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ABSTRACT

The association of iron overload with complications of allogeneic hematopoietic stem cell

transplantation (HSCT) has been suggested in previous studies. Since hepcidin plays a central

role in the regulation of iron homeostasis, we analyzed the association between pre-transplant

serum hepcidin-25 levels and early infectious complications after allogeneic HSCT. We

studied 55 consecutive adult patients with a median age of 47 years (range, 20—64 years) who

underwent allogeneic HSCT for hematologic malignancies at our institution. Thirty-two

patients had myeloid malignancies; the remaining 23 had lymphoid malignancies. The

median pre-transplant serum hepcidin level of patients in the study was 21.6 ng/ml (range,

1.4-371 ng/ml), which was comparable to that of healthy volunteers (median, 19.1 ng/ml

[range, 2.3-37 ng/ml]; n = 17). When cumulative incidences of documented bacterial and

cytomegaloviral infections at day 100 were compared according to pre-transplant hepcidin-25

levels, the incidence of bacterial, but not cytomegaloviral, infection, was significantly higher

in the high-hepcidin group (=50 ng/ml; n = 17) than in the low-hepcidin group (<50 ng/ml; n

= 38) (65% [95% confidence interval, 38%—82%] vs 11% [3%—23%]; P < 0.001). This

finding was confirmed by multivariate Cox analysis adjusted for confounders, including

pre-transplant ferritin and C-reactive protein levels. No fungal infection was documented in

either group. These results suggest that the pre-transplant serum hepcidin-25 level may be a

useful marker for predicting the risk of early bacterial complications after allogeneic HSCT.

Larger prospective studies are, however, warranted to confirm our findings.



INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (HSCT) has been widely performed

as a potentially curative treatment for intractable hematologic malignancies with conventional

chemotherapy. However, despite recent advances in the treatment of infectious diseases and

conditioning regimens for transplantation, treatment-related complications remain a major

problem. Therefore, it is particularly important to identify a good biomarker that can predict

treatment-related complications before transplantation. A recently accumulated body of

evidence suggests that iron overload is associated with adverse clinical outcomes in HSCT

[1-10]. Armand et al. showed that a high pre-transplant serum ferritin level was strongly

associated with lower overall and disease-free survival in patients with allogeneic HSCT that

was performed as a treatment for acute leukemia and myelodysplastic syndrome (MDS) [2].

Other studies have shown that pre-transplant iron overload in autologous or allogeneic HSCT

was a risk factor associated with post-transplant complications, such as mucositis, bacterial

and fungal infection, and hepatic veno-occlusive disease [3-6, 8-11].

Hepcidin, first identified in human blood and urine as an antimicrobial small peptide

[12, 13], is now considered to be a central molecule that regulates iron metabolism. Hepcidin

decreases iron absorption from the intestine and blocks its release from iron stores by

down-regulating the expression of the cellular iron exporter, ferroportin [14, 15]. Hepatic

expression of hepcidin can be up-regulated by iron loading [16, 17] as well as by

inflammatory stimuli such as interleukin-6 (IL-6) [18]. Therefore, we hypothesized that



serum hepcidin level could be a useful predictor of iron overload and inflammatory condition
prior to HSCT. Here, we performed a single-center retrospective study at our institution in
order to evaluate the significance of serum hepcidin levels as a predictor of early
treatment-related complications after allogeneic HSCT with special reference to infectious

complications.



PATIENTS AND METHODS

Study Population

The study population comprised 66 consecutive adult patients who underwent

allogeneic HSCT for the treatment of hematologic malignancies at Kyoto University Hospital

from July 2006 to September 2008. A total of 55 patients, excluding those who had received

prior transplantations within one year or who had any active infections before the current

transplantation, were included in the analysis. This study was approved by the Ethics

Committee of Kyoto University Graduate School and the Faculty of Medicine. Written

informed consent was obtained from all patients.

Serum Analysis

Before the administration of conditioning regimens, serum samples were obtained at

around 8:00 am, allocated in tubes, and stored at —80°C until analysis. The levels of serum

hepcidin-25 (the main form of active hepcidin peptide) were quantified using a liquid

chromatography-tandem mass spectrometry-based assay system following the method

described by Murao et al. [19]. Other serum parameters were measured using standard

laboratory techniques.

