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Abstract

Background: Stem cell transplantation (SCT) is still complicated by the occurrence of fever and inflammatory complications
attributed to neutropenia and subsequent infectious complications. The role of mucosal barrier injury (MBI) of the intestinal
tract therein has received little attention.

Methods: We performed a retrospective analysis in 163 SCT recipients of which data had been collected prospectively on
intestinal damage (citrulline), inflammation (C-reactive protein), and neutrophil count. Six different conditioning regimens
were studied; 5 myeloablative (MA) and 1 non-myeloablative (NMA). Linear mixed model multivariate and AUC analyses
were used to define the role of intestinal damage in post-SCT inflammation. We also studied the relationship between the
degree of intestinal damage and the occurrence of early post-SCT complications.

Results: In the 5 MA regimen there was a striking pattern of inflammatory response that coincided with the occurrence of
severe intestinal damage. This contrasted with a modest inflammatory response seen in the NMA regimen in which
intestinal damage was limited. With linear mixed model analysis the degree of intestinal damage was shown the most
important determinant of the inflammatory response, and both neutropenia and bacteremia had only a minor impact. AUC
analysis revealed a strong correlation between citrulline and CRP (Pearson correlation r=0.96). Intestinal damage was
associated with the occurrence of bacteremia and acute lung injury, and influenced the kinetics of acute graft-versus-host
disease.

Conclusion: The degree of intestinal damage after myeloablative conditioning appeared to be the most important
determined the inflammatory response following SCT, and was associated with inflammatory complications. Studies should
explore ways to ameliorate cytotoxic therapy-induced intestinal damage in order to reduce complications associated with

myeloablative conditioning therapy.
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Introduction

Treating patients with hematological malignancies by use of a
hematopoietic stem cell transplantation (SCT) is still complicated
by the occurrence of infections and inflammatory complications
including sepsis, acute lung injury, and graft-versus-host disease
(GvHD). Historically the focus was on neutropenia and fever
(“febrile neutropenia”) and its relation to infections [1]. However,
a substantial number of SC'T recipients develop fever unrelated to
infection (“unexplained fever”) [2], resulting from other causes
including cytotoxic therapy-induced mucosal barrier injury (MBI)
(3.4].

Many studies have shown associations between the magnitude
of the C-reactive protein (CRP) response and cytokine release and
post-SCT complications [5-9], and these complications might
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therefore best be regarded as manifestations of a systemic
inflammatory response syndrome (SIRS) [8]. Other studies have
shown that infections may contribute to non-infectious complica-
tions including acute GvHD [10,11]. However, few if any of these
studies addressed the role of MBI per se as an isolated cause of
inflammation and risk factor for infections, nor its role in the
pathogenesis of inflammatory complications. Animal models have
enhanced our understanding of the inflammatory processes that
take place in the intestine following chemotherapy [12-14], and in
the clinical setting of SCT the relationship between intestinal
damage and the inflammatory response has become better
appreciated [4,15]. Mucosal damage and deregulated host-
microbial interactions have also been shown to contribute to
SIRS and post-SCT complications such as acute GvHD [16,17].
Therefore, we hypothesized that intestinal damage could be the
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most important determinant of early SIRS following conditioning
with chemotherapy and radiotherapy and that the degree of
damage correlates with the occurrence of post-SC'T complications.

Studying damage to the gastro-intestinal tract during SCT
remains difficult, since it remains hidden and hitherto only indirect
and non-specific tests were available [18,19]. Measuring serum or
plasma citrulline levels provides a more direct and specific way of
determining intestinal damage of certain conditions that are
accompanied by gut failure [20]. Recently, citrulline-based
assessment of intestinal damage has also shown to be objective,
reproducible, specific and reliable in the setting of SC'T [21,22].
To test our hypothesis we studied the relationship between the
magnitude of the inflammatory response and the degree of
intestinal damage as measured by citrulline, the duration of
neutropenia, and the occurrence of bacteremia. To achieve this we
selected recipients of a SCT for which 5 cohorts of patients had
been given different myeloablative (MA) conditioning regimens
and a single cohort had received a non-myeloablative (NMA)
conditioning regimen. We also investigated whether we could
determine a relationship between the degree of intestinal damage
and the occurrence of early post-SC'T complications.

Materials and Methods

Study population

This was a retrospective analysis of 163 patients who had
received an autologous or allogeneic SCT in our hospital from
May 2004 to December 2007. Plasma had been collected
prospectively and stored for later analysis of citrulline, but other
data including CRP, temperature, and clinical and microbiological
infections had been prospectively gathered from the day of starting
chemotherapy. Patients had given their informed consent to the
prospective collection of data and plasma samples for investiga-
tional use. The local ethics committee (CMO Regio Arnhem-
Nijmegen) judged that no formal approval for this study was
necessary regarding the fact that data were used anonymously and
the analysis would not reveal results harming contributing patients.

