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Abstract

Successful hematopoietic stem cell transplantation 
(HSCT) involves the restoration of hematopoietic func-
tion after engraftment, arising from the differentiation 
and proliferation of hematopoietic stem cells. Several 
factors could influence the course of allogeneic-HSCT 
(allo-HSCT). Therefore, knowledge of serum proteome 
changes during the allo-HSCT period might increase 
the efficacy of diagnosis and disease prevention 
efforts. This study conducted proteomic analyses to 
find proteins that were significantly altered in response 

to allo-HSCT. Sera from five representative patients 
who underwent allo-HSCT were analyzed by 2-dimen-
sional gel electrophoresis and liquid chromatography 
tandem mass spectrometry, and were measured on a 
weekly basis before and after allo-HSCT in additional 
78 patients. Fourteen protein spots showing changes 
in expression were further examined, and most pro-
teins were identified as acute phase proteins (APPs). 
Studies of 78 additional patients confirmed that C-re-
active protein (CRP) and haptoglobin undergo ex-
pression changes during allo-HSCT and thus may have 
the potential to serve as representative markers of clin-
ical events after allo-HSCT. Maximal CRP level affected 
the development of major transplant-related complica-
tions (MTCs) and other problems such as fever of un-
known origin. Particularly, an increase in CRP level 21 
days after allo-HSCT was found to be an independent 
risk factor for MTC. Maximal haptoglobin and hapto-
globin level 14 days after allo-HSCT were predictive of 
relapses in underlying hematologic disease. Our re-
sults indicated that CRP and haptoglobin were sig-
nificantly expressed during allo-HSCT, and suggest 
that their level can be monitored after allo-HSCT to as-
sess the risks of early transplant-related complica-
tions and relapse.
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Introduction

Successful HSCT or bone marrow transplantation 
involves the transplantation of new, functional 
immune systems after chemotherapy and radiothe-
rapy. Allo-HSCT or bone marrow transplantation 
has been used successfully to treat hematopoietic 
malignancies, hematopoietic failure, autoimmune 
diseases, and genetic disorders (Copelan, 2006). 
The profiles of several serum proteins and 
peptides are altered during the processes of condi-
tioning, stem cell infusion, and engraftment. Altera-
tions in the serum proteome can reveal surrogate 
biomarkers, which can be assayed with relative 
ease to predict the outcomes and complications of 
allo-HSCT. These biomarkers, which include diffe-
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Characteristics of the patients Median (range)
Duration of follow-up, median range (months)          15.9 (1.0-70.9)
Patient age at transplantation, median range (years)          37.2 (16-62)
Time to ANC ＞ 500/μl, median range (days)          13.0 (9-40)
Time to platelet ＞ 20,000/μl, median range (days)          16.2 (7-89)
Time to platelet ＞ 50,000/μl, median range (days)          22.7 (7-148)

Number (%)
Sex (M/F)        40/38 (51.3/48.7)
Underlying disease

AML/ALL/Other leukemia*      33/18/2 (42.3/23.1/2.6)
CML/MDS/AA/NHL/HLH  5/5/11/3/1 (6.4/6.4/14.1/3.8/1.3)

Disease status at HSCT
Acute leukemia, CR1/CR2/NR      33/17/3 (62.3/32.1/5.6)
CML, CP/AP/BC          3/1/1 (60.0/20.0/20.0)

MDS, RA/RCMD/RAEB          1/2/2 (20.0/40.0/40.0)
AA, severe/very severe             8/3 (72.7/27.3)
NHL, s/p auto-PBSCT/sensitive relapse             1/2 (33.3/66.7)
HLH                1 (100)
Graft type, sibling/untreated         54/24 (69.2/30.8)
Stem cell source, BM/PBSC         28/50 (35.9/64.1)
Sex compatibility, match/mismatch/data missing      49/28/1 (62.8/35.9/1.3)
ABO compatibility, match/mismatch/data missing      36/40/2 (46.2/51.3/2.6)
Conditioning regimen

Fludarabine-based/CTX-TBI/BU-CTX/CTX-ATG 47/17/4/10 (60.3/21.8/5.1/12.8)
GVHD prophylaxis

CsA-based/Tacrolimus-based/data missing      54/22/2 (69.2/28.2/2.6)
Engraftment, success/failure/data missing        73/4/1 (93.6/5.1/1.3)
Acute GVHD, yes/no         21/57 (26.9/73.1)
SOS, yes/no/data missing        4/73/1 (5.1/93.6/1.3)
MTC (aGVHD + SOS)         22/56 (28.2/71.8)
Acute other complication except MTC         35/43 (44.9/55.1)
Relapse after allo-HSCT during follow-up         24/54 (30.8/69.2)

ANC, absolute neutrophil count; ALL, acute lymphocytic leukemia; CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; AA, aplastic 
anemia; NHL, non-Hodgkin’s lymphoma; HLH, hemophagocytic lymphohistiocytosis; HSCT, hematopoietic stem cell transplantation; CR2, complete re-
mission after induction chemotherapy in 1st relapsed patients; NR, non-remission; MDS, RA/RCMD/RAEB, myelodysplastic syndrome, refractory anemia/re-
fractory cytopenia with multilineage dysplasia/refractory anemia with excess blast; BM, bone marrow; PBSC, peripheral blood stem cell; TBI, total body irra-
diation; BU-CTX, busulfan-cyclophosphamide; CTX-ATG, cyclophosphamide-antithymocyte globulin; CsA, cyclosporin A; GVHD, graft versus host disease; 
SOS, sinusoidal obstruction syndrome; MTC, major transplant-related complication
*'Other leukemia' refers to biphenotypic leukemia and adult T-cell leukemia.