Prophylaxis, Monitoring, and Diagnosis of Infection



The patients were isolated in a single room equipped with a high-efficiency particulate

air filter (HEPA) system from one day before transplantation until at least four weeks after

transplantation. No bacterial prophylaxis was prescribed for the patients according to our

institutional protocols [20]. Trimethoprim-sulfamethoxazole (160 mg/day [trimethoprim],

three times a week) was administered as prophylactic therapy for Pneumocystis jirovecii

pneumonia from the day of admission until the day of transplantation and restarted after the

day of neutrophil engraftment. All patients received fluconazole (200 or 400 mg/day) and

acyclovir (1000 mg/day) prophylaxis from the period of conditioning until 30 days after

transplantation. After the first 30 days, the patients received fluconazole at a dose of 100

mg/day until at least 100 days after transplantation. The administration of acyclovir (400

mg/day) was continued when patients received steroid therapy for acute graft-versus-host

diseases. For each febrile episode, one or two sets of blood samples were cultured, and the

cultures of specimens other than blood and imaging examinations were performed according

to clinical judgment. The occurrence of cytomegaloviral (CMV) infection was closely

monitored by CMV pp65 antigenemia testing with C10/C11 monoclonal antibodies from the

day after neutrophil engraftment until at least 100 days after transplantation. Documented

bacterial infection included any incidence of bloodstream infection or any other bacterial

infection. Bloodstream infection was diagnosed if at least one of the following criteria was

met: (1) Blood culture obtained during a febrile episode was positive, at least once, for

bacterial organisms not considered to be common skin contaminants; (2) blood culture



obtained during a febrile episode was positive for the same common skin contaminant on

separate occasions within 72 h; (3) blood culture was positive, at least once, for a common

skin contaminant, and the patient was diagnosed with septicemia, including hypotension

(systolic blood pressure, <90 mmHg) and abnormal coagulopathy. Infections other than

bloodstream infection were diagnosed if the following criteria were met: (1) Bacterial

organisms were observed from specimens such as sputum, urine, and stool at least on two

occasions and (2) the patient showed symptoms of infection corresponding to those

specimens. C. difficile enterocolitis was excluded from the analysis, because this disease is

toxin-mediated, and cannot be prevented by administration of common bacterial prophylactic

agents such as fluoroquinolones, even if patients with a high risk of bacterial infection can be

identified by using a putative biomarker. CMV infection was defined as positive if either C10

or C11 antigenemia assay showed at least 2 positive cells per 150,000 leukocytes. Invasive

fungal infection was diagnosed according to the criteria of 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 [21].

Statistical Analysis
Endpoints included cumulative incidences of documented bacterial infection, fungal
infection, CMV infection, and infection-related mortality, and overall survival during 100

days after transplantation. Patient and transplant characteristics between two groups were



compared using the Mann-Whitney U test or y’ analysis, as appropriate. The day of
neutrophil engraftment was defined as the first of three consecutive days when the absolute
neutrophil count exceeded 500/uL. The day of neutrophil engraftment between two groups
was compared by using the Mann-Whitney U test. To eliminate the effect of competing risk,
the cumulative incidences were assessed using methods described elsewhere [22]. The
competing event in the cumulative incidence analyses was defined as death without an event
of interest within 100 days after transplantation. Overall survival was estimated using
Kaplan-Meier methods. Infection-related death was defined as death associated with any
infection during 100 days after transplantation. Standard risk disease was defined as complete
remission (CR) in cases of acute myeloid leukemia (AML), acute lymphoblastic leukemia
(ALL), adult T cell leukemia/lymphoma (ATL), Hodgkin lymphoma (HL), non-Hodgkin
lymphoma (NHL), and untreated or CR in MDS and myeloproliferative disorder (MPD).
High risk disease was defined as statuses other than CR in AML, ALL, ATL, HL, and NHL
and in MDS and MPD after treatment. The Cox proportional-hazard model was applied to
assess the effect of factors that potentially affected the study endpoints. The following items
were added as confounders: Recipient’s gender (male or female), recipient’s age (<50 or >50
years), diagnosis (myeloid or lymphoid malignancies), risk of disease (standard or high risk),
conditioning regimen (reduced or myeloablative intensity), type of donor (related or unrelated
donor), reticulocyte count (<60 x 10° or >60 x 10°/1), ferritin level (<1000 or >1000 mg/dl),

