 hematopoietic cell transplant recipients all received
a clinically and biopsy-confirmed diagnosis of acute graft-
versus-host disease and were consecutive patients enrolled on
a longitudinal blood collection protocol, allowing us to ana-
lyze both tissue and serum amphiregulin and epidermal
growth factor in these patients. We compared amphiregulin
and epidermal growth factor staining to 11 patients with
previously untreated ulcerative colitis, and 10 adult non-
hematopoietic cell transplant patients who underwent colo-
noscopy with biopsy for evaluation of diarrhea who were
found to have no diagnostic abnormalities. Two additional
comparison groups included (1) 8 hematopoietic cell trans-
plant recipients who underwent endoscopy and biopsy based
on clinical diagnosis of acute graft-versus-host disease
because of nausea, vomiting, and/or diarrhea, but their biop-
sies were not diagnostic of acute graft-versus-host disease,
and (2) 10 cases of cytomegalovirus colitis positive by
immunohistochemistry to further clarify our amphiregulin
results. Two expert gastrointestinal pathologists scored the
slides and resolved discrepancies through consensus; they
were blinded to the patient group. Amphiregulin immuno-
histochemistry was performed was using rabbit polyclonal
antibody (clone orb4539 by Biorbyt, Cambridge, UK) at a
1:400 dilution. For epidermal growth factor immunohis-
tochemistry, a mouse monoclonal antibody (clone epidermal
growth factor-10 by abcam, Cambridge, MA, USA) at a
1:250 dilution was utilized. For both antibodies, heat antigen
retrieval method in citrate buffer for 30min was used. The
final staining was achieved using Novocastra Novalink
Polymer Detection System with DAB chromogen. (Leica
Biosystems, Buffalo Grove, IL, USA). Human placental tis-
sue was used as positive control [11, 12]. We developed a
semi-quantitative score of 0–3 to describe the intensity
of amphiregulin and epidermal growth factor immunohis-
tochemistry staining in various tissue elements, epithelial vs
stromal vs inflammatory, with a score of 0 being
absent staining and a score of 3 being the most intense
staining.
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Serum amphiregulin and epidermal growth factor
analysis

Serum collected within 14 days of the intestinal biopsy of
hematopoietic cell transplant cases were analyzed for con-
centrations of amphiregulin (ELISA, R&D, Minneapolis,
MN, USA) and epidermal growth factor (multiplex bead
array, Millipore, Billerica, MA, USA) according to manu-
facturer’s instructions. Serum was collected at a median of
4 days prior to gastrointestinal biopsy (range 14 days prior
to 10 days after the biopsy). All samples were assayed
simultaneously with identical standard curves and sensi-
tivities. Serum was not available for ulcerative colitis or
non-hematopoietic cell transplant controls.

Statistical analysis

Differences in continuous variables across categories were
compared using general Wilcoxon tests for non-parametric
data [13]. Kaplan-Meier estimates curves were used to
estimate the probability of 2-year survival, with differences
between curves determined using log-rank tests [14]. Organ
staging and clinical acute graft-versus-host disease grading
was performed according to Consensus criteria [15]. His-
tologic grading of acute graft-versus-host disease was
determined using modified Lerner criteria [16]. All patients
received high-dose systemic corticosteroids for the treat-
ment of acute graft-versus-host disease. Response assess-
ment at day 28 after the start of systemic corticosteroids and
risk stratification by the refined Minnesota Acute GVHD
Risk Score as described [1, 17]. Overall survival is defined
as the time between the date of the diagnostic biopsy for
acute graft-versus-host disease to the date of death from any
cause. Treatment-related mortality is defined as death due to
any cause with relapse of malignancy as a competing hazard
and computed by the cumulative incidence method. This
study of previously archived biological specimens and data
was approved by the University of Minnesota Institutional
Review Board.

Results

Demographics of the 48 patients with histologic diagnosis of
acute graft-versus-host disease are detailed in Table 1. Most
patients were adults (median age 40 years). The majority
(69%) received reduced intensity conditioning, and as such
had recovered from the initial regimen-related toxicities at the
time of the endoscopy. The median time to endoscopic biopsy
was 32 days after hematopoietic cell transplant. At the time of
biopsy, all patients had clinical grade II-IV acute graft-versus-
host disease (grade II= 11, grade III= 20, and grade IV=

17). Eighteen (37%) of patients had Minnesota High Risk
acute GVHD as a maximum score [1, 17]. Thirteen of the 48
patients had upper gastrointestinal (duodenum) biopsies diag-
nostic of acute graft-versus-host disease, and the remainder
had lower gastrointestinal (rectosigmoid) biopsies evaluated.
Most patients (29, 60%) had histologic grade 1 acute graft-
versus-host disease, 13 (27%) had histologic grade 2, 4 (8%)
had histologic grade 3, and 2 (4%) had histologic grade 4
acute graft-versus-host disease.