Table 1. Clinical characteristics of 78 patients who underwent allo-HSCT.

rentially expressed or excreted polypeptides and 
proteins, have the potential to improve the early 
and accurate diagnosis of allo-HSCT-related 
complications without the need for invasive 
procedures such as biopsy (Reddy and Ferrara, 
2003; Schulenburg et al., 2004). Recently, several 
studies have demonstrated the usefulness of 
proteomic approaches in the identification of marker 
peptide patterns for graft-versus-host disease 
(GVHD) and other allo-HSCT-related com-
plications (Kaiser et al., 2004; Srinivasan et al., 
2006; Weissinger et al., 2006, 2007). The iden-
tification of specific patterns that are modulated 
during disease progression or therapy would 

enhance current methods of diagnosis and 
follow-up care (Weissinger et al., 2006).
    In general, all patients receive chemotherapy or 
irradiation prior to allo-HSCT, as a means to 
suppress immune reactions and help eradicate the 
disease prior to the infusion of hematopoietic stem 
cells (HSCs). However, this process may lead to 
undesirable tissue damage, triggering the release 
of inflammatory cytokines and promoting hemo-
static alterations. Sinusoidal obstruction syndrome 
(SOS) is one of the most common early compli-
cations of HSCT, leading to significant morbidity 
and mortality. This disease appears to stem from 
endothelial damage to the sinusoids and small 
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Figure 1. The analyses of human sera via 2-DE. Enlargement of the 2-DE gel spots identified by LC-MS/MS.

hepatic venules in response to conditioning regi-
mens. Subclinical clotting and alterations in fibri-
nolytic profiles have occurred in patients receiving 
HSCT (Notoya et al., 1998), and fibrinolytic and 
clotting parameters are predictive of SOS after 
HSCT (Tanikawa et al., 2000; Villalon et al., 2000; 
Sartori et al., 2005). Acute GVHD also is one of the 
major early complications after HSCT, manifesting 
as SOS, wherein host tissues are perceived as 
antigenically foreign and are attacked by T cells in 
the graft. Proinflammatory cytokines are overpro-
duced in response to total body irradiation (TBI) 
and/or high-dose chemotherapy, which directly or 
indirectly facilitates T-cell activation by upregulating 
the level of adhesion and costimulation molecules 
on antigen-presenting cells (Schultz and Arnold, 
1990). Patient serum protein profiles undergo 

changes during the development of acute GVHD 
after HSCT. Weissinger and colleagues reported 
the usefulness of proteomic screening in the early 
detection of acute GVHD occurring after allo-HSCT 
(Weissinger et al., 2006, 2007). In addition, several 
proteins present in the body fluid of patients 
undergo changes in response to allo-HSCT. 
Severe infection and other complications of HSCT 
also influence protein profiles.
    In this study, we conducted proteomic analyses 
to identify proteins that were differentially expressed 
in response to allo-HSCT. Among such proteins, 
the expression of C-reactive protein (CRP) and 
haptoglobin were significantly altered in response 
to transplantation.
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Spot Accession Identified Seq. Matched MW PLGS Mascot pINo. No. proteins Cov. (%) peptide (kDa) score score
1 IPI00017601 CP   6.8 (10)*   5 (8)* 5.4 122.9    630 319
2 IPI00017696 C1s   6.4 (5)   3 (3) 4.8   78.1    278 115
3 IPI00019568 Prothrombin   8.1 (13)   4 (7) 5.6   71.4    265 147
4 IPI00019591 CFB 10.6 (8)   7 (12) 6.8 143.1    517 140
5 IPI00550991 SERPINA3 29.9 (30) 13 (15) 5.4   50.7  1931 483
6 IPI00022431 AHSG       - (8)    - (3) 5.8   47.5      -   93
7 IPI00021891 FGG 15.4 (14)   7 (14) 5.3   52.1    762 241
8 IPI00431645 Haptoglobin 25.9 (42)   8 (23) 8.4   31.6    746 643
9 IPI00291262 APOJ 16.9 (15)   5 (5) 5.8   53.0    244 165

10 IPI00021841 APOE 28.3 (30)   7 (12) 5.6   36.2    631 434
11 IPI00022391 APCS 27.3 (34)   9 (14) 6.1   25.4    686 424
12 IPI00022381 CRP 13.8 (16)   3 (4) 5.4   25.1    201   74
13 IPI00021841 APOA1 62.1 (64) 16 (70) 5.5   30.7  1583 914
14 IPI00022423 PRBP   9.9 (23)   2 (5) 5.7   23.3    284   70

CP, Ceruloplasmin; C1s, Complement C1s subcomponent; CFB, Complement factor B; SERPINA3, α1-antichymotrypsin; AHSG, α2-HS-glycoprotein; 
FGG, Fibrinogen γ chain; APOJ, Apolipoprotein J; APOE, Apolipoprotein E; APCS, Serum amyloid P; CRP, C-reactive protein; APOA1, Apolipoprotein A1; 
PRBP, plasma retinol-binding protein
*Numbers in parentheses were sequenced and mapped data using the MASCOT DAEMON program.