and C-reactive protein (CRP) level (<0.3 or >0.3 pg/dl). The cutoff points for reticulocyte



count and the ferritin and CRP levels were chosen such that we could make optimal use of
the information with a proviso that the smaller group contained at least 30% of patients. P
values of less than 0.05 were considered statistically significant. All analyses were conducted

using STATA software version 10 (STATA Corp., College Station, TX, USA).



RESULTS

Characteristics of Patients and Transplants

Characteristics of patients and transplants are shown in Table 1. The median age of

patients was 47 years (range, 20—64 years). The primary disease in these patients was as

follows: AML in 23, MDS/MPD in 9, ALL in 8 NHL in 9, HL in 1, and ATL in 5. The risk

of diseases was standard in 27 and high in 28 patients. Nearly half of the patients (n = 26)

received a reduced-intensity conditioning regimen. The stem cell sources used were bone

marrow in 39, peripheral blood in 1, and cord blood in 15 patients. The median pre-transplant

serum hepcidin level was 21.6 ng/ml (range, 1.4-371 ng/ml), which was comparable to that

of healthy volunteers (median, 19.1 ng/ml [range, 2.3-37 ng/ml]; n = 17) [23]. Since the

lower hepcidin level of the 3rd tertile among the patients in this study was 49.1 ng/ml, we set

a cutoff hepcidin level of 50 ng/ml for practical use to divide the patients into low- and

high-hepcidin groups (n = 17 and 38, respectively). There was no difference in patient and

transplant characteristics between the low- and high-hepcidin groups, except for serum

ferritin levels (P < 0.001).

Documented Bacterial Infections

There was no significant difference between the days of neutrophil engraftment of the

low- and high-hepcidin groups (median day, 21 [range, 14-99] and median day, 22.5 [range,

12-53], respectively, P = 0.54). A total of 16 episodes of bacterial infections were
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documented; these included 15 episodes of bloodstream infections and 1 episode of

pneumonia. No patient experienced more than one episode of bacterial infection within 100

days after transplantation. The documented bacterial organisms are listed in Table 2. The

main organisms were gram-negative bacilli in both the low- and high-hepcidin groups. In the

antimicrobial-susceptibility tests, 12 out of the 13 gram-negative isolates were sensitive to

fluoroquinolone. We documented two bacterial infections in the late period of

transplantation; one patient showed infection at day 89 after transplantation, which was

attributed to delayed neutrophil engraftment, and another patient showed infection at day 68,

when the neutrophil counts had temporarily decreased. The cumulative incidences of the

documented bacterial infection in the low- and high-hepcidin groups were 11% (95%

confidence interval [CI], 3%—-23%) and 65% (95% CI, 38%—82%), respectively (Figure 1A).

In the low-hepcidin group, the cumulative incidence of bacterial infection was lower in

patients with a hepcidin level of <25 ng/ml than in those with a hepcidin level ranging from

>25 to <50 ng/ml (10% [95% CI, 2%-23%] vs 17%, [95% CI, 1%-52%]). Univariate

analysis of various potential confounders showed that high hepcidin level was the only factor

that affected the cumulative incidence of documented bacterial infection (hazard ratio [HR],

8.98; 95% CI, 2.82-28.57; P < 0.001) (Table 3). To exclude the effect of other confounders,

the significance of high hepcidin level was assessed in the stratified category of each

confounder (e.g., in either the high- or low-ferritin group); we noted consistently high HRs in

the high-hepcidin group in each stratified category (data not shown). We also found that
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hepcidin had a significant impact on the patients, excluding the patients in other specific

categories, such as those who received a cord-blood transplant or those who underwent a

transplant from an unrelated HLA-mismatched donor (data not shown). Furthermore, the

significant effect of hepcidin persisted even after the adjustment for confounders in

multivariate analysis (HR, 28.46; 95% CI, 2.51-323.34; P = 0.007) (Table 3). Even when the

variables were treated as continuous instead of categorical, the significant effect of hepcidin

persisted (HR, 1.01; 95% CI, 1.00-1.01; P = 0.001).