Intestinal Damage in SCT

Conditioning regimens and stem cell transplantation

The MA and NMA regimens are depicted in Table 1. All
patients received a stem cell graft on the day scheduled.
Autologous SCT grafts contained at least 2.0x10° CD34+ cells
per kg, and allogeneic SCT partially T cell-depleted grafts
contained on average 3.0x10° CD34+ cells per kg and 0.5x10°
CD3+ cells per kg.

Treatment protocol

All patients were treated according to the same protocol, which
has been described earlier [23]. GvHD prophylaxis consisted of
cyclosporine only. Anti-microbial prophylaxis consisted of cipro-
floxacin and valacyclovir. Fever was defined by a single axillary
temperature =38.5°C. At the onset of fever 40 mL of peripheral
blood was obtained for culture together with 10 mL from each
lumen of the catheter, patients were examined for any sign of local
infection, and empirical therapy with ceftazidime was started [24].

Neutropenia was defined as an ANC=0.5x10%/L, and the
duration and depth was recorded. CRP levels (mg/L) were
determined every day and the maximum CRP (CRP,,,,) recorded.
Plasma citrulline was determined to estimate intestinal damage
before the start of conditioning and 3 times weekly thereafter until
discharge. Citrulline concentrations (umol/L) were measured by a
standard procedure for determining amino acids using high-
performance liquid chromatography [21]. Citrulline levels below
10 umol/L were deemed to indicate hypocitrullinemia, and were
regarded as reflecting severe intestinal damage [20].

Definition of stem cell transplantation complications
Clinical and microbiologically defined infections were defined
according to the Consensus definitions of Immunocompromised
Host Society [2]. A blood culture was considered to represent
bacteremia if one or more bottles yielded a microorganism, except
in the case of coagulase-negative staphylococci (CoNS), which
required recovery of the same strain from two separate positive
blood cultures [24]. The incidence of bacteremia that occurred on
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Table 1. Conditioning regimens.

Regimen Doses Frequency Days Type of conditioning Type of SCT, day

HDM MA Autologous, day 4
-Melphalan 100 mg/m? od 1,2

BEAM MA Autologous, day 7
-Carmustine (BCNU) 300 mg/m? od 1
-Etoposide. 100 mg/m? Bd 2-5
-Cytarabine 100 mg/m? Bd 2-5
-Melphalan 140 mg/m? od 6

Ida-Cyclo-TBI: MA Allogeneic
-ldarubicine 42 mg/m? Infusion over 48 h 1 Matched related donor, day
-Cyclophosphamide 60 mg/kg Od 7,8 13
-TBI 4.5 Gy Od 11,12

Cyclo-ATG-TBI MA Allogeneic
-Cyclophosphamide 60 mg/kg Od 1,2 Matched unrelated donor,
-Thymoglobuline 2 mg/kg Ood 3-6 day 9
-TBI 45 Gy od 7,8

Cyclo-TBI: MA Allogeneic
-Cyclophosphamide 60 mg/kg Od 1,2 Matched related donor, day
-TBI 45 Gy od 56 7

Cyclo-Flu: NMA Allogeneic
-Cyclophosphamide 1200 mg/m? Od 1-4 Matched related donor, day
-Fludarabine 30 mg/m? od 1-4 7

Abbreviations: od; once daily, bd; two times daily, TBI =total body irradiotion, MA = myeloablative, NMA = non-myeloablative.

doi:10.1371/journal.pone.0015156.t001
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the day of fever was documented and compared among the
regimens. Invasive fungal diseases were scored according to the
EORTC/MSG consensus guidelines [25]. Acute lung injury (ALI)
was defined according to current guidelines [26]. Acute GvHD,
GvHD occurring the first 100 days after SCT, was graded
according to the criteria of Przepiorka et al. [27]. Early mortality
related to SC'T complications was defined as any death occurring
within 30 days following SCT (day +30), but unrelated to the
underlying disease.

Data analysis

We employed descriptive statistics for fever, neutrophil count,
CRP levels, and citrulline levels which were expressed as mean
values together with the 95% confidence interval (Table 2). As
citrulline was measured three times weekly, the real nadir might
have been attained between two measurements and hence was
likely missed. To compensate for this and study the true length of
time in which citrulline levels were below 10 pumol/L we modeled
the course of citrulline as a function of time during the first 30 days
by developing a linear mixed model using first, second, third and
fourth power of time as fixed factors to predict the citrulline levels
after taking into account the within-person correlations by

Table 2. General characteristics.

Intestinal Damage in SCT

incorporating a random patient intercept. To describe the
relationship of CRP to the neutrophil count, intestinal damage
(citrulline concentration) and bacteremia we used several linear
mixed models for the first 30 days with random patient effect and
the logarithmic transformed CRP (log CRP) as the outcome
variable.

To assess the impact of conditioning on intestinal damage and
CRP we performed an area under the curve (AUC) analyses. Per
patient, the CRP5y¢ was defined as the sum of the 30 estimated
CRP values, resulting from a piecewise linear mixed model which
uses a linear time component for day 1-10 and a cubic time
component for day 11-30. The conditioning regimen and the
interactions between the particular regimen and time were also
part of this model that also accounted for within person
correlations by virtue of a random intercept. Likewise, the
citrullineyyc per patient was defined as the sum of the 30
estimated 10/citrulline values. We used the citrulline levels
estimated by the linear mixed model described above and
transformed these values into 10 times the inverse of the estimated
value.