Table 2. Fourteen proteins identified in five patients. 

Results

Clinical characteristics of patients after allo-HSCT

Venous blood samples were obtained from five 
representative patients who underwent allo-HSCT, 
and examined by proteome analysis. The five 
patients were diagnosed with AML (data not 
shown). The differentially expressed proteins iden-
tified in 2-DE analysis were validated using sera 
from 78 additional patients who underwent 
allo-HSCT at CNUH between June 2002 and April 
2008. The majority of the patients (n = 66) received 
transplants for hematologic malignancy [i.e., 33 
patients with AML, 18 with acute lymphocytic 
leukemia (ALL), 5 with chronic myeloid leukemia 
(CML), 5 with myelodysplastic syndrome (MDS), 3 
with non-Hodgkin lymphoma (NHL), 1 with acute 
biphenotypic leukemia, and 1 with adult T cell 
leukemia], whereas 12 patients received trans-
plants because of hematopoietic failure syndrome 
[i.e., 11 patients with aplastic anemia (AA) and 1 
with hemophagocytic lymphohistiocytosis (HLH)]. 
The characteristics of these patients are summa-
rized in Table 1.

Differentially expressed proteins in serum after 
allo-HSCT

To investigate proteins that were differentially 
expressed in patient serum during allo-HSCT, 
serum proteins were enriched via the depletion of 
albumin and IgG. Proteins from whole and 

depleted sera separated by 2-DE (data not shown). 
Protein profiles between pre- and post-transplan-
tation were compared using the Progenesis 
Samespots program V2.0, and significant changes 
were visualized. 14 spots were examined using 
LC-MS/MS, and most proteins were identified as 
acute phase proteins (APPs) (Figure 1, Table 2). 
Comparison of the protein level before and after 
transplantation revealed three distinct patterns. 
Level of serum amyloid P, APOE, and CRP were 
higher 14 days or 21 days after allo-HSCT than 
before transplantation. However, concentrations of 
haptoglobin and α-2-HS-glycoprotein decreased 
after transplantation. Level of C1s, α1-anti-chy-
motrypsin, prothrombin, complement factor B, 
fibrinogen γ chain, ceruloplasmin, PRBP, APOA1, 
and APOJ were modulated in irregular patterns. 
These results demonstrated that the level of some 
APPs was changed in response to transplantation 
and may therefore serve as potential markers for 
the diagnosis or evaluation of patients who receive 
allo-HSCT.

Validation of CRP and haptoglobin level in 78 patients 
after allo-HSCT

To further validate the differentially expressed 
proteins found in 5 patients, additional 78 patients 
who underwent allo-HSCT were analyzed. Changes 
of CRP and haptoglobin level within initial group of 
5 patients showed more consistent pattern than 
other spots. Thus serum level of CRP and hapto-
globin were measured on a weekly basis before 
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Characteristics MTC (+) (n=22) MTC (-) (n=56) P value
Patient age, median range (years) 33.6 (17-51)   38.7 (16-62) 0.428b

Patient age, ＜ 40 or ≥ 40 16/6 (72.7/27.3) 26/30 (46.4/53.6) 0.036d

Sex (M/F) 11/11 29/27 0.829d

Time to ANC ＞ 500/μl, median range (days) 14.0 (9-40)     8.3 (9-19) 0.757c

Time to platelet ＞ 20,000/μl, median range (days) 23.2 (8-89)     7.1 (7-89) 0.031c

Time to platelet ＞ 50,000/μl, median range (days) 32.4 (12-148) 19.47 (7-42) 0.087c

Underlying disease 0.541d

    AML/ALL/Other leukemia 9/6/0 24/12/2
    CML/MDS/AA/NHL/HLH 3/2/2/0/0 2/3/9/3/1
Disease status at HSCTa 17/5 48/8 0.500c

Graft type, sibling/untreated 12/10 42/14 0.078d

Stem cell source, BM/PBSC 7/15 21/35 0.638d

Sex compatibility, match/mismatch/missing 13/9/- 39/19/1 0.600d

ABO compatibility, match/mismatch/data missing 8/13/1 28/27/1 0.317d

Conditioning regimen 0.276d

    Fludarabine-based 11 36
    CTX-TBI   8   9
    BU-CTX   1   3
    CTX-ATG   2   8
GVHD prophylaxis 0.277d

    CsA-based 13 41
    Tacrolimus-based   8 14
    Data missing   1   1

CTX-TBI, cyclophosphamide-total body irradiation; BU-CTX, busulfan-cyclophosphamide.
aEither acute leukemia in first remission or MDS; RA/RCMD or CML; CP, aplastic anemia or HLH; compared with acute leukemia in second re-
mission/non-remission or MDS; RAEB or CML; AP/BC or non-Hodgkin's lymphoma, bStudent's T test, cMann-Whitney, dChi-square test, eFisher's exact test.