Other Transplant-related Complications and Mortality

The cumulative incidences of CMV infection in the low- and high-hepcidin group were

49% (95% CI, 32%—64%) and 45% (95% CI, 20%—67%), respectively (Figure 1B);

univariate and multivariate analyses showed no significant difference between the two groups

(Table 3). All CMV infections were well treated by the administration of ganciclovir or

foscarnet. No fungal infection was documented. Therefore, all infection-related deaths were

attributed to bacterial infection. The cumulative incidence of infection-related mortality in the

low-hepcidin group was 3% (95% CI, 0.2%—12%), while that in the high-hepcidin group was

6% (95% Cl, 0.4%-24%), with no statistical difference between two groups. Overall survival

at 100 days after transplantation in the low- and high-hepcidin groups was 95% (95% CI,

81%-99%) and 82% (95% CI, 55%—-94%), respectively (Figure 2). No significant difference

in overall survival was observed (Table 3).
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DISCUSSION

In our cohort of patients who underwent allogeneic HSCT for hematologic

malignancies, we found a significant association between the pre-transplant serum hepcidin

levels and the cumulative incidence of documented bacterial infection. To our knowledge,

this is the first study that has evaluated the clinical significance of serum hepcidin levels in

predicting transplant-related complications; the findings suggest that the pre-transplant serum

hepcidin level can be used as a good pre-transplant biomarker to predict bacterial infection in

a patient scheduled for HSCT.

Hepcidin production is regulated by at least three factors: Iron load [16, 17],

inflammation [18], and unknown erythropoietic signals [23-25]. Therefore, the good

predictive value of hepcidin with respect to the incidence of documented bacterial infection

can be partly explained by the cumulative effect of at least these three factors on bacterial

infection. Iron overload increases the level of circulating non-transferrin-bound iron, which is

known to amplify free-radical reactions in inflammatory or ischemia-related conditions [7,

26]. Such reactions could enhance tissue damage such as mucositis during the conditioning

regimen, thereby allowing bacterial translocation through the damaged mucosa [27]. In

addition, iron is a necessary nutrient for bacteria and fungus [28]. The association between

hemochromatosis, one of the iron overload disorders, and infection with certain organisms

has already been described [29]. Therefore, the high hepcidin levels might reflect iron
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overload status, which has an adverse effect on bacterial infections. Second, a high hepcidin

level may indicate inflammation due to a latent bacterial infection that was undetectable

before HSCT but may surface in post-transplant neutropenic status. Lastly, a high hepcidin

level could reflect suppressed erythropoiesis, probably due to the short duration from the last

chemotherapy to the start of the conditioning regimen for transplantation. Repeated cytotoxic

chemotherapy in a short period may exacerbate tissue damage and increase the risk of

bacterial infection.

Although serum ferritin levels do not necessarily correlate with the amount of iron load

in patients with inflammation or specific diseases [1, 30, 31], it is frequently used and

regarded as a indicator of iron overloading, and several studies have demonstrated the

association between high ferritin levels and treatment-related mortality [3, 11]. In this cohort,

an elevation of serum ferritin level was not found to be a significant risk factor for bacterial

infection, while an elevated hepcidin level was a strong risk factor even after adjustment for

other potential confounders. Furthermore, we observed consistent association of high

hepcidin levels with high risk for developing bacterial infection when analyses were confined

to either the low- or high-ferritin subgroups. These findings collectively suggest that hepcidin

can be used as a better predictor of documented bacterial infections than serum ferritin levels.

Moreover, various new techniques to quantify hepcidin-25, such as a competitive

enzyme-linked immunoassay as well as mass spectrometry-based methods, have been

14



recently developed [19, 25, 32, 33]. Standardization of those methods will make it possible to

use the serum hepcidin level as a biomarker in routine clinical practice.