Comparisons between the impact of the different conditioning
regimens on neutropenia, CRP,y¢ and citrulline, ¢ were studied

Fever, day from start conditioning, mean 11.8 (11.4-12.2)

(95%Cl)

Neutrophils <0.5 x10%/L, days (95%Cl) 8.4 (8.0-8.7) 9.5 (8.5-10.5)
Citrulline <10 pmol/L, number of 51 (91%) 21 (100%)
patients, (%)

Measurements with citrulline <10 umol/L, 3.5 (3.2-3.9) 4.7 (4.0-5.3)
mean (95%Cl)*#

Observed citrulline nadir umol/L, mean 6.0 (5.4-6.6) 4.3(3.5-5.1)
(95%Cl)*

Citrulline <10 umol/L, days, mean 7.9 (7.1-8.7) 11.2 (9.6-12.9)
(95%C1)&#

Citrulline nadir umol/L, mean (95%CI)& 6.5 (5.7-7.2) 4.9 (3.7-6.0)
CRPax (Mg/L), mean (95%Cl) 163 (136-189) 202(160-246)

13.0 (12.2-13.9)

HDM BEAM Ida-Cyclo-TBI Cyclo-ATG-TBI Cyclo-TBI Cyclo-Flu
Conditioning (N=56) (N=21) (N=28) (N=34) (N=10) (N=14)
Age, mean (range), years 56 (33-65) 47 (18-65) 46 (18-64) 43 (20-58) 50 (38-59) 54 (39-65)
Gender: M/F 35/21 17/4 13/15 21/13 8/2 10/4
Diagnoses:
-MM 56 (100%) = = = 14 (100%)
-NHL/CLL - 21 (100%) 7 (25%) 13 (38%) 8 (80%) -
-AML - - 12 (42.5%) 8 (23.5%) 2 (20%) -
-ALL - - 3 (10.5%) 4 (11.75%) - -
-MDS = = 6 (22%) 4 (11.75%) = =
-CML/MPD - - - 5 (15%) - -
Type of conditioning MA MA MA MA MA NMA
Type of SCT Autologous Autologous Matched sibling  Matched unrelated Matched sibling  Matched sibling

allogeneic allogeneic allogeneic allogeneic

Fever (axillary temperature = 38.5°C) 88.0% 90.5% 100% Early: 73.5% 100% Early: 28.6%

Late: 100%

4.1 (3.7-4.5)
14.1 (13.0-15.1)

Late: 78.6%

3.0 (1.7-4.3)
16.0 (14.4-17.5)

12.9 (12.2-13.6) 13.4 (12.0-14.8)

15.8 (14.6-17.0) 15.5 (14.6-16.4) 11.1 (9.8-12.4) 12.4 (10.8-14.1)
26 (93%) 30 (88%) 10 (100%) 4 (29%)

6.2 (4.6-7.8) 4.8 (4.0-5.7) 3.5 (2.4-4.6) 3.0 (1.1-4.9)
4.6 (3.9-5.3) 5.6 (4.9-6.3) 5.6 (4.2-7.0) 10.8 (8.9-12.6)
17.7 (15.6-19.8) 14.6 (13.3-15.9) 11.0 (7.9-14.1) 7.5 (5.4-9.6)

4.5 (3.5-5.7)
257 (222-291)

7.0 (6.1-7.9)
188 (162-213)

6.6 (5.1-8.1)
211 (154-269)

12.4 (10.2-14.6)
66 (38-95)

(neutrophil count =<0.5x10%L) for each conditioning regimen.
*Citrulline was measured 3 times weekly.
#0Only those patients included with citrulline levels below 10 umol/L.

myeloproliferative disease.
doi:10.1371/journal.pone.0015156.t002
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Characteristics of patients, stem cell transplantation and general outcome measures of intestinal damage (citrulline), inflammation (CRP and fever), and neutropenia

&Based on estimated values. MA = myeloablative, NMA = non-myeloablative, CRP = C-reactive protein, MM = multiple myeloma, NHL = non-Hodgkin lymphoma,
CLL =chronic lymphatic leukemia, AML/ALL = acute myeloid and lymphatic leukemia, MDS = myelodysplastic syndrome, CML/MPD = chronic myeloid leukemia/
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using the Kruskal-Wallis test. The correlation between the degree
of neutropenia and CRPyy¢ versus citrullineayc and CRPAuc
was studied by Pearson correlation over the different regimens.

Comparison of the mean onset of acute GVHD between the
different regimens was done using one-way ANOVA. Comparison
of the incidence of ALI in relation to OVS between the different
regimens was done using the y’-test.

Analyses were performed using SAS 8.2 and a P-value of <0.05
was considered to indicate statistical significance.