Table 3. Clinical characteristics of patients with or without MTC.

and after allo-HSCT. Based on a previously used 
definition (Glucksberg et al., 1974; Shulman et al., 
1980; Przepiorka et al., 1995), the observed 
transplant-related complications in an MTC-posi-
tive group (i.e., ≥ grade II aGVHD, SOS) and an 
MTC-negative group (i.e., FUO, ≥ grade II muco-
sitis, hemorrhagic cystitis, grade I aGVHD) were 
further categorized. Of the 22 patients who deve-
loped MTC, 4 (18.1%) experienced fatal outcomes 
within 100 days after allo-HSCT. Relapse after 
allo-HSCT occurred in 24 patients (30.8%), with 13 
(54.1%) experiencing a relapse within 100 days.
    When MTC-positive and -negative groups were 
considered separately, the median overall CRP 
level were showed a characteristic monophasic 
pattern that varied with time and were significantly 
higher on days 14 and 21 in the MTC-positive 
group [i.e., when these data are expressed as 
medians (25%, 75%), the values were 3.60 (1.70, 
9.60) and 1.70 (0.65, 3.10), respectively, on day 14 
(P = 0.004); 1.05 (0.40, 3.90) and 0.50 (0.20, 0.80), 
respectively, on day 21 (P = 0.013)] (data not 
shown). Mean haptoglobin level showed decreas-
ing pattern during the period of observation by 
proteomic analysis. When remission and relapse 
groups were observed separately, the level were 

significantly high on day 14 in the relapsed group 
than in the remission group (i.e., mean ± SD 
values of 114.4 ± 78.9 and 65.6 ± 58.2, respec-
tively; P = 0.027), but were not correlated with MTC 
concentrations (data not shown).
    To establish potential risk factors for the deve-
lopment of MTC, association of variables sus-
pected to influence the development of compli-
cations after allo-HSCT were examined to the 
MTC-positive and -negative groups (Table 3). There 
were no significant differences in age, gender, 
underlying disease, transplant type, stem cell 
source, conditioning regimen, GVHD prophylaxis, 
ABO incompatibility, or time (days) from allo-HSCT 
to an absolute neutrophil count ＞ 500/μl. However, 
the MTC-positive group required more time than 
did the MTC-negative group to achieve a platelet 
count greater than 20,000/μl after allo-HSCT (P = 
0.031). Also, age differences (age ＜ 40 yr versus 
≥ 40 yr) were significantly increased the risk factor 
for the occurrence of MTC (P = 0.036). More 
patients younger than 40 yr were included in the 
MTC-positive group (72.7% in the MTC-positive 
group and 46.4% in the MTC-negative group). 
Time (days) from allo-HSCT to have a platelet 
count ＞ 50,000/μl and patients group underwent 
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P value
Acute GVHD (≥ Grade II) Maximal CRP level ＜0.001a

Maximal Haptoglobin level     0.810b

CRP level on day 14*     0.010a

CRP level on day 21*     0.030a

Sinusoidal obstruction syndrome Maximal CRP level     0.004a

Maximal Haptoglobin level     0.840b

CRP level on day 7*     0.019a

CRP level on day 14*     0.003a

CRP level on day 21*     0.018a

Other acute complications Maximal CRP level     0.002a

Maximal Haptoglobin level     0.602b

CRP level on pre-transplant     0.005a

CRP level on day 7 ＜0.001a

CRP level on day 14* ＜0.001a

CRP level on day 21*     0.001a

Haptoglobin level on pre-transplant     0.036b

Relapse after HSCT Maximal CRP level     0.230a

Maximal Haptoglobin level     0.042a

Haptoglobin level on day 14*     0.027b

aMann-Whitney test, bStudent’s T test.
*Once a week after transplant.

