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Key Points

• Enterocytes of patients with
aGVHD undergo dramatic
telomere shortening
(;200 bp/wk).

• Telomere loss with subsequent
replicative exhaustion might
provide a mechanism for
refractory gut GVHD.

Acute intestinal graft-versus-host disease (aGVHD) refractory to immunosuppressive

treatment is a serious complication after allogenic hematopoietic stem cell transplanta-

tion (HSCT). The underlying mechanisms of refractory aGVHD of the gut are not fully

understood. Although telomere length (TL) reflects the replicative history of a cell,

critically short telomeres have been associated with replicative exhaustion and tissue

failure. In thisstudy,wedemonstrate that enterocytesofpatientswith refractory intestinal

aGVHD show significantly increased proliferation, which translates into significant and

critical telomere attrition following HSCT as compared with unaffected patients undergoing

HSCT.Calculated telomere loss inaGVHDpatients is190bp/wk, therebymassivelyexceeding

physiological steady-state TL shortening rates such as in lymphocytes (∼50 bp/y). Our data

support thehypothesis that increasedcompensatoryproliferation followingcontinued tissue

damage can result in massive telomere loss in enterocytes of aGVHD patients. The present

study introduces aGVHD-triggered increased cellular turnover and telomere loss with subsequent replicative exhaustion as a mechanism

for refractory gut GVHD that is compatible with the long-term clinical aspect of the disease and provides a basis for stem cell protective

therapies in the treatment of aGVHD. (Blood. 2015;126(22):2518-2521)

Introduction

Telomeres consist of repetitive DNA sequences at the end of the chro-
mosomes and protect theDNAfromdegradation and fusions.1Because
of the end-replication problem, telomeres shorten with every cell divi-
sion, and cells enter cellular senescence when telomeres become criti-
cally short. Thus, telomere length (TL) both reflects and limits the
replicative capacity of cells.1,2 As a consequence, replicative senescence
can be observed in tissues with impaired telomere maintenance provid-
ing a pathophysiological mechanism for organ failure.1,2

Acute intestinal graft-versus-host disease (aGVHD) is one of
the major complications after allogeneic hematopoietic stem
cell transplantation (HSCT).3 The underlying pathophysiology of
aGVHD is poorly understood,4 but T-cell–triggered apoptosis of
the crypt cells contributes to disease severity.5 Despite improve-
ments of therapy, treatment-related mortality is high, especially in
patients with refractory aGVHD.3 One possible explanation for
treatment refractoriness could be the continued immune-mediated
depletion of the intestinal (stem cell) compartment inducing increased
compensatory proliferation and subsequent telomere attrition in the

remaining intestinal crypt (stem cells) pool eventually resulting in
replicative exhaustion.

In our study, we set out to analyze proliferation and TL in patients
with and without aGVHD. For TL analysis, we used confocal micros-
copy in combination with quantitative fluorescent in situ hybridization
(Q-FISH), a technique allowing the accuratemeasurement of single
telomeres in individual cells along with precise identification of tissue
morphology in paraffin-embedded samples.6 We demonstrate that
telomere-mediated replicative exhaustion can contribute to treatment
failure suggesting a role for the stem cell (and telomere) protective
treatment strategies in addition to immunosuppressive therapy.

Study design

Retrospective analysis was carried out in formalin-fixed paraffin-embedded intes-
tinal biopsies (archivematerial) obtained fromcolonoscopies or sigmoidoscopies
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of 25 patients enrolled in the allogeneic HSCT program of the University
Hospital Regensburg. Patient informed consent was approved by the local
institutional Ethics Committee, in accordance with the Declaration of Helsinki.
Diagnosis and grading of aGVHD was carried out based on consensus criteria.3

First biopsy was acquired in median within 25 days (range 14-127 days) after
HSCT in 15 patients with aGVHD and within 25 days (range 15-715 days) in 10
control patients without aGVHD. Second biopsy was acquired in median within
130 days (range 76-301 days) after HSCT in 15 patients with aGVHD and within
195 days (range 120-280 days) in 3 control patients without aGVHD. Biopsies of
GVHDpatients originated from sites adjacent to ulcerations and denudedmucosa.
Biopsies of control patients were taken during a routine sigmoidoscopy after
engraftment in the absence of intestinal GVHD signs. The follow-up sampleswere
taken under persistence of aGVHD symptoms. Detailed clinical characteristics of
the patients are shown in supplemental Table 1 (see the BloodWeb site).