Results

Study population and patient characteristics

Seventy-seven (77) patients received an autologous and 86 an
allogeneic SCT (Table 2). All but 14 patients received MA
conditioning. Autologous SCT was performed for patients with
multiple myeloma and non-Hodgkin lymphoma, but allogeneic
SCT was employed for a greater variety of diagnoses including
acute and chronic lymphatic and myeloid leukemia and
myelodysplastic syndrome. NMA conditioning was employed to
prepare patients who had received an autologous SCT 4-6
months earlier for MM.

Intestinal damage

MA conditioning was associated with severe and prolonged
intestinal damage shown by a rapid decline in citrulline to
<10 umol/L, a mean of 10 days after starting chemotherapy. The
mean nadir of citrulline was 4.5-7.0 umol/L, and hypocitrulline-
mia lasted for more than one week in most patients (Figure 1A-E,
Figure 2A, Table 2). Hypocitrullinemia was most pronounced in
patients receiving idarubicin in their conditioning, lasting
approximately 18 days. In contrast, an early and short drop of
citrulline level was noticed for NMA conditioning, but hypoci-
trullinemia was not evident for most patients (Figure 1F, Figure 24,
Table 2).

Inflammatory response measured by C-reactive protein
and fever

The course of CRP during SCT of the different conditioning
regimens is illustrated in Figure 1 and Figure 2B. Within each type
of MA conditioning, patients showed similar patterns of
inflammatory response, although there was some variation in the
precise onset, peak and resolution of CRP levels. Those without
bacteremia did not have a different course when compared to
those with; although in general CRP levels were lower (data not
shown). As for intestinal damage, the CRP response was highest in
patients receiving idarubicin. Resolution of inflammation occurred
with engraftment and restoration of the intestinal damage defined
by rising citrulline levels. In Cyclo-ATG-TBI conditioning the first
peak of CRP was related to ATG induced lymphocyte depletion
and cytokine release, but the second peak resembled that seen for
the other MA regimens. Also some patients treated with Cyclo-
TBI and BEAM had an early peak in CRP during conditioning,
which was probably related to chemotherapy induced cytokine
release.

Only a moderate inflammatory response occurred after NMA
(Figure 1F and Figure 2B). Also, the timing was different when
compared to MA regimens with a peak occurring early during
conditioning and a second peak much later. The latter occurred
during engraftment and thereby resembled to some extent the
inflammatory complication designated engraftment syndrome
[28].

Virtually every patient who had received MA developed fever as
did 80% of those given NMA conditioning. Some patients
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receiving Cyclo-ATG-TBI and Cyclo-Flu also experienced an
early episode with fever during conditioning (25 and 4 patients,
respectively). In MA regimens fever occurred on days 12-14, 2-3
days after CRP had become elevated (Figure 1, Table 2). By
contrast, fever occurred late during engraftment at a mean of day
16 after starting NMA conditioning.

Relation intestinal damage to inflammation

In MA conditioning CRP levels started to increase from 10-11
following the start of conditioning which coincided with the
development of hypocitrullinemia (Figure 1A-E and Figure 2).
The peak of the inflammatory response coincided with the nadir of
citrulline levels. Although interindividual differences existed the
occurrence of inflammation was related to the development of
intestinal damage in almost every patient.

Additional AUC analysis was used to grade the impact of
conditioning on intestinal damage and CRP. There were
significant differences in both CRP4y¢ and citrullinesyc between
the various conditioning regimens (Kruskal-Wallis P<<0.001),
except between BEAM, Cyclo-TBI, and Cyclo-ATG-TBI. Inter-
estingly, a very strong correlation between the degree of intestinal
damage and the inflammatory response was seen for the different
regimens (Pearson correlation 0.96, Figure 3). By contrast, there
was only a weak correlation between the duration of neutropenia
and inflammation (Pearson correlation 0.48, Figure 3).

In univariate linear mixed model analysis, 10/citrulline, the
type of conditioning regimen, neutropenia and bacteremia were
significantly associated with log CRP. In multivariable analyses
only citrulline and type of conditioning regimen remained
important.

Stem cell transplantation complications

Bacteremia. There was a significant difference between MA
and NMA regarding bacteremia on the day of fever (Table 3) with
up to 85% of patients experiencing bacteremia predominantly due
to oral viridans streptococct (OVS) and CoNS after MA
conditioning, compared with none of those receiving NMA
(P<0.001). OVS was recovered with CoNS in 20/55 (36%) of
cases. A minority of patients experiencing a bacteremia with
CoNS on the day of fever had any clinical or radiological signs of a
CVC related tunnel infection or thrombophlebitis at the same time
(5/55 (9%)).

Acute lung injury. The overall incidence of ALI was 18/163
(11%), with 14/18 (78%), being associated with OVS bacteremia.
Conversely, ALI affected 14/53 (26.4%) patients with OVS
bacteremia. However, this incidence varied significantly between
conditioning regimens and was related to the severity of intestinal
damage as ALI occurred in 3/22 (13.6%), 4/13 (30.8%) and 4/7
(57.1%) 1in patients receiving HDM, Cyclo-ATG-TBI, and Ida-
Cyclo-TBI conditioning, respectively (P=0.03) (Table 3).