Amphiregulin expression in gastrointestinal acute
graft-versus-host disease

Fig. 1a summarizes results of the immunohistochemistry
comparisons between groups, and Fig. 2 shows representative
immunohistochemistry stains from each patient group. Tissue
expression of amphiregulin was significantly lower in acute
graft-versus-host disease biopsies (median score 1) and in
ulcerative colitis (median score 1.5) than in normal colon
(median score 2, p= 0.004 and p= 0.03, respectively). All
normal rectosigmoid biopsies were positive for amphiregulin
expression in mucosal epithelium and stroma, whereas 36%
of acute graft-versus-host disease cases exhibited weak/absent
amphiregulin staining (p= 0.03). Overall, 74% of acute graft-
versus-host disease biopsies had amphiregulin staining below
the normal median immunohistochemistry score of 2
(Fig. 2b). Thus, we considered an amphiregulin immunohis-
tochemistry score of <2 to be low expression of amphiregulin.
Overall clinical acute graft-versus-host disease severity did
not differ based upon amphiregulin immunohistochemistry
score, with 83% (10/12) patients with high amphiregulin ≥ 2
and 74% (25/34) patients with low amphiregulin < 2 by
immunohistochemistry experiencing grade III-IV acute graft-
versus-host disease (p= 0.7). There was also no significant
correlation between the histologic grade of acute graft-versus-
host disease and amphiregulin expression (p= 0.7).

Among acute graft-versus-host disease cases, amphir-
egulin staining did not differ significantly when tested in the
upper versus lower intestinal tract (median 1 for both sites,
p= 0.3). Six (10%) acute graft-versus-host disease cases
had documented intestinal infections within 2 weeks prior
to biopsy (3 Clostridium difficile, 1 Candida parapsilosis, 1
rotavirus, and 1 adenovirus). Thus, it is not possible to
determine the confounding effects of intestinal infections on
expression of amphiregulin in this cohort. However, 10
cases of cytomegalovirus colitis had low amphiregulin
staining similar to acute graft-versus-host disease cases
(median 1 vs 2 in normal controls, p= 0.009). There was no
association between amphiregulin staining and day to onset
of acute graft-versus-host disease post-transplant (p= 0.2),
contributing to the low likelihood that our results are due to
conditioning regimen toxicities.
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Table 1 Patient and control demographics

Acute graft-versus-host
disease cohort

Acute graft-versus-host
disease non-diagnostic
biopsies

Ulcerative
colitis

Cytomegalovirus
colitis

Healthy
controls

Frequency (%) Frequency (%) Frequency (%) Frequency (%) Frequency (%)

Number 48 8 11 10 10

Gender: Male 30 (63) 3 (38) 6 (55) 3 (30) 4 (40)

Age (year) at transplant

Median (Range) 40 (4–75) 58 (4.8–66) 28.5 (11–57) 57.5 (45–72) 50 (18–64)

Donor type

Matched sibling 19 (40) 1 (13%)

Matched unrelated donor 10 (21)

Umbilical cord blood 19 (39) 7 (87)

Diagnosis

Non-malignant 4 (8%)

Acute leukemia and
myelodysplastic syndrome

27 (57) 8 (100)

Lymphoid malignancies 17(35)

Conditioning

Myeloablative 15(31) 3 (38)

Reduced intensity 33(69) 5 (62)

Graft-versus-host disease
prophylaxis

Cyclosporine/Methotrexate 6(13)

Cyclosporine or
tacrolimus/mycophenolate
mofetil

42(87) 8 (100)

Days to onset of acute graft-
versus-host disease

Median (Range),
(Interquartile range)

32(13–100), (28–38)

Initial Minnesota graft-versus-
host disease risk score

Standard 30 (63)

High 18 (37)

Maximum lower gastrointestinal
stage

0 3 (6, each isolated upper
gastrointestinal)

1 9 (19)

2 14 (29)

3 8 (17)

4 14 (29)

Upper gastrointestinal: Yes 37 (77)

Serum amphiregulin

Median (Range),
(Interquartile range)

34.5 (2.3–1966.6),
(15.5–78.0)

Serum epidermal growth factor

Median (Range),
(Interquartile range)