TL was assessed by Q-FISH, as previously described.7-9 All experiments
were carried out single blinded, and images were captured under identical
experimental conditions. Images were acquired with a confocal laser scanning
microscope (LSM 710; Zeiss, Germany) running the Zen 2009 (Zeiss) software.
A 633 1.4 NA oil immersion objective was used for image acquisition. Image
processing was performed using Definiens Developer software (XD 64, Cell
Porta). GraphPad Prism 5.0 (GraphPad) was used for data analysis. Further
details are provided in supplemental Methods. TL is given as mean value of all
detected telomere spots in the analyzed enterocytes. TL in kilobase pairs was
estimated by linear regression of TL measurements on 5 paraffin-embedded con-
trol cell specimens with defined TL. Results are presented as mean6 standard
error of the mean, statistical significance is set at P, .05.

Immunostainings of the proliferation marker Ki-67 (MIB-1 antibody) were
available for 21patients according to the streptoperoxidase-based standardprotocols
established at the Institute of Pathology of the University Hospital Regensburg.

Results and discussion

In order to investigate the replicative history of enterocytes in the
colonic crypts of patients with aGVHD, we first analyzed whether

aGVHD leads to increased proliferation. For this purpose, we used the
semiquantitative scoring system for the proliferation marker Ki-67.
MIB-1 scoring at the time of the first biopsy was significantly higher in
aGVHD(1.8760.19, n512) than in control enterocytes (1.2260.20,
n 5 9; P 5 .04; Figure 1A-B). Interestingly, MIB-1 scoring of the
follow-up biopsies in aGVHD patients was lower yet not statistically
different (1.46 6 0.18, n 5 12, P 5 .08) compared with the initial
scoring value (supplemental Figure 1A).

Next, we investigated the effects of the increased proliferation on
TL in the intestinal stem cell compartment. Putative stem cells of the
intestine can be found between the Paneth cells located at the bottom
and the transiently amplifying cells located at the top of the Lieberkühn
crypts.10 Recent studies demonstrated that TL of these cells strongly
correlates with the respective putative stem cell intestinal pool.11,12

In our study, cells of the colonic crypts localized within the transient
amplifying cell region of the crypts and differentiated enterocytes were
analyzed (supplemental Figure 2A). As TL declines with age, we first
analyzed age distribution of control and aGVHDpatients.We found no
significant difference between control (46.56 3.3 years) and aGVHD
patients (48.562.6 years,P5 .97), thus providing the basis for a direct
comparison of TL between patients of both groups (supplemental
Figure 1B). TL of control patients (5.66 0.6 kb, n5 10) and the first
biopsy of aGVHD did not significantly differ (6.3 6 0.5 kb, n 5 15,
P 5 .33; Figure 2B). However, when we analyzed patients with
refractory aGVHD, TL of follow-up biopsies was significantly
shorter (4.95 6 0.5 kb, n 5 15, P 5 .006) compared with the
respective initial TL (Figure 2A-B). Because of the obvious diffi-
culties of obtaining follow-up biopsymaterial from control patients
after the first biopsy, only 3 out of the 10 control patients underwent
follow-up biopsies that were available to us, showing no significant TL
shortening(P5 .13).WhereasaGVHDpatientsshowadramatictelomere
loss of20.19 6 0.08 kb/wk (n5 15), controls patients (n 5 3) main-
tained TL at a constant level during the follow-up period post-HSCT

Figure 1. Increased cell proliferation in patients

with aGVHD. (A) Representative MIB-1 immunohisto-

chemical staining of the initial gut biopsies of a control

(left) and an aGVHD patient (right). Shown magnifica-

tion is 320. (B) Immunohistochemical scoring of the

MIB-1 staining shows a significant increase of pro-

liferating enterocytes in aGVHD patients compared

with controls.
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(0.026 0.01 kb/wk; Figure 2C). We observed no significant corre-
lation between clinical data and respective telomere loss of aGVHD
patients most likely because of the small sample size.