Hepcidin was first isolated and characterized as an antimicrobial peptide in human

blood [12]. In radial diffusion assays, synthetic hepcidin suppressed the growth of several

strains of gram-positive bacteria and some strains of gram-negative bacteria, but not of

Escherichia coli or Pseudomonas fluorescens. Our findings pertaining to the adverse

association of high hepcidin levels with bacterial infection indicated that the bactericidal

effect of hepcidin was either considerably limited in neutropenic settings such as HSCT or

was ineffective on the bacterial organisms observed in our cohort. Moreover, we observed a

significant adverse effect of hepcidin even after the adjustment for potential confounders,

suggesting that hepcidin itself may play an unknown biological role in susceptibility to

bacterial infection, or it may represent an another unknown surrogate marker for predicting

bacterial infection. To answer this issue, the significance of pre-transplant serum hepcidin

levels needs to be evaluated in a more homogeneous group of patients having the same level

of confounders.

We did not detect any adverse effect of high hepcidin levels on infection-related

mortality or overall survival at 100 days after transplantation, although there was a marked

difference in the incidence of bacterial infection. One possible explanation for this

15



observation is that bacterial infection of the blood was well managed by prompt and

appropriate treatment with antibiotics in our transplant centers. However, because the

incidence of early death after HSCT is considerably low, the effect of bacterial infection on

early mortality should be evaluated in larger cohort studies in order to gain enough statistical

power for comparison. Alternatively, selective prophylactic administration of oral antibiotics

such as fluoroquinolones to patients with a high risk of bacterial infection may be an effective

approach; however, this approach will be effective only if most of the bacterial isolates at the

transplant center are sufficiently sensitive to these prophylactic antibiotics. With regard to

other endpoints, there was no association between high hepcidin levels and the incidence of

CMV infection. The effect of hepcidin level on the incidence of fungal infection could not be

evaluated because of the very low incidences of these conditions in our cohorts. These effects

should also be evaluated in studies with a larger cohort in the future.

The present study, however, has some limitations. We cannot exclude the possibility of

a pseudo-negative result for bloodstream infection, because broad-spectrum antibiotics were

administered to all neutropenic patients at the time of blood culture, regardless of the results

of blood culture. In addition, the retrospective study design and heterogeneous background of

diseases and transplantation procedures could also bias the results. Particularly, in the small

cohort of 55 patients, the adjustment of HRs by confounders may be incomplete. In particular,

the higher proportion of cord-blood transplants and the high risk of diseases in the

16



high-hepcidin group may cause bias, although we found consistently high HRs in the

high-hepcidin group in various stratified categories. Therefore, larger studies are necessary to

confirm our results.

In conclusion, our study revealed that the pre-transplant serum hepcidin level was

significantly associated with bacterial infection, particularly bloodstream infection,

suggesting that quantification of serum hepcidin levels could be useful for predicting early

bacterial complications. Prophylactic antibiotic therapy based on the local sensitivities of

common bacterial isolates can be considered in the patients with high hepcidin levels who are

undergoing allogeneic HSCT. Larger prospective studies are, however, warranted to confirm

our findings.

17



ACKNOWLEDGEMENTS

The authors are grateful to Rie Goi and Mika Kobayashi, for their expert data management
and secretarial assistance, and all the transplant teams for their dedicated care of the patients
and donors.

Conflict of interest: NT declares that he is the President of Medical Care Proteomics
Biotechnology Co. Ltd. (Ishikawa-ken, Japan), a start-up company, the stock of which is not
publicly traded. The other authors declare that they have no conflicts of interest relevant to

this paper.

18



REFERENCES

1. Majhail NS, Lazarus HM, Burns LdJ. Iron overload in hematopoietic cell transplantation.
Bone marrow transplantation 2008;41:997-1003.

2. Armand P, Kim HT, Cutler CS, et al. Prognostic impact of elevated pretransplantation
serum ferritin in patients undergoing myeloablative stem cell transplantation. Blood
2007;109:4586-4588.