Table 4. Correlation between serum CRP and haptoglobin level and the development of complications or relapse after allo-HSCT.

allo-HSCT from unrelated donor were related to 
the occurrence of MTC without statistical signifi-
cance (P = 0.087, P = 0.078, respectively).
    It also analyzed according to the correlation 
between representative APPs and complications 
after HSCT (Table 4). The maximal CRP level in 
each patients were showed significant effects to 
the development of complications during further 
courses of allo-HSCT, including acute GVHD (P ＜ 
0.001), SOS (P = 0.004) and other acute compli-
cations such as FUO (P = 0.002). And also, when 
these data were analyzed according to the median 
CRP level for each time points, the occurrence of 
MTC was significantly affected to the median CRP 
level on days 14 and 21. Overall, maximal hapto-
globin level were not significantly associated with 
other acute complications (P = 0.602); however, 
maximal pre-transplant haptoglobin level were 
associated with the development of other acute 
complications (P = 0.036).
    Consequently, univariate and multivariate 
analyses of factors that might potentially increase 
the risk of MTC were performed (Table 5). Our 
results showed that MTC was significantly asso-
ciated with young age (i.e., less than 40 yr old) and 
maximal CRP level (P = 0.049 and P ＜ 0.001, 
respectively). CRP level on days 14 and 21 were 
also risk factors for MTC. When these data were 
analyzed according to maximal CRP level, the risk 
of MTC increased more than 6.9-fold in patients 
with CRP level ≥ 20 mg/dl than in patients with 

CRP level ＜ 10 mg/dl. Multivariate analysis of the 
same factors revealed that young age (i.e., less 
than 40 yr old) and CRP level on day 21 were the 
strongest independent variables (P = 0.017 and 
0.032, respectively). Relapse is a major problem in 
patients undergoing allo-HSCT. When the level of 
CRP and haptoglobin in patients with relapse after 
allo-HSCT was compared, there were no signi-
ficant differences with regards to pre-transplant 
variables and the timing of engraftment. However, 
maximal haptoglobin level were correlated to 
relapse after allo-HSCT (P = 0.042) and mean 
haptoglobin level on day 14 were significantly 
higher in relapsed patients (P = 0.027) (Table 4). 
This relationship was not found when the maximal 
and median CRP level at each time points were 
analyzed (data not shown). Univariate analysis of 
relapse risk after allo-HSCT revealed that maximal 
haptoglobin level, disease status at the time of 
transplantation, and mean haptoglobin level on day 
14 were risk factors for relapse (P = 0.019, P = 
0.005, and P = 0.030, respectively). When these 
data were analyzed according to maximal hapto-
globin level, the risk of relapse increased more 
than 12.7-fold in patients with haptoglobin level ≥ 
200 mg/dl compared to patients with haptoglobin 
level ＜ 150 mg/dl. Multivariate analysis of the 
same factors revealed that disease status was the 
strongest independent variable (P = 0.003) (Table 
5).
    These results indicate that the expression 
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Risk factor
Univariate analysis Multivariate analysis

RR (95%, CI) P valuea RR (95%, CI) P valuea

Age group (＜40 or ≥ 40)   2.557 (1.006, 6.601)     0.049 3.651 (1.256, 10.626) 0.017
Maximal CRP level   1.099 (1.051, 1.149) ＜0.001
CRP level on day 14   1.080 (1.031, 1.131)     0.001
CRP level on day 21   1.091 (1.012, 1.177)     0.023 0.032
Category of maximal CRP     0.001
    ＜10   1
    ≥ 10 and ＜ 20   3.175 (1.170, 8.618)     0.023
    ≥ 20   6.867 (2.328, 20.254) ＜0.001
Disease statusb   3.591 (1.466, 8.794)     0.005 4.168 (1.626, 10.684) 0.003
Maximal haptoglobin level   1.006 (1.001, 1.011)     0.019
haptoglobin level on day 14   1.006 (1.001, 1.011)     0.030
Category of maximal haptoglobin     0.006
    ＜150   1
    ≥ 150 and ＜200   1.696 (0.693, 4.152)     0.247
    ≥ 200 12.675 (2.657, 60.467)     0.001

RR, relative risk; CI, confidence interval.
aCox proportional regression analysis, bEither acute leukemia in first remission or MDS; RA/RCMD or CML; CP, aplastic anemia or HLH; compared with 
acute leukemia in second remission/non-remission or MDS; RAEB or CML; AP/BC or non-Hodgkin's lymphoma.

Table 5. Univariate and multivariate analyses of factors influencing the risk of MTC and relapse after allo-HSCT.

patterns of CRP and haptoglobin are significantly 
associated with the development of MTC and the 
risk of relapse after allo-HSCT, and suggest that 
monitoring of changes in CRP and haptoglobin 
level after allo-HSCT would allow for the identi-
fication of patients at risk for early transplant-re-
lated complications and relapse.

Discussion

When patients experience bone marrow failure or 
hematological malignancy, treatment generally 
involves chemotherapy or radiotherapy followed by 
the transplantation of a new and functional immune 
system. Although allo-HSCT has dramatically 
improved patient survival rate, the broader appli-
cations of this therapy remain limited because of 
the life-threatening complications that often occur 
after therapy, such as severe infection and acute 
GVHD (Horowitz et al., 1990; Gratwohl et al., 
2002). Early diagnosis and better control of these 
complications would increase the safety of 
allo-HSCT, particularly with respect to the broad 
applications of the procedure. Because of the 
complexity of most problems that occur after 
allo-HSCT, knowledge of the behavior of single 
molecules and potential posttranslational modifica-
tions may not be sufficient to gain useful insight 
into the development of these conditions. However 
the generation of specific proteome patterns that 
are modulated during disease progression or 