Acute graft-versus-host disease. No differences were seen
in the total incidence of acute GvHD, although there were no
cases of acute GvHD III-IV in the group with NMA; with only
skin acute GVHD being encountered. However, there was a
significant difference in the onset of acute GvHD. In Ida-Cyclo-
TBI and Cyclo-TBI, despite receiving a partially T-cell-depleted
graft, acute GvHD occurred early with a mean onset on day +25
post SCT. In both Cyclo-ATG-TBI and Cyclo-Flu the onset was
delayed, with a mean onset on day +46 and +40 post SCT,
respectively (P=0.02).

Early mortality. Overall, early mortality was low 6/163
(3.7%), and related to ALI and acute GVHD, and all but one death
occurred following MA conditioning for an allogeneic SCT.
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Intestinal Damage in SCT

Figure 1. Course of citrulline and CRP in time after start of conditioning. Five MA and one NMA conditioning regimens are shown; A=HDM,
B =BEAM, C=Ida-Cyclo-TBI, D = Cyclo-ATG-TBI, E=Cyclo-TBI, F =Cyclo-Flu. Observed values (®), mean values (O).

doi:10.1371/journal.pone.0015156.g001

Discussion

In this study we show the course and extent of intestinal damage
and inflammatory responses following various conditioning
regimens used to prepare for a hematopoietic SC'T. There was a
striking pattern of inflammatory response coinciding with the
occurrence of severe intestinal damage for patients receiving MA
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Figure 2. Summary of the time course of citrulline (A) and CRP
(B) for all 6 regimens. Day 1 is the day of start of conditioning. To
correct for unobserved citrulline and CRP values we modeled the course
of citrulline and CRP as described in methods. 1=HDM, 2=BEAM,
3 =Ida-Cyclo-TBI, 4=Cyclo-ATG-TBI, 5=Cyclo-TBI, 6=Cyclo-Flu. Mean
CRP in mg/L, mean citrullline in umol/L.
doi:10.1371/journal.pone.0015156.9002
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conditioning, defined by hypocitrullinemia [20]. Moreover, the
degree of intestinal damage seemed the most important determi-
nant of inflammation and was highly correlated with the
magnitude of the inflammatory response measured by CRP.
Neither neutropenia nor bacteremia had a major impact on this.
The close relationship between intestinal damage and inflamma-
tion was further underscored by the fact that NMA resulted in only
a modest inflammatory response with a completely different time
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Figure 3. Pearson correlation between the mean degrees of
neutropenia (NP in days) and inflammation (CRPayc) versus
intestinal damage (Citrullineayc) and inflammation (CRPyc)
over the different regimens. 1=HDM, 2=BEAM, 3 =Ida-Cyclo-TBI,
4 =Cyclo-ATG-TBI, 5=Cyclo-TBI, 6 = Cyclo-Flu.
doi:10.1371/journal.pone.0015156.g003
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Table 3. Stem cell transplantation complications.

Intestinal Damage in SCT

HDM BEAM Ida-Cyclo-TBI Cyclo-ATG-TBI Cyclo-TBI Cyclo-Flu

SCT complications (N=56) (N=21) (N=28) (N=34) (N=10) (N=14)
Bacteremia on day of fever 29 10 18 29 6 0
-0VS 22 (39.3%) 6 (28.5%) 7 (25%) 13 (38%) 5 (50%) -
-CoNS 12 (21.4%) 7 (33.3%) 12 (46.5%) 21 (65%) 3 (20%) -
-Other 2 - 1 1 - -
Concomitant OVS/CoNS 7 3 2 6 2 NA
Candidemia 1 0 3 1 0 0
Clinically defined infection: 5 5 9 7 3 3
-Phlebitis superficial vein. - - - - - 1
-Tunnel infection/infected thrombosis 1 3 5 6 1 -
-Pneumonia. 4 2 2 - 1 2
-Probable/Proven IA. - - 1 1 1 -
ALl 4/56 (7.1%) 2/21 (9.5%) 6/28 (21.5%) 4/34 (11.8%) 2/10 (20%) 0
ALI following OVS bacteremia 3/22 (13.6%) 1/6 (16.7%) 4/7 (57.1%) 4/13 (30.8%) 2/5 (40%)
Early mortality (day +30 post SCT) 0 1 2 1 2 0
-ALL - 1 1 - 1 -
-Acute GvHD - - 1 1 1 -
aGvHD I-1V, all (N, %) NA NA 13/28 (46%) 12/34 (28%) 6/10 (60%) 6/14 (43%)

-Grade II-IV 8 (28.5%) 7 (20.5%) 3 (30%) 4 (28.5%)

-Grade -V 2 (7%) 2 (6%) 1 (10%) -
Onset from day SCT, mean (95%Cl) NA NA 26 (16-36) 46 (29-63) 23 (19-27) 40 (19-61)

definitions [25].
doi:10.1371/journal.pone.0015156.t003

course, and the virtual absence of severe intestinal damage.
Consequently, intestinal damage appears the primary determinant
of inflammation following myeloablative conditioning with chemo-
and radiotherapy in the setting of autologous and allogeneic SCT.

