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Abstract

Background: Gastrointestinal tract mucositis is a common side effect in the early phase of hematopoietic cell
transplantation (HCT), although reliable biomarkers have not yet been established. Since blood levels of citrulline
and diamine oxidase (DAO) have been reported as specific markers of intestinal mucosal injury during cytotoxic
cancer chemotherapy, we aimed to evaluate the relationship between circulating citrulline/DAO levels and the
severity of gastrointestinal mucosal injury in patients with hematologic diseases who had undergone various
types of HCT.

Methods: Forty patients who received autologous (n=21) and allogeneic HCT (n=19; cord blood (n=16),
peripheral blood (n=3)) were enrolled in the study. Serial monitoring of plasma citrulline and serum DAO levels
was prospectively performed from the day prior to the start of the conditioning regimen until day 28 post-HCT.

Results: Citrulline and DAO levels significantly decreased after the start of conditioning. The recovery of citrul-
line and DAO levels tended to be delayed in cord blood transplant recipients, compared with autologous and
allogeneic peripheral blood transplant groups, probably reflecting the severity of mucosal injury during the pro-
longed neutropenic period. The nadir levels for both markers were inversely associated with peak C-reactive pro-
tein levels.

Discussion: There was a slight difference in the time-dependent courses of these biomarker levels between each
type of HCT. The change of DAO levels was more parallel to the clinical parameters. Serially monitored citrulline
and DAO levels may be promising biomarkers for assessing intestinal mucosal injury in the early phase of various
types of HCT, although prospective studies including larger number of patients are warranted to confirm our
observations.
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chemotherapy agents and/or total-body irradiation (TBI).

Introduction In addition, graft-versus-host disease (GVHD), throm-

Hematopoietic stem cell transplantation (HCT) is often
associated with gastrointestinal complications. In patients
who receive autologous or allogeneic HCT, digestive
symptoms such as nausea, vomiting, diarrhea, and
anorexia are frequent adverse events due to conditioning

botic microangiopathy (TMA), and infectious enteritis
are major life-threatening problems for allogeneic HCT
patients. In patients with hematological malignancies,
these complications lead to impaired nutritional status
during the course of HCT'?, despite the absence of mal-
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Table 1. Patient characteristics

Allogeneic Autologous
CBT PBSCT PBSCT
(n=16) (n=3) (n=21)
Sex (male/female) 12/4 1/2 10/11
Age (average) 22-64 (55) 28-66 (44) 22-66 (51)
Disease
AML 4 2 1
ALL 5
ATL 2
ML 4 1 13
Myeloma/amyloidosis 1 7
Conditioning
LEED 5
MEAM 7
HD-Mel 6
Flu/Mel =TBI 13 2
BU/CY or Flu CYXTBI 3! 1
Other 2
GVHD prophylaxis
CsA 2
Tacrolimus 9 1
MTX 4 2
MMF 2
Disease status
CR/PR 4 1 7
not remission 12 2 14

Abbreviations: AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; ATL,
adult T-cell leukemia/lymphoma; ML, malignant lymphoma; LEED, melphalan/etoposide/
cyclophosphamide/dexamethasone; MEAM, ranimustine/etoposide/cytarabine/melphalan;
TBI, total body irradiation; HD-Mel, high dose-melphalan; Flu, fludarabine; BU, busulfan; CY,
cyclophosphamide; PBSC, peripheral blood stem cell; GVHD, graft-versus-host disease; CsA,
cyclosporine A; MTX, methotrexate; MMF, mycophenolate mofetil; CR, complete remission;

PR, partial remission

nutrition prior to preconditioning.

Citrulline, a free circulating amino acid, is preferen-
tially synthesized by epithelial cells of the small intes-
tine*>. The substrates for citrulline synthesis are amino
acids obtained from the diet, such as glutamine. Most
circulating citrulline is derived from glutamine conver-
sion in enterocytes®. Plasma levels of citrulline serve as a
biomarker of the functional small bowel enterocyte mass,
independent of nutritional and inflammatory status®’.
Accordingly, plasma citrulline is a useful indicator of
mucosal toxicity in myeloablative and non-myeloablative
regimens followed by bone marrow and peripheral blood
stem cell transplantation (PBSCT)*”®. Recently, Hueso
et al. suggested that citrulline levels in their study cohorts
were a useful indicator to identify patients at risk of
developing intestinal acute GVHD’.