therapy would likely prove useful in the diagnosis 
and follow-up of patients who experience compli-
cations after allo-HSCT. Proteomic analyses have 
emerged as a technology capable of deciphering 
biological processes and discovering biomarkers 
present in tissues and bodily fluids. Previous 
studies strongly suggest that proteomic analyses of 
body fluids will become increasingly important in 
the clinical diagnosis of various diseases (Osin et 
al., 1998; Voss et al., 2001). Recent proteomic 
data have focused on hematologic malignancies 
such as AML (Cho et al., 2004; Kwak et al., 2004) 
and the follow-up care of patients after allo-HSCT 
(Kaiser et al., 2004; Srinivasan et al., 2006; 
Weissinger et al., 2006, 2007).
    In this study, 14 proteins, including CRP and 
haptoglobin, identified during allo-HSCT by 2-DE 
and LC-MS/MS are classified as APPs, a group of 
proteins whose plasma concentrations increase 
(i.e., positive acute phase proteins) or decrease 
(i.e., negative acute phase proteins) in response to 
inflammation. Generally, haptoglobin, CRP, C1s, 
prothrombin, fibrinogen γ chain, α1-anti-chymotryp-
sin, complement factor B, serum amyloid P, and 
ceruloplasmin are positive APPs, whereas PRBP is 
considered a negative APP. Apart from the listed 
proteins, changes in APOE, APOJ, and APOA1 
level were observed. Differentially expressed 
proteins, including APPs were involved in fibrino-
lytic processes and clotting parameters and 
changes in the expression level of these proteins 
may thus also be expected during the period 
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following allo-HSCT.
    In the further validation of CRP and haptoglobin 
level in 78 patients after allo-HSCT, maximal CRP 
level influenced the development of acute 
complications, including acute GVHD, SOS, and 
FUO, after further courses of allo-HSCT. In 
particular, CRP level on days 14 and 21 was 
associated with the occurrence of MTC. The CRP 
level at each time points was closely associated 
with occurrence of other acute complications. In 
addition, the CRP level on day 21 was found to be 
an independent risk factor for MTC. Although 
young age (i.e., less than 40 yr old) was the 
strongest predictive factor, our results may have 
been influenced by the fact that more young 
subjects were included in the MTC-positive group 
than in the MTC-negative group. CRP is an acute 
phase protein that is produced by the liver and is a 
reliable marker of systemic inflammation. The 
protein is induced in liver cells by IL-6 (Schultz and 
Arnold, 1990), which is produced by many types of 
cells such as monocytes, macrophages, fibro-
blasts, and endothelial cells. These cells are likely 
to survive the conditioning regimen and respond to 
the tissue damage caused by high-dose cytotoxic 
agents and infections. CRP and its role in the 
development of MTC after allo-HSCT were 
reported in the previous studies (Schots et al., 
1998, 2002, 2003). It is said that early increase in 
serum level of CRP is independent risk factor for 
the occurrence of MTC. As these studies, our 
results suggest that not only the severity and 
multiplicity of precipitating causes, but also 
individual inflammatory response level, determine 
outcome during the 3 weeks after allo-HSCT. In 
addition, a correlation between CRP and leukemic 
relapse was found, wherein mean CRP level 
throughout the early post-SCT episode were 
significantly lower in relapsing patients than in 
others (Min et al., 2006). Also, GVHD was 
significantly associated with relapse. These studies 
have suggested that the procurement of inflamma-
tory status, as reflected by higher serum CRP 
level, allows antigen-activated donor T cells to 
maintain their anti-leukemic effects, whereas the 
suppression of proinflammatory cytokines might 
interfere with the graft-versus-leukemia (GVL) 
phenomenon. However, we found no correlation 
between CRP level and leukemic relapse. Mean 
haptoglobin level during allo-HSCT exhibited a 
monophasic pattern, as did median CRP concen-
trations. However, maximal haptoglobin level and 
haptoglobin level at each time points were not 
associated with the development of MTC. Only 
haptoglobin concentrations prior to transplantation 
were correlated with other acute complications 