3. Altes A, Remacha AF, Sarda P, et al. Early clinical impact of iron overload in stem cell
transplantation. A prospective study. Annals of hematology 2007;86:443-447.

4. Miceli MH, Dong L, Grazziutti ML, et al. Iron overload is a major risk factor for severe
infection after autologous stem cell transplantation: a study of 367 myeloma patients. Bone
marrow transplantation 2006;37:857-864.

5. Morado M, Ojeda E, Garcia-Bustos J, et al. BMT: Serum Ferritin as Risk Factor for
Veno-occlusive Disease of the Liver. Prospective Cohort Study. Hematol 2000;4:505-512.

6. Pullarkat V, Blanchard S, Tegtmeier B, et al. Iron overload adversely affects outcome of
allogeneic hematopoietic cell transplantation. Bone marrow transplantation 2008;42:799-805.

7. Evens AM, Mehta J, Gordon LI. Rust and corrosion in hematopoietic stem cell
transplantation: the problem of iron and oxidative stress. Bone marrow transplantation
2004;34:561-571.

8. Kontoyiannis DP, Chamilos G, Lewis RE, et al. Increased bone marrow iron stores is an
independent risk factor for invasive aspergillosis in patients with high-risk hematologic
malignancies and recipients of allogeneic hematopoietic stem cell transplantation. Cancer
2007;110:1303-1306.

9. Platzbecker U, Bornhauser M, Germing U, et al. Red blood cell transfusion dependence
and outcome after allogeneic peripheral blood stem cell transplantation in patients with de novo
myelodysplastic syndrome (MDS). Biol Blood Marrow Transplant 2008;14:1217-1225.

10. Altes A, Remacha AF, Sureda A, et al. Iron overload might increase transplant-related
mortality in haematopoietic stem cell transplantation. Bone marrow transplantation
2002;29:987-989.

11. Kataoka K, Nannya Y, Hangaishi A, et al. Influence of pretransplantation serum ferritin
on nonrelapse mortality after myeloablative and nonmyeloablative allogeneic hematopoietic stem
cell transplantation. Biol Blood Marrow Transplant 2009;15:195-204.

12. Krause A, Neitz S, Magert HJ, et al. LEAP-1, a novel highly disulfide-bonded human
peptide, exhibits antimicrobial activity. FEBS Lett 2000;480:147-150.

13. Park CH, Valore EV, Waring AJ, Ganz T. Hepcidin, a urinary antimicrobial peptide
synthesized in the liver. J Biol Chem 2001;276:7806-7810.
14. Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular iron efflux by

binding to ferroportin and inducing its internalization. Science 2004;306:2090-2093.

15. Ganz T. Hepcidin--a regulator of intestinal iron absorption and iron recycling by
macrophages. Best Pract Res Clin Haematol 2005;18:171-182.

16. Nemeth E, Rivera S, Gabayan V, et al. IL-6 mediates hypoferremia of inflammation by

19



inducing the synthesis of the iron regulatory hormone hepcidin. / Clin Invest 2004;113:1271-1276.
17. Pigeon C, Ilyin G, Courselaud B, et al. A new mouse liver-specific gene, encoding a
protein homologous to human antimicrobial peptide hepcidin, is overexpressed during iron
overload. o Biol Chem 2001;276:7811-7819.

18. Nemeth E, Valore EV, Territo M, Schiller G, Lichtenstein A, Ganz T. Hepcidin, a
putative mediator of anemia of inflammation, is a type II acute-phase protein. Blood
2003;101:2461-2463.

19. Murao N, Ishigai M, Yasuno H, Shimonaka Y, Aso Y. Simple and sensitive quantification
of bioactive peptides in biological matrices using liquid chromatography/selected reaction
monitoring mass spectrometry coupled with trichloroacetic acid clean-up. Kapid Commun Mass
Spectrom 2007;21:4033-4038.

20. Saito T, Yoshioka S, Iinuma Y, et al. Effects on spectrum and susceptibility patterns of
isolates causing bloodstream infection by restriction of fluoroquinolone prophylaxis in a
hematology-oncology unit. Eur J Clin Microbiol Infect Dis 2008;27:209-216.