Diamine oxidase (DAO) is an endogenous enzyme that
catabolizes a variety of substrates, including histamine
and diamines'’. Its main site of action is the small intes-
tine, and DAO activity is especially high in the villi of the
small intestinal mucosa''. The activity of DAO in the villi

is an indicator of the severity of small intestinal mucosal
injury due to autoimmune disease or drugs'>'*. The rela-
tionship between chemotherapy-induced gastrointestinal
tract toxicity and DAO activity has been previously inves-
tigated'>'°, although few studies have addressed its sig-
nificance in the context of hematological malignancies'®.

Here, we prospectively performed serial monitoring of
blood citrulline and DAO levels and evaluated their rela-
tionship with the inflammatory response and the severity
of gastrointestinal mucosal injury in patients with hema-
tologic neoplasms undergoing various types of HCT dur-
ing its early phase.

Patients and methods

Patients

A total of 40 patients who received autologous and
allogeneic HCT in the department of Hematology, Respi-
ratory Medicine and Oncology, Saga University Hospital,
between April 2012 and March 2015 were enrolled in the
study. Patient characteristics are summarized in Table 1.
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Of these patients, 21 received autologous PBSCT, while
19 received allogeneic HCT including 16 unrelated cord
blood transplants (CBT) and 3 PBSCT from related
donors. Two of these patients received allogeneic HCT
because of a relapse after receiving autologous PBSCT.
In autologous PBSCT, conditioning regimens were
LEED (melphalan, cyclophosphamide, etoposide, and
dexamethasone) or MEAM (ranimustine, etoposide,
cytarabine, and melphalan) for patients with malignant
lymphoma, and high-dose melphalan for patients with
plasma cell myeloma or amyloidosis. Allogeneic HCT
recipients received reduced-intensity conditioning regi-
mens with or without TBI. The dose of TBI was 4 Gy,
except for one patient (8 Gy). Cyclosporine A or tacroli-
mus, with or without short-term methotrexate, was used
for GVHD prophylaxis, depending on the underlying dis-
ease status and donor source. This study was performed
in accordance with the Declaration of Helsinki, and the
protocol was approved by the ethics committee of Saga
University Hospital. All patients provided written
informed consent.

Measurement of plasma citrulline, serum DAO,
and laboratory parameters

Peripheral blood samples were collected prospectively
from the day prior to the start of the conditioning regimen
and on days 0 (the day of stem cell infusion), 7, 14, 21,
and 28. Using these samples, plasma citrulline and serum
DAO levels were measured in the following manner.
Briefly, to evaluate plasma citrulline concentration, sam-
ples were ultracentrifuged to remove high-molecular-
weight proteins. Then, citrulline was separated on an
Atlantis HILIC Column (Waters Corporation, Milford,
MA, USA) and as mobile phase, using the ion-pairing
agent, acetonitrile and a Waters Acuity UPLC H-class
System (Waters Corporation). It was measured using
tandem mass spectrometry on a Waters Acquity TQ
detector. Hypocitrullinemia is defined as citrulline levels
below 10 umol/L and is considered to reflect severe GI
mucositis'’. Serum DAO levels were measured using an
enzyme-linked immunosorbent assay (ELISA) kit
(Immundiagnostik AG, Bensheim, Germany). Addition-
ally, serum transferrin, transthyretin, retinol-binding pro-
tein (RBP), albumin, C-reactive protein (CRP), as well
as absolute neutrophil and lymphocyte counts, were also
measured each day. Transferrin, transthyretin, and RBP,
which were termed rapid turnover proteins (RTPs) and
are often used for nutritional assessment, were measured
using turbidimetric immunoassay or latex agglutination
photometric immunoassay. Other index data were
obtained from routine laboratory examination.

Assessment of clinical parameters
Clinical parameters were assessed from the start of
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preconditioning until day 28. Basal energy expenditure
(BEE), calculated using the Harris-Benedict equations,
was assessed along with oral caloric intake, parenteral
nutrition caloric intake, and degree of diarrhea. These
data were obtained from patient questionnaires and medi-
cal records. In patients with a body temperature over
37.5C and with diarrhea for several days, a differential
diagnosis of the gastrointestinal symptoms was per-
formed through screening for cytomegalovirus (CMV)
antigenemia, Clostridium difficile toxin, and stool culture.
When acute gastrointestinal GVHD was strongly sus-
pected, intestinal mucosal biopsy was performed when
possible. The degree of diarrhea was determined accord-
ing to the Common Terminology Criteria for Adverse
Events ver. 4.0.