While there are limitations associated with retrospective analysis
and the potential for bias resulting from selection, the relationship
of intestinal damage to SC'T complications was remarkable. As
expected, there was a significant difference in occurrence of
bacteremia between those receiving MA and NMA conditioning
[29]. The similar duration of neutropenia and the marked
difference in intestinal damage, suggest that the gut may have
been the origin of bacteremia [30]. Moreover, most pathogens
recovered from blood cultures are known residents of the gut
[31,32]. Notably, a considerable proportion of patients had
bacteremia with both CoNS and OVS, which was probably due
to simultaneous intestinal translocation [31].

A strong relationship has been found between the occurrence of
OVS bacteremia and septic shock and ALI in neutropenic
patients, which was explained by virulence factors and pulmonary
cytotoxicity of chemotherapy [33-35]. Interestingly, we saw that in
patients with OVS bacteremia the incidence of ALI was related to
the degree of intestinal damage. It is known that barrier
dysfunction facilitates bacterial translocation, but intestinal
damage also seems to determine the resulting inflammatory
response. This was confirmed in our linear mixed model, which
showed citrulline but not bacteremia related to the CRP response.
Although ALI seems directly associated with OVS bacteremia this
might be only coincidental, as both complications are conse-
quences of severe intestinal damage. So intestinal damage ‘primes’
the immune system with subsequent aggravated cytokine release
following activation of pattern recognition receptors from
translocating microbial motifs [13].

This ‘priming’ of the immune system also applies to the
occurrence acute GvHD in which the role of intestinal damage has
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OVS =oral viridians streptococci, CoNS = coagulase-negative staphylococci, IA =invasive Aspergillosis, ALl =acute lung injury, acute GvHD =acute graft-versus-host
disease. Grading of acute GvHD was done according to the criteria of Przepiorka et al. [27] and probable/proven IA was defined according to EORTC/MSG consensus

been acknowledged [16]. Although we found no apparent
differences in the citrulline and CRP levels between patients with
and without acute GvHD within any given regimen, between
regimens there was a clear difference in the kinetics of acute
GvHD. In addition severe acute GVHD did not develop after
NMA, as opposed to 6-10% after MA, and GvHD of liver or gut
did not occur. The early onset of acute GvHD after Ida-Cyclo-
TBI and Cyclo-TBI suggests that the tissue inflammation resulting
from the profound intestinal damage, contributes to the acceler-
ated allo-reactive T-cell response [36], even in the setting of partial
T cell-depletion. The delay in onset of acute GvHD in patients
conditioned with ATG results from additional w viwo T cell-
depletion creating a ‘time-window’ between the intestinal damage
induced inflammation and T cell recovery. After NMA we also
saw a delay in the onset of acute GvHD, which is in accordance
with previous data from studies in mice [37] and humans [38].
This altered kinetics of acute GVHD was, at least in part, related to
the absence of significant intestinal damage and tissue inflamma-
tion. Differences in the kinetics of acute GvHD in NMA have been
largely attributed to alterations in antigen presenting cell
chimerism, T cell chimerism and regulatory T cell activation
[37], but our data underscore the role conditioning-induced
intestinal damage plays in the complex pathogenesis of acute
GvHD.

Several studies have shown correlations between CRP and the
occurrence of SC'T' complications but they all used different cut-off
values [5,7]. CRP is not a specific marker since chemotherapy and
ATG and, the process of engraftment itself, elicit inflammatory
responses. Hence it 1s not possible to identify who is at risk or when
that risk might occur. Citrulline could provide an alternative,
because it is a specific marker of enterocyte mass, which decreases
only when there is intestinal damage. Furthermore, citrulline levels
correspond with the inflammatory responses following MA
conditioning, and more importantly with SCT complications.
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Clearly it is necessary to confirm the predictive value of citrulline
for individual patients and to define cut-off values more precisely.
Classifying other conditioning regimens, by means of measuring
citrulline can already help determine the need for antimicrobial
prophylaxis, hospital care, and the use of anti-inflammatory
treatment.

Given the role of intestinal MBI in complications after SCT

studies should explore ways to ameliorate cytotoxic therapy-

References

1.

6.

20.

Bodey GP, Buckley M, Sathe YS, Freireich EJ (1966) Quantitative relationships
between circulating leukocytes and infection in patients with acute leukemia.
Ann Intern Med 64: 328-340.

. From the Immunocompromised Host Society (1990) The design, analysis,

and reporting of clinical trials on the empirical antibiotic management of
the neutropenic patient. Report of a consensus panel. J Infect Dis 161: 397
401.