such as FUO. Also, maximal haptoglobin level and 
haptoglobin level at day 14 emerged as risk factors 
for relapse after allo-HSCT in patients with disease 
at the time of transplantation. Haptoglobin is a 
positive acute-phase protein produced by liver cells 
(Arredouani et al., 2003). Hepatic expression of 
haptoglobin is strongly induced by inflammatory 
mediators such as IL-6-type cytokines (Wang et al., 
2001). In addition to a role as a hemoglobin 
scavenger, haptoglobin has been shown to behave 
as an angiogenic (Cid et al., 1993), antioxidant 
(Arredouani et al., 2003), and anti-inflammatory 
factor (Langlois and Delanghe, 1996; Arredouani et 
al., 2003). Haptoglobin and its variants are potent 
immunosuppressors of lymphocyte function 
(Arredouani et al., 2003; Huntoon et al., 2008), and 
also several studies have indicated that the protein 
may be useful as a cancer biomarker (Ahmed et 
al., 2004; Bharti et al., 2004; Ang et al., 2006; 
Okuyama et al., 2006; Sandoval et al., 2007). 
Despite extensive research on haptoglobin, no 
studies have yet examined the correlation between 
haptoglobin and complications after allo-HSCT.
    Overall, these results demonstrate that if CRP 
level are elevated during the third week after 
transplantation, clinicians should recognize the 
probability of MTC and seek clinical evidence 
suggestive of this condition. Although any corre-
lation between relapse and CRP level did not 
show, maximal level of haptoglobin was associated 
with relapse after allo-HSCT. Haptoglobin is a 
positive APP like CRP; however, the proteins differ 
in clinical significance. The underlying pathophy-
siological mechanism remains unclear, and also 
our studies have some limitations as these data 
come from heterogeneous patient group, condi-
tioned with different regimens and transplanted 
with differing cell sources, but the identification of a 
new biomarker able to predict relapse after 
allo-HSCT may be of considerable interest. Finally, 
we suggest that monitoring the expression of CRP 
and haptoglobin after allo-HSCT will allow for 
identification of patients who are at risk of early 
transplant-related complications and relapse.

Methods

Patients

Venous blood samples were obtained prior to allo-HSCT 
and weekly after allo-HSCT. The serum was separated and 
stored at -80oC until further use. The study protocol was 
approved by the Ethics Committee of Chonnam National 
University Hwasun Hospital (CNUH). Subjects were fully 
informed and written consent was obtained from each 
participant.



Serum proteome change in HSCT     659

Conditioning and transplantation

Forty-seven patients were treated with a fludarabine-con-
taining regimen. Of these, 32 patients received fludarabine 
(30 mg/m2/day for 6 days) and busulfan (0.8 mg/kg every 6 
h for 4 days). In addition, CampathⓇ (alemtuzumab) was 
added to the fludarabine and busulfan regimens of 15 
patients who underwent unrelated allo-HSCT. Standard-in-
tensity protocols were used to treat 21 patients. Of these, 
17 patients received TBI (6 × 2 Gy over 3 days) and 
cyclophosphamide (60 mg/kg for 2 days), and 4 patients 
received busulfan (4 mg/kg for 4 days) followed by 
cyclophosphamide (120 mg/kg for an additional 2 days). 
Ten patients received cyclophosphamide (50 mg/kg for 4 
days) and ATG (Thymoglobuline) (2.5 mg/kg for 3 days).
    A total of 54 patients received stem cells from 
HLA-identical family donors, and 24 patients received 
transplants from unrelated donors [i.e., 18 patients 
received transplants from a matched unrelated donor 
(MUD) and 6 patients received transplants from a 
mismatched donor).
    Stem cells were derived from peripheral blood stem cells 
in 50 patients and bone marrow in 28 patients. As 
prophylactic treatment against GVHD, 54 patients were 
treated with methotrexate (MTX) or mycophenolate mofetil 
(MMF) and cyclosporin A (CsA), and 22 patients were 
treated with PrografⓇ (tacrolimus, FK506) with or without 
methotrexate (MTX). The remaining two patients were 
treated with cyclosporin A (CsA) alone. All patients 
received standard supportive care, including empirical 
broad-spectrum antibiotic therapy in case of fever, 
low-dose continuous infusions of heparin (100 U/kg daily) 
to prevent SOS, and high-dose immunoglobulins and 
acyclovir to prevent herpes simplex/CMV. Platelet trans-
fusions were given when platelet counts decreased to less 
than 20 × 109 platelets/L. Granulocyte colony stimulating 
factor was administered to all patients until the achie-
vement of stable neutrophil recovery, defined by an 
absolute neutrophil count (ANC) ＞ 1.0 × 109/L.

Definition of engraftment and major complications

Engraftment was estimated by the time required to obtain 
an ANC of 500 or more and the maintenance of a platelet 
count of 20,000 to 50,000 for 3 days, without the need for a 
platelet transfusion. Bone marrow aspiration and section 
biopsies were performed on day 21 after stem cell infusion. 
In addition, we checked for the presence of a short tandem 
repeat (STR) after HSCT and compared patients with 
donor STR, and performed FISH analysis of sex chromo-
somes in sex-mismatched transplant patients. Acute 
GVHD was graded on a four-point scale [i.e., ranging from 
mild disease (I) to severe disease (IV)] (Glucksberg et al., 
1974; Przepiorka et al., 1995) and chronic GVHD was 
classified as either limited or extensive, as previously 
described (Shulman et al., 1980; Atkinson et al., 1989). 
Fever of unknown origin (FUO) was defined by a body 
temperature ≥ 38.3oC for at least 2 consecutive days. 
SOS was diagnosed according to the presence of 
hyperbilirubinemia (＞ 3.0 mg/dl), weight gain (＞ 2.5% of 
initial weight), and right upper quadrant pain, with or 
without the presence of hepatomegaly (McDonald et al., 
1984). Hematological and non-hematological toxicity were 

measured and graded according to the criteria described 
by the National Cancer Institute-Common Toxicity Criteria 
(NCI-CTC) version 3.0. 