Our study analyzed for the first time telomere dynamics in the
intestine of patients with aGVHD.We observed increased proliferation
and consecutivemassive telomere shortening in patients with aGVHD.
Interestingly, the observed shortening of;200 bp/wk exceeds impres-
sively the previously reported loss of telomeres in other tissues2 (eg, in
human blood lymphocytes with mean shortening of;40-50 bp/y).

Based on our data, we propose that intestinal stem cells initiate
compensatory hyperproliferation in response to the destruction of the
intestinal mucosa (supplemental Figure 2A). The aGVHD-triggered
hyperproliferation exceeded the capacity of the stem cell compartment
tomaintain theTL leading to telomere-mediated replicative exhaustion.

Our model is supported by a previous study reporting a mouse
model with a conditional depletion of the stem cell compartment of the
intestine leading to intestinal failure caused by selective increased cell
turnover, consequent telomere shortening, and cellular senescence.13

Similarfindings canbeobserved inpatientswith dyskeratosis congenita,
a disease characterized by altered telomere maintenance. Dyskeratosis
congenita patients show signs of enteropathy and apoptosis because
of premature critical shortening of telomeres.14 Further supporting
our data, patients with active colitis ulcerosa show premature telo-
mere shortening in comparison with asymptomatic patients, high-
lighting the role of inflammation as a cause of replication-dependent
telomere shortening.15

We postulate that replicative exhaustion and subsequent cellular
senescence of the intestinal stem cell compartment can at least partially

Figure 2. Telomere shortening in aGVHD patients.

(A) Representative confocal microscopy images of the

2 gut biopsies from an aGVHD patient analyzed by

Q-FISH. The upper panels represent the initial biopsy,

and lower panels the follow-up biopsy. Telomeres were

stained with Tel-Cy3 peptide nucleic acid probe, and

chromatin was stained with 4,6 diamidino-2-phenylindole

(DAPI). Black-and-white images of the telomere signal are

shown to improve comparability. Micrograph magnification

is 3100. (B) Longitudinal analysis shows that TL is sig-

nificantly reduced in aGVHD patients but not in controls.

One circle corresponds to 1 biopsy. One connecting line

corresponds to 1 individual patient. (C) Telomere shorten-

ing is shown for the enterocytes of aGVHD patients with a

mean telomere loss rate of 20.19 per week compared

with enterocytes of the control.
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explain clinical refractoriness of aGVHD despite sufficient immu-
nosuppressive treatment. Further studies focusing on the analysis
of nonrefractory aGVHD (milder disease) patientmaterial, which is
difficult to obtain because of obvious reasons, are warranted to
reveal whether the degree of TL can be reversed in this patient popu-
lation. The investigation of eventual alterations on the biology of the
intestinal epithelium(ulceratedmucosavsmucosa remote from lesions)
would additionally clarify the clinical impact of replicative exhaustion
in aGVHD.

Based on our findings, we speculate that the treatment strategy
of aGVHD should be reviewed and modified when justifiable to
include either telomerase-activating therapies (eg, oxymetholon
used for aplastic anemia patients16,17) or stem cell protective treat-
ment approaches (eg, IL-2218) in order to prevent the replicative
exhaustion of the intestinal stem cell compartment before achievement
of sufficient control of the inflammatory process.

In summary, our work provides new perspectives for the treatment
of aGVHD centered on stem cell–based therapies for deceleration of
telomere shortening in intestinal colon crypts.
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