Statistical analysis

We conducted a Friedman test for pairwise groups on
each occasion, and then we conducted a Wilcoxon
signed-rank post-hoc test to evaluate the differences. With
respect to continuous variables, the Mann-Whitney U-test
was used to compare the two groups. Data are presented
as means = standard error. Pairwise correlations between
parameters were assessed using Spearman’s rank correla-
tion test. A p-value<0.05 was considered significant.
Analyses were performed with IBM SPSS Statistics soft-
ware ver. 23 (SPSS Inc., Chicago, IL, USA).

Results

Change in citrulline levels during the early phase
of various types of HCT

Citrulline levels significantly decreased over time fol-
lowing administration of preconditioning (pre) in all
groups (Figure 1a). Mean baseline levels at precondi-
tioning were 34.43£2.40 umol/L and 31.55%3.05
umol/L, and nadir levels were 12.58 = 1.77 umol/L (vs
pre, p<0.001) on day 7 in the autologous PBSCT group
and 13.37 % 1.77 umol/L (vs pre, p=0.001) on day 14
in the CBT group (Figure 1a). Citrulline levels also
declined in the allogeneic PBSCT group, but the differ-
ence relative to the other groups was not statistically sig-
nificant due to the small number of patients. Recovery of
citrulline levels tended to be delayed in the CBT group
relative to autologous and allogeneic PBSCT groups, but
there was no statistical significance. The number of
patients with citrulline levels below 10 umol/L on more
than two occasions was 4 in the autologous PBSCT, 1 in
the allogeneic PBSCT, and 5 in the CBT groups.

Change in the DAO level during the early phase of
various types of HCT

Mean DAO levels decreased significantly from precon-
ditioning to day 7 (9.03 +1.47 to 5.79 £0.65 U/mL; p<
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Figure 1. (a) The change in plasma citrulline levels after HCT. The level at each of the measuring points was significantly lower than
before the day of pre-conditioning (pre) in the autologous PBSCT (*p<0.001) and CBT groups (**p<0.01). The recovery of citrulline
levels was delayed in the CBT group compared with the other groups. (b) Change in serum DAO levels after HCT. Nadir levels were sig-
nificantly lower than before preconditioning autologous PBSCT (*at day 7: p<0.005) and CBT groups (at day 7 and 14 **p<0.01). There

is a significant difference between the levels in autologous PBSCT and CBT group at day 14.(***p=0.01). Vertical bars present standard
error.
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Figure 2. Changes in nutritional biomarkers, CRP, and neutrophil count during the course of the HCT: (a) transferrin (b) transthyretin (c)
retino-binding protein (RBP) (d) albumin (e) CRP (f) neutrophil counts. *p<0.01 and **p<0.05 indicate statistically significant differ-
ence between the day of pre-conditioning and the following time point. Vertical bars present standard error.

0.01), and then increased on day 14 in the autologous groups than in the CBT group, and the difference
PBSCT group (Figure 1b). The time course of the DAO between groups on day 14 was statistically significant (p
levels in the allogeneic PBSCT group was similar to that =0.01). No significant correlations were observed
of the autologous PBSCT group. In contrast, the mean between plasma citrulline concentrations and serum DAO

DAO level decreased significantly on day 14 (4.02%=0.57 levels at any time point (Tables S1 and S2).
U/mL; p<0.001) relative to the level at preconditioning
(7.31£1.05U/mL) (Figure 1b). Recovery of the DAO
level was faster in the autologous and allogeneic PBSCT



Blood Cell Therapy-The official journal of APBMT- Vol. 1 Issue 1 No. 1 2018

Proportion of oral intake in total calories

(%)

1000
=
75.0 &
50.0 '
250 I I
{J{J kil 1 ke I [
pre Do D21 D28

Auto-PE M Alle-PE W CET

Monitoring of citrulline and DAO in HSCT 5

Frequency of patients with
more than G2 diarrhea

- I| |
o
I

25.0 II
F
=
0.0 t
ore DO D14 D21 D28

Auto-PE H Allo-PE W CET

(%)

100.0

75.0

Figure 3. (a) Proportion of oral intake in total calories after HCT. Impairment of oral intake was observed at day 7 in all groups. Improve-
ment of oral intake in the CBT group was delayed in comparison with the autologous and allogeneic PBSCT groups. (b) Frequency of
patients with more than grade 2 diarrhea following HCT. More than half of the patients receiving CBT had diarrhea after day 21, whereas
day 21 most of the patients receiving autologous and allogeneic PBSCT had improved.