21. Ascioglu S, Rex JH, de Pauw B, et al. Defining opportunistic invasive fungal infections in
immunocompromised patients with cancer and hematopoietic stem cell transplants: an
international consensus. Clin Infect Dis 2002;34:7-14.

22. Gooley TA, Leisenring W, Crowley J, Storer BE. Estimation of failure probabilities in the
presence of competing risks: new representations of old estimators. Stat Med 1999;18:695-706.

23. Kanda J, Mizumoto C, Kawabata H, et al. Serum hepcidin level and erythropoietic
activity after hematopoietic stem cell transplantation. Haematologica 2008;93:1550-1554.

24, Weizer-Stern O, Adamsky K, Amariglio N, et al. mRNA expression of iron regulatory
genes in beta-thalassemia intermedia and beta-thalassemia major mouse models. Am J Hematol
2006;81:479-483.

25. Kemna EH, Tjalsma H, Podust VN, Swinkels DW. Mass spectrometry-based hepcidin
measurements in serum and urine: analytical aspects and clinical implications. Clin Chem
2007;53:620-628.

26. McCord JM. Iron, free radicals, and oxidative injury. Semin Hematol 1998;35:5-12.

27. Sahlstedt L, Ebeling F, von Bonsdorff L, Parkkinen J, Ruutu T. Non-transferrin-bound
iron during allogeneic stem cell transplantation. British journal of haematology
2001;113:836-838.

28. Weinberg ED. Iron availability and infection. Biochimica et biophysica acta 2008, in
press.
29. Khan FA, Fisher MA, Khakoo RA. Association of hemochromatosis with infectious

diseases: expanding spectrum. Int J Infect Dis 2007;11:482-487.
30. Lee MH, Means RT, Jr. Extremely elevated serum ferritin levels in a university hospital:
associated diseases and clinical significance. Am J Med 1995;98:566-571.

31. Olive A, Junca J. Elevated serum ferritin levels: associated diseases and clinical
significance. Am J Med 1996;101:120; author reply 122.
32. Ganz T, Olbina G, Girelli D, Nemeth E, Westerman M. Immunoassay for human serum

hepcidin. Blood 2008;112:4292-4297.

20



33. Murphy AT, Witcher DR, Luan P, Wroblewski VdJ. Quantitation of hepcidin from human
and mouse serum using liquid chromatography tandem mass spectrometry. Blood
2007;110:1048-1054.

21



TABLES

Table 1. Characteristics of Patients and Transplants

Hepcidin, Hepcidin,
Variables low (<50 ng/ml) high (=50 ng/ml) P Value
n=38 n=17
Age at transplant
Median age (range) 47.5 (23-64) 47 (20-63) 0.750
Sex 0.171
Male 21 (55%) 6 (35%)
Female 17 (45%) 11 (65%)
Disease 0.612
Myeloid malignancies 23 (61%) 9 (53%)
AML 15 8
MDS/MPD 8 1
Lymphoid malignancies 15 (39%) 8 (47%)
ALL 4 4
ATL 4 1
HL 1 0
NHL 6 3
Risk of disease 0.051
Standard 22 (58%) 5 (29%)
High 16 (42%) 12 (71%)
Conditioning regimen 0.545
Myeloablative intensity 19 (50%) 10 (59%)
Reduced intensity 19 (50%) 7 (41%)
Prophylaxis against GVHD 0.663
Cyclosporine-based 5 (13%) 3 (18%)
Tacrolimus-based 33 (87%) 14 (82%)
Type of donor 0.181
Related donor
HLA*-matched 10 (26%) 3 (18%)
HLA-mismatched 3 (8%) 1 (6%)

Unrelated donor
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HLA-matched 18 (47%) 5(29%)