. Andersen J, Heilmann C, Jacobsen N, Nielsen C, Bendtzen K, et al. (2006)

Differential effect of conditioning regimens on cytokine responses during
allogeneic stem cell transplantation. Bone Marrow Transplant 37: 635-640.

. Blijlevens NM, Donnelly JP, DePauw BE (2005) Inflammatory response to

mucosal barrier injury after myeloablative therapy in allogeneic stem cell
transplant recipients. Bone Marrow Transplant 36: 703-707.

Schots R, Van Rict I, Othman TB, Trullemans F, De Waele M, et al. (2002) An
early increase in serum levels of C-reactive protein is an independent risk factor
for the occurrence of major complications and 100-day transplant-related
mortality after allogeneic bone marrow transplantation. Bone Marrow
Transplant 30: 441-446.

Schots R, Kaufman L, Van Riet I, Othman BT, De Waele M, et al. (2003)
Proinflammatory cytokines and their role in the development of major
transplant-related complications in the early phase after allogeneic bone marrow
transplantation. Leukemia 17: 1150-1156.

. Fassas AB, Miceli MH, Grazzlutti M, Dong L, Barlogie B, et al. (2005) Serial

measurement of serum C-reactive protein levels can identify patients at risk for
severe complications following autologous stem cell transplantation. Leuk
Lymphoma 46: 1159-1161.

. Takatsuka H, Takemoto Y, Yamada S, Wada H, Tamura S, et al. (2000)

Complications after bone marrow transplantation are manifestations of systemic
inflammatory response syndrome. Bone Marrow Transplant 26: 419-426.

. Choi SW, Kitko CL, Braun T, Paczesny S, Yanik G, et al. (2008) Change in

plasma tumor necrosis factor receptor 1 levels in the first week after
myeloablative allogeneic transplantation correlates with severity and incidence

of GVHD and survival. Blood 112: 1539-1542.

. Poutsiaka DD, Munson D, Price LL, Chan GW, Snydman DR (2010) Blood

stream infection (BSI) and acute GVHD after hematopoietic SCT (HSCT) are
associated. Bone Marrow Transplant. In press.

. Kim SY, Lee DG, Kim MS, Kim H]J, Lee S, et al. (2008) The influence of

infection early after allogeneic stem cell transplantation on the risk of leukemic
relapse and graft-versus-host disease. Am J Hematol 83: 784-788.

. Tsuji E, Hiki N, Nomura S, Fukushima R, Kojima J, et al. (2003) Simultaneous

onset of acute inflammatory response, sepsis-like symptoms and intestinal
mucosal injury after cancer chemotherapy. Int J Cancer 107: 303-308.

. Logan RM, Stringer AM, Bowen JM, Yeoh AS, Gibson RJ, et al. (2007) The

role of pro-inflammatory cytokines in cancer treatment-induced alimentary tract
mucositis: pathobiology, animal models and cytotoxic drugs. Cancer Treat Rev
33: 448-460.

. Ong ZY, Gibson R], Bowen JM, Stringer AM, Darby JM, et al. (2010) Pro-

inflammatory cytokines play a key role in the development of radiotherapy-
induced gastrointestinal mucositis. Radiat Oncol 5: 22.

. Donnelly JP, Muus P, Horrevorts AM, Sauerwein RW, de Pauw BE (1993)

Failure of clindamycin to influence the course of severe oromucositis associated
with streptococcal bacteraemia in allogeneic bone marrow transplant recipients.

Scand J Infect Dis 25: 43-50.

. Hill GR, Ferrara JL (2000) The primacy of the gastrointestinal tract as a target

organ of acute graft-versus-host disease: rationale for the use of cytokine shields
in allogeneic bone marrow transplantation. Blood 95: 2754-2759.

Cooke KR, Hill GR, Gerbitz A, Kobzik L, Martin TR, et al. (2000)
hyporesponsiveness of donor cells to lipopolysaccharide stimulation reduces
the severity of experimental idiopathic pneumonia syndrome: potential role for a
gut-lung axis of inflammation. J Immunol 165: 6612-6619.

. Blijlevens NM, Donnelly JP, de Pauw BE (2005) Prospective evaluation of gut

mucosal barrier injury following various myeloablative regimens for haemato-
poietic stem cell transplant. Bone Marrow Transplant 35: 707-711.

. Johansson JE, Ekman T (1997) Gastro-intestinal toxicity related to bone marrow

transplantation: disruption of the intestinal barrier precedes clinical findings.
Bone Marrow Transplant 19: 921-925.

Crenn P, Vahedi K, Lavergne-Slove A, Cynober L, Matuchansky C, et al.
(2003) Plasma citrulline: A marker of enterocyte mass in villous atrophy-
associated small bowel disease. Gastroenterology 124: 1210-1219.

@ PLoS ONE | www.plosone.org

Intestinal Damage in SCT

induced intestinal damage in order to reduce inflammatory
complications associated with myeloablative conditioning therapy.