Correlation between citrulline and DAO levels and
laboratory parameters

We observed the time course of nutritional assessment
markers (RTPs and albumin) during the early phase of
HCT (Figure 2a-d) . The levels of all markers in the CBT
group were the lowest of all the groups and marker recov-
ery was prolonged. There was no notable correlation
between each mucosal injury biomarker and nutrition
assessment, although there were correlations between
citrulline levels and albumin on day 7 and 14 in the autol-
ogous PBSCT group (Tables S3-S6). The CRP peak
occurred simultaneously with the nadir in citrulline and
DAO levels (vs citrulline on day 7 in autologous group (p
=0.003, p= —.621; vs DAO on day 14 in the CBT group
(p=0.03, p= —.527), and on day 14 in the CBT group
(p<0.02,p= —.597)) (Figure 2e, Tables S3 and S4).
Neutropenia was prolonged in the CBT group relative to
the autologous and the allogeneic PBSCT groups (Figure
2f) . Specifically, the time course of citrulline levels was
significantly correlated with the number of neutrophils in
the CBT group (Table S3), but not in the other groups,
suggesting that prolonged neutropenia might delay the
recovery of intestinal integrity. DAO levels were not cor-
related with the time course of neutrophil count in any
group (supplementary Table S3).

Calorie intake profile and severity of diarrhea dur-
ing HCT

The ratio of total energy intake to BEE in each group
was maintained at approximately 1 - 1 during HCT. The
rate of oral intake, reflecting the severity of anorexia and
oral mucositis, was significantly decreased in the CBT
group in comparison with the autologous and allogeneic
PBSCT groups (Figure 3a). In all groups, the change in
the DAO levels was proportional to the rate of oral intake.

In contrast, citrulline levels had not recovered to pretrans-
plant levels on day 21 in the autologous PBSCT group,
despite the increase in the rate of oral intake. The rate of
patients with more than grade 2 diarrhea was highest on
day 7 in all groups (Figure 3b). Improvement of the
severity grade was delayed in the CBT group relative to
the autologous and allogeneic PBSCT groups. No onset
of acute GVHD, TMA, CMV, or Clostridium difficile-
related enteritis was observed prior to day 28. Half the
patients receiving CBT still had diarrhea even after day
21, although their citrulline and DAO levels had
increased from their nadir.

Discussion

Because resolution of intestinal mucosal injury is
essential for the success of HCT, it is imperative to evalu-
ate the severity of this morbid adverse event. Historically,
small intestine endoscopy and biopsies have been consid-
ered the gold standard for the qualitative diagnosis of
mucosal injury. However, it is sometimes difficult to per-
form endoscopic procedures due to their invasiveness and
the fragility of recipients during the early phase of HCT.
Many biomarkers have been considered for assessment of
intestinal mucosal injury, but no standard approach for
the use of such markers has yet been established. Previ-
ous studies have shown that sequential monitoring of
DAO and citrulline levels is useful for evaluating intesti-
nal mucosal injury in inflammatory bowel disease, isch-
emic intestinal disease, and cytotoxic chemotherapy'®'’.
Most of these studies showed that the degree of reduction
in the levels of these substances reflects the severity of
intestinal mucosal damage. However, we observed in this
study that changes in the plasma levels of these mole-
cules have unique characteristics in the early phase of
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HCT.