Depleted serum sample preparation

The two major protein components of human serum (i.e., 
albumin and IgG) were depleted via immunoaffinity with 
albumin and IgG depletion kit according to the manu-
facture's protocol (Sigma).

Two-dimensional gel electrophoresis 

Two-dimensional gel electrophoresis (2-DE) was performed 
using isoelectric focusing (IEF) and SDS-PAGE analysis. 
Dry-strips were rehydrated with 200 μg of protein in 
solubilization solution (9 M urea; 2% CHAPS; 4 M thiourea; 
2% IPG buffer, pH 4 to 7; 18 mM DTT and a trace of 
bromophenol blue) and loaded onto Immobiline Drystrips. 
Rehydration proceeded for 12 h at room temperature and 
IEF was conducted at 20oC in gradient mode for 1 minute 
at 200 V, 90 min at 3,500 V and 10 h at 3,500 V. Following 
IEF separation, the dry-strips were equilibrated for 30 
minutes in an equilibration buffer (50 mM Tris-HCl pH 6.8, 
6 M urea, 30% glycerol, 2% SDS and a trace of 
bromophenol blue). We then added 0.25% DTT to the first 
equilibration buffer, and replaced DTT with 4.5% iodoa-
cetamide in the second equilibration buffer. The second 
dimension of the separation was carried out on a SDS 
polyacrylamide vertical slab gel. After 2-DE, proteins were 
visualized by silver staining according to the manufacture’s 
protocol (GE Healthcare).

Image analysis

The 2-DE images were analyzed using the Progenesis 
SameSpots program, V2.0. (Nonlinear Dynamics, Nonlinear, 
Inc) (Mattacks et al., 2003).

Destaining and in-gel trypsin digestion of protein and 
extraction

Protein spots separated by 2-DE were excised manually 
from 2-DE gels and destained using oxidation buffer (15 
mM potassium ferricyanide and 50 mM sodium thiosul-
phate). Destained gels were re-swelled and dehydrated 
using 100 μl of 100 mM ammonium bicarbonate in 50% 
acetonitrile. The gels were re-swollen and dehydrated for 
an additional two to three times, then dried. The dried gels 
were digested by 50 mM ammonium bicarbonate, pH 8, 
containing 0.05 μg/μl trypsin for 16 hours at 37oC. The 
tryptic peptides were extracted three times to recover all of 
the peptides from the gel particles. The recovered peptides 
were concentrated by drying the final volume of the 
extracts in a vacuum centrifuge. The concentrated pepti-
des were then mixed with 20 μl of 0.1% formic acid in 3% 
acetonitrile in preparation for liquid chromatography 
tandem mass spectrometry (LC-MS/MS) analysis.

LC-MS/MS analysis and database searches

Nano LC of tryptic peptides was performed using a Waters 
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Nano LC system equipped with a Waters C18 nano 
column. Samples were loaded onto the column. Peptides 
were eluted from the column with a gradient ranging from 
2% to 40% binary solvent B1 for 30 min at 0.4 μl/min. 
Mass spectrometry analysis of tryptic peptides was perfor-
med using a Waters SynaptTM HDMS. The mass spectro-
meter was operated in V-mode for all measurements. All 
analyses were performed using a positive mode Nano ESI 
with a NanoSpray source. Accurate mass LCMS data were 
collected via an alternating [i.e., low energy (MS) and 
elevated energy (MSE)] mode or Data Dependent Acqui-
sition (DDA) mode of acquisition. Continuum LC-MS/MS 
data were processed and used in database searches using 
the Protein Lynx Global Server (PLGS), version 2.3 
(Waters). Ion detection, clustering and normalization were 
performed using PLGS. Processed data were used to 
search the IPI human database (Liu et al., 2004; Wang et 
al., 2005). Processed ions were sequenced and mapped 
against the IPI human database using the PLGS and 
MASCOT DAEMON programs (http://www.matrixscience. 
com).

Measurement of CRP and haptoglobin level

Level of CRP were measured using an Hitachi 7600-110 
automated biochemical analyzer (Hitachi High Techno-
logies., Tokyo, Japan) and turbidimetric immunoassays 
(TIA), with a reference range of 0 mg/dl to 0.5 mg/dl. 
Haptoglobin level were determined via immunoturbido-
metry using a commercial HAPT kit (Roche, Switzerland) 
and the COBAS Integra 800 biochemical analyzer (Roche, 
Switzerland), with a reference range of approximately 30 
mg/dl to 200 mg/dl.

Statistical analysis

Student's t tests were performed to test for differences in 
the means of continuous measurements and these results 
were confirmed using the Mann-Whitney test. The asso-
ciation between categorical variables was investigated 
using the Chi square or Fisher's exact tests. Factors of 
interest were compared between patient groups. Prelimi-
nary univariate analyses were performed to identify factors 
that could be used to build a Cox proportional hazard 
regression model. This model was then used to determine 
the probability of major transplant-related complications 
and relapse.
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