Author Contributions

Conceived and designed the experiments: WvdV NPMS JPD NMAB.
Performed the experiments: WvdV AHEH NPMS JPD NMAB. Analyzed
the data: WvdV AHEH JPD NMAB. Wrote the paper: WvdV TF JPD
NMAB. Performed the statistical analysis: TF. Approved final version of
the manuscript: WvdV AHEH TF NPMS JPD NMAB.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

34.

Blijlevens NM, Lutgens LC, Schattenberg AV, Donnelly JP (2004) Citrulline: a
potentially simple quantitative marker of intestinal epithelial damage following
myeloablative therapy. Bone Marrow Transplant 34: 193-196.

Herbers AH, Feuth T, Donnelly JP, Blijlevens NM (2010) Citrulline-based
assessment score: first choice for measuring and monitoring intestinal failure
after high-dose chemotherapy. Ann Oncol 2010 21: 1706-1711.

van der Velden WJFM, Blijlevens NM, Feuth T, Donnelly JP (2009) Febrile
mucositis in haematopoietic SCT recipients. Bone Marrow Transplant 43:
55-60.

de Pauw BE, Deresinski SC, Feld R, Lane-Allman EF, Donnelly JP (1994)
Ceftazidime compared with piperacillin and tobramycin for the empiric
treatment of fever in neutropenic patients with cancer. A multicenter
randomized trial. The Intercontinental Antimicrobial Study Group. Ann Intern
Med 120: 834-844.

. de Pauw B, Walsh TJ, Donnelly JP, Stevens DA, Edwards JE, et al. (2008)

Revised definitions of invasive fungal disease from the European Organization
for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative
Group and the National Institute of Allergy and Infectious Diseases Mycoses
Study Group (EORTC/MSG) Consensus Group. Clin Infect Dis 46:
1813-1821.

Abraham E, Matthay MA, Dinarello CA, Vincent JL, Cohen J, et al. (2000)
Consensus conference definitions for sepsis, septic shock, acute lung injury, and
acute respiratory distress syndrome: time for a reevaluation. Crit Care Med 28:
232-235.

Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, et al. (1995)
1994 Consensus Conference on Acute GVHD Grading. Bone Marrow
Transplant 15: 825-828.

Gorak E, Geller N, Srinivasan R, Espinoza-Delgado I, Donohue T, et al. (2005)
Engraftment syndrome after nonmyeloablative allogeneic hematopoietic stem
cell transplantation: incidence and effects on survival. Biol Blood Marrow
Transplant 11: 542-550.

Bachanova V, Brunstein CG, Burns L], Miller JS, Luo X, et al. (2009) Fewer
infections and lower infection-related mortality following non-myeloablative
versus myeloablative conditioning for allotransplantation of patients with
lymphoma. Bone Marrow Transplant 43: 237-244.

Herbers AH, Blijlevens NM, Donnelly JP, de Witte TJ (2008) Bacteraemia
coincides with low citrulline concentrations after high-dose melphalan in
autologous HSCT recipients. Bone Marrow Transplant 42: 345-349.

Costa SF, Barone AA, Miceli MH, van der Heijden IM, Soares RE, et al. (2006)
Colonization and molecular epidemiology of coagulase-negative Staphylococcal
bacteremia in cancer patients: a pilot study. Am J Infect Control 34: 36-40.
Ruescher TJ, Sodeifi A, Scrivani SJ, Kaban LB, Sonis ST (1998) The impact of
mucositis on alpha-hemolytic streptococcal infection in patients undergoing
autologous bone marrow transplantation for hematologic malignancies. Cancer
82: 2275-2281.

Marron A, Carratala J, Gonzalez-Barca E, Fernandez-Sevilla A, Alcaide F, et al.
(2000) Serious complications of bacteremia caused by Viridans streptococci in
neutropenic patients with cancer. Clin Infect Dis 31: 1126-30.

Elting LS, Bodey GP, Keefe BH (1992) Septicemia and shock syndrome due to
viridans streptococci: a case-control study of predisposing factors. Clin Infect Dis
14: 1201-1207.

Guiot HF, Peters WG, van den Broek PJ, van der Meer JW, Kramps JA, et al.
(1990) Respiratory failure elicited by streptococcal septicaemia in patients
treated with cytosine arabinoside, and its prevention by penicillin. Infection 18:
131-137.

5. Chakraverty R, Cote D, Buchli J, Cotter P, Hsu R, et al. (2006) An

inflammatory checkpoint regulates recruitment of graft-versus-host reactive T

cells to peripheral tissues. ] Exp Med 203: 2021-2031.

. Turner BE, Kambouris ME, Sinfield L, Lange J, Burns AM, et al. (2008)

Reduced intensity conditioning for allogeneic hematopoietic stem-cell transplant
determines the kinetics of acute graft-versus-host disease. Transplantation 86:
968-976.

. Diaconescu R, Flowers CR, Storer B, Sorror ML, Maris MB, et al. (2004)

Morbidity and mortality with nonmyeloablative compared with myeloablative
conditioning before hematopoietic cell transplantation from HLA-matched
related donors. Blood 104: 1550-1558.

December 2010 | Volume 5 | Issue 12 | e15156