50.1 (0.7–439.7),
(18.2–97.2)
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Fig. 1 a Comparison of median ± standard error of the mean immu-
nohistochemical score of amphiregulin, epidermal growth factor, and
the amphiregulin/epidermal growth factor ratio between patients with
gastrointestinal acute graft-versus-host disease, versus patients with

clinical symptoms of acute graft-versus-host disease but non-
diagnostic biopsies, patients with new-onset ulcerative colitis, and
normal colon from healthy, non-transplant individuals. b Percent of
biopsies with an amphiregulin immunohistochemistry score < 2

Fig. 2 Immunohistochemical staining of amphiregulin and epidermal
growth factor in human biopsies (200×). The proteins of interest are
stained brown in cells against the contrast of the blue hematoxylin
counterstain. Amphiregulin expression is lower in gastrointestinal

graft-versus-host disease samples, gastrointestinal acute GVHD sam-
ples without apoptotic changes (non-diagnostic), and ulcerative colitis
patients compared to normal colon. No significant difference in epi-
dermal growth factor staining across patient groups is apparent
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Epidermal growth factor expression in
gastrointestinal acute graft-versus-host disease

Tissue expression of epidermal growth factor in acute
graft-versus-host disease (median score 2.5) was not sig-
nificantly different from normal colon (median score 2.5),
although it was higher in acute graft-versus-host disease
than in ulcerative colitis (median score 2, p= 0.01,
Fig. 1). Similar to normal colon, nearly all acute graft-
versus-host disease biopsies (95%) were positive for
epidermal growth factor in the mucosa, and all (100%)
were positive for epidermal growth factor in the nucleus.
However, overall tissue epidermal growth factor expres-
sion was significantly lower in high histologic grade acute
graft-versus-host disease (grade 2–4, median 2) than in
lower histologic grade acute graft-versus-host disease
(grade 1, median 2.5, p= 0.03). As with amphiregulin,
there was no difference in epidermal growth factor
expression between the upper and lower intestinal tract
(median 2.5 for both sites, p= 0.09).

Amphiregulin/epidermal growth factor
immunohistochemistry ratio in gastrointestinal
acute graft-versus-host disease

The ratio of amphiregulin/epidermal growth factor expres-
sion in tissues was 0.83 in normal colon, suggesting a
relative balance of these two epidermal growth factor
receptor ligands in the normal state. However, the amphir-
egulin/epidermal growth factor ratio was the lowest in
patients with acute graft-versus-host disease at 0.33 (p=
0.003 vs normal and p= 0.007 versus ulcerative colitis,
Fig. 1). Normal colon and ulcerative colitis biopsies had
similar amphiregulin/epidermal growth factor ratios.

Amphiregulin and epidermal growth factor expression
in histologically “negative” gastrointestinal acute
graft-versus-host disease biopsies

Eight hematopoietic cell transplant recipients with diarrhea
and pathologically non-diagnostic biopsies who were trea-
ted for a clinical diagnosis of acute graft-versus-host disease
had similar immunohistochemistry results to biopsy-proven
acute graft-versus-host disease, including a low median
amphiregulin score (0.75), normal median epidermal
growth factor score (2.75), and low median amphiregulin/
epidermal growth factor ratio (0.27, Fig. 1).

Gastrointestinal acute graft-versus-host disease
amphiregulin expression and clinical outcomes

Patients with gastrointestinal acute graft-versus-host disease
and a high amphiregulin immunohistochemistry score ≥ 2

had a lower proportion of day 28 complete or partial
response (complete response/partial response, 50% vs 68%,
p= 0.28), a higher proportion of 1 year transplant-related
mortality (42% vs 26%, p= 0.2), and lower 1 year overall
survival (33% vs 62%, p= 0.06), although results did not
meet statistical significance.

Comparison of gastrointestinal expression versus
serum amphiregulin and epidermal growth factor

We identified no correlation between serum and tissue
expression of these epidermal growth factor receptor
ligands as continuous variables (not shown). Patients with
high gastrointestinal amphiregulin ≥ 2 had a somewhat
higher (2-fold) median serum amphiregulin (63.4 vs 30.7
pg/ml, p= 0.36), suggesting that some but not all of the
circulating amphiregulin may be released following intest-
inal tract damage in acute graft-versus-host disease. Corre-
lations between serum and tissue amphiregulin with serum
drawn before (p= 0.8) or after (p= 0.2) their acute graft-
versus-host disease diagnostic biopsy were similar.

GVHD patients with high gastrointestinal amphiregulin
expression and low serum levels (a pattern that would be
observed in healthy individuals) had the best 1-year survival
at 71% (Fig. 3). Patients with acute graft-versus-host dis-
ease and low gastrointestinal and serum amphiregulin had
poorer outcomes with 53% 1-year survival while patients
with elevated serum amphiregulin, with or without high
gastrointestinal expression of amphiregulin, had the poorest
1-year survival (29 and 25%, respectively).