Citrulline levels also declined after the start of precon-
ditioning, but there was no significant difference between
the CBT and PBSCT groups over the time course,
although the clinical symptoms and duration of neutrope-
nia were more severe in the CBT group. LEED, MEAM,
and high-dose melphalan, used in autologous PBSCT, are
categorized as myeloablative regimens, whereas fludara-
bine plus melphalan (Flu-Mel) or BU + TBI 4 Gy, used
in CBT, are both categorized as reduced-intensity regi-
mens?’. However, most CBT recipients in our study
received TBI, as well as methotrexate to prevent GVHD,
and both of these factors might have influenced the sever-
ity of mucosal toxicity?'. Previous studies have reported
that the changes in citrulline levels in PBSCT and bone
marrow transplantation cohorts were dependent on the
intensity of chemotherapy regimens®***. Unfortunately, in
our study, the number of patients receiving allogeneic
PBSCT was small and we could not explain the signifi-
cant difference between the other cohorts. Nonetheless,
the change in citrulline levels in the allogeneic PBSCT
group appeared to be similar to that of the autologous
PBSCT group, when the intensity of conditioning regi-
mens is stronger. The time course of the citrulline levels
may be affected not only due to the intensity of precondi-
tioning, but also due to the type of stem cell source or the
duration of neutropenia. Further studies including larger
number of patients are needed to clarify the factors asso-
ciated with circulating citrulline levels.

In contrast, DAO activity followed a distinctive time
course that clearly differed between PBSCT and CBT
groups. The correlation between DAO levels and toxici-
ties of chemotherapy has been extensively discussed in
the field of gastrointestinal malignancy'' ", but, to the
best of our knowledge, it has never been examined in the
context of treatment of hematologic neoplasms including
HCT'®. DAO levels also decreased after the start of con-
ditioning but recovered significantly faster in the PBSCT
group than in the CBT group, unlike citrulline. In addi-
tion, the change in DAO levels was more synchronized
with clinical symptoms, including the duration of diar-
rhea and the rate of oral intake during the acute phase of
HCT. Therefore, DAO levels may be related to the sever-
ity of clinical symptoms.

Although DAO and citrulline levels are recognized as
surrogate markers of a total enterocyte mass, the behavior
of these markers appears to be different after intestinal
mucosal injury occurs. Previous studies have shown that
plasma DAO levels increase at the onset of mesenteric
ischemia. Cakmaz et al. measured plasma DAO levels and
citrulline in Wistar albino rats with acute mesenteric isch-
emia'’. They found that DAO levels significantly
increased in a time-dependent manner, whereas citrulline
levels significantly decreased after intestinal ischemia.

Citrulline levels have also been reported to decrease in
any intestinal mucosal injury*’. However, DAO concen-
tration varies depending on physiological factors and the
length of the regimen, in accordance with the intensity of
preconditioning®>"®. Although the mechanisms by which
the mucosal injuries develop might differ between artifi-
cial mesenteric ischemia and chemotherapy-induced
intestinal toxicity, these biomarkers may reflect different
aspects of the cellular regeneration process. Further
investigation is required to elucidate unparalleled kinetics
in the time course of these biomarkers.

Finally, because intestinal mucositis is associated with
malnutrition and acute phase inflammation during HCT,
we speculated that levels of nutritional markers and acute
inflammatory proteins would be strongly associated with
DAO and citrulline levels**. However, we could not detect
any significant correlation between nutrition assessment
markers and mucosal injury markers, although we found
that the nadir levels of these markers were inversely asso-
ciated with peak CRP levels. The relationship between
acute inflammatory markers and mucosal injury markers
remains controversial. Some studies have reported that
citrulline levels are inversely correlated with CRP22’25’26,
whereas Gosselin reported the opposite result?’. CRP is
not a specific tissue injury marker often influenced by
other factors, but it still should be considered as a poten-
tial robust biomarker because it is easily and reliably
measured across diagnostic laboratories. In contrast,
DAO and citrulline levels are likely to be more specific
for intestinal mucosal damage. Simultaneously, most
patients had diarrhea, and neutropenia showed an inverse
correlation at the time of nadir levels of these two mark-
ers especially in the CBT group. Collectively, our results
suggest that it is feasible to evaluate the severity of gas-
trointestinal mucosal damage in a more detailed manner
through monitoring DAO and citrulline levels post-HCT
using different stem cell sources.

Conclusion

Blood citrulline and DAO levels can be useful bio-
markers for assessing intestinal mucosal injury during the
early phase of HCT. The time course of citrulline levels
may reflect the intensity of the preconditioning regimen,
whereas DAO levels may be more related to clinical
symptoms. Furthermore, when assessing intestinal muco-
sal injury, it is necessary to consider the type of stem cell
source as well as the conditioning regimens that patients
have received, using these biomarkers after autologous
and allogeneic HCT.
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