Discussion

We have shown that intestinal expression of amphiregulin
is absent/weak in most cases of acute graft-versus-host
disease (74%) compared to normal colon. Previous studies
have demonstrated amphiregulin expression in normal
resting, but not proliferating, intestinal epithelium [18, 19].
Given the epithelial damage sustained during acute graft-
versus-host disease, our results showing decreased
amphiregulin in damaged tissue appear consistent with
these prior studies. Additionally, 8 patients with a clinical
diagnosis of acute graft-versus-host disease showed a
similar pattern of low amphiregulin staining despite not
showing classic histologic features, suggesting a need for
further investigation regarding its utility as a supplemental
diagnostic aid. Low intestinal expression of amphiregulin
appears to be related to immunologic damage, given the
similar pattern of low tissue amphiregulin expression
observed in untreated ulcerative colitis. As most patients in
this cohort underwent reduced intensity conditioning, the
decreased amphiregulin expression is more likely to be due
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to disease process itself rather than an artifact of the con-
ditioning regimen, although a larger validation study is
needed. Cases of cytomegalovirus colitis had a similarly
low amphiregulin expression compared to normal. Thus, a
low amphiregulin immunohistochemistry score in a post-
hematopoietic cell transplant patient with negative cyto-
megalovirus immunostains may lend support toward
diagnosis of an inflammatory condition such as acute graft-
versus-host disease.

Although circulating epidermal growth factor is low at
the onset of acute graft-versus-host disease [5], we did not
observe obvious differences in intestinal tissue staining of
epidermal growth factor in our different patient groups.
Epidermal growth factor staining was suggestively lower in
high histologic grade acute graft-versus-host disease. The
lower expression range of epidermal growth factor immu-
nohistochemistry relative to the amphiregulin immunohis-
tochemistry makes it less likely to be clinically informative
than amphiregulin.

The distinguishing feature between healthy controls and
patients with severe acute graft-versus-host disease is cir-
culating amphiregulin, where levels are typically low
(median 15 pg/ml) in healthy individuals, but ≥33 pg/ml in
acute graft-versus-host disease patients at risk of poor out-
comes (Fig. 3) [7, 20]. We hypothesize amphiregulin may
be released into the circulation from damaged intestinal
tissues, though other cell types likely also contribute to the
elevated circulating amphiregulin in severe acute graft-
versus-host disease given the lack of strong correlation
between serum and gastrointestinal amphiregulin. A sig-
nificant contribution from intestinal subepithelial myofi-
broblasts cells is likely, as inflammatory cytokines
interleukin-1β, tumor necrosis factor-α, and epidermal
growth factor itself can all increase messenger ribonucleic
acid synthesis and protein secretion of amphiregulin from

these cells [21]. The discordance between serum and gas-
trointestinal amphiregulin levels are consistent with our
recent study testing amphiregulin at the onset of acute graft-
versus-host disease, showing only modest correlation with
another intestine-specific biomarker REG3α [7]. None-
theless, it is likely that increased amphiregulin expression
may be the result of intestinal and other epithelial tissue
disruption. Amphiregulin expression has previously been
reported in neoplastic gastric and colonic epithelium
[22, 23], but a comparable study looking at amphiregulin
expression by immunohistochemistry in inflammatory dis-
eases of the intestinal epithelium has not been performed to
our knowledge.

In both animal and cell culture models, chronic lipopo-
lysaccharide exposure leads to an increased expression and
secretion of amphiregulin from epithelium and fibroblasts
[24–26]. Tissue amphiregulin expression may be thus
induced by pathogen sensing responses in damaged epi-
thelium with more severe tissue injury. Future studies using
fresh biopsies, or further development of technologies that
can overcome the challenges of formalin-fixed, paraffin-
embedded tissue biopsies, will be required for further
understanding the functional result of epidermal growth
factor receptor pathway activation and the apparent imbal-
ance of epidermal growth factor receptor ligands in
human acute graft-versus-host disease. Additional study of
paired blood and tissue samples will further clarify the
amphiregulin expression patterns and reveal deeper patho-
physiologic mechanisms underlying our observations.
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Fig. 3 1-year overall survival ±
95% confidence interval by
serum and gastrointestinal
expression of amphiregulin.
Low serum amphiregulin is
defined as <33 pg/ml, and low
gastrointestinal amphiregulin is
defined as an
immunohistochemical score < 2
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