HLA-mismatched 7 (18%) 8 (47%)
Source of stem cells 0.259
Bone marrow 29 (76%) 10 (59%)
Peripheral blood 1 (3%) 0 (0%)
Cord blood 8 (21%) 7 (41%)
Serum ferritin (ng/dl)
mean (= SD) 664 (+ 796) 1551 (+993) <0.001
CRP (mg/dl)
mean (+ SD) 0.36 (£ 0.68) 0.70 (£ 1.63) 0.176
Reticulocyte (x10°/1)
mean (+ SD) 63.7 (£ 40.2) 64.0 (£42.2) 0.979

Data are counts of individuals unless specified otherwise. AML indicates acute myelogenous leukemia;
MDS/MPD, myelodysplastic syndrome and myeloproliferative disorders; ALL, acute lymphoblastic
leukemia; ATL, acute T cell leukemia/lymphoma; HL, Hodgkin lymphoma; NHL, non-Hodgkin
lymphoma; Cyclosporine-based, cyclosporine with or without other agents; Tacrolimus-based, tacrolimus
with or without other agents; HLA, human leukocyte antigen; CRP, C-reactive protein.

*HLA compatibility was defined according to the results of serologic or low-resolution molecular typing
for HLA-A, B, and DR antigens.
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Table 2. Documented Bacterial Organisms within 100 Days after Stem Cell

Transplantations
Hepcidin, Hepcidin,
Category low (<50 ng/ml) high (=50 ng/ml)
n =38 n=17

Gram-positive cocci (n)

Gram-negative bacilli (n)

Staphylococcus epidermidis (1)

Klebsiella pneumoniae (2)
Enterobacter cloacae (1)

Prevotella intermedia (1)

Enterococcus faecium (2)

Klebsiella pneumoniae (3)
Escherichia coli (3)
Pseudomonas aeruginosa (2)

Klebsiella oxytoca (1)

P. intermedia was detected in the sputum of one patient with pneumonia. Other organisms were detected in

blood culture bottles.
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Table 3. Univariate and Multivariate Analyses of Documented Bacterial Infection, CMV

Infection, and Overall Survival at 100 Days after Stem Cell Transplantations

Univariate Analysis

Multivariate Analysis

Number
HR (95% CI) HR (95% CI)

value value
1) Documented bacterial infection
Hepcidin, low (<50 ng/ml) 5/38 1 - 1 -
Hepcidin, high (250 ng/ml) 11/17  8.98 (2.82-28.57) <0.001 28.46 (2.51-323.34)  0.007
2) CMYV antigenemia (C10 or C11 >2)
Hepcidin, low (<50 ng/ml) 18/37 1 - 1 -
Hepcidin, high (250 ng/ml) 7/16 0.97 (0.40-2.32)  0.939 0.63 (0.16-2.49)  0.511
3) Overall survival
Hepcidin, low (<50 ng/ml) 36/38 1 — — -
Hepcidin, high (250 ng/ml) 14/17  3.60 (0.60-21.56) 0.161 - -

CMV indicates cytomegalovirus; CIL, confidence interval. Hazard ratios (HRs) in multivariate analysis

were adjusted for recipient’s gender (male or female), recipient’s age (<50 or >50 years), diagnosis

(myeloid or lymphoid malignancies), risk of disease (standard or high risk), conditioning regimen (reduced

or myeloablative intensity), type of donor (related or unrelated donor), reticulocyte count (<60 x 10° or
>60 x 10°/1), ferritin level (<1000 or >1000 mg/dl), and C-reactive protein (CRP) level (<0.3 or >0.3 pg/dl).

Overall survival was not analyzed in the multivariate model because of the low incidence of death.
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FIGURE LEGENDS

Figure 1.

The cumulative incidences of documented bacterial infection (A) and cytomegaloviral
(CMYV) infection (B) at 100 days after stem cell transplantation. Solid black line, the
low-hepcidin group (<50 ng/ml); solid gray line, the high-hepcidin group (=50 ng/ml); CI,
confidence interval. CMV infection was not assessable in two patients due to early death

before neutrophil engraftment.

Figure 2.
Kaplan-Meier estimate of overall survival at 100 days after stem cell transplantation. Solid
black line, the low-hepcidin group (<50 ng/ml); solid gray line, the high-hepcidin group (=50

ng/ml); CI, confidence interval.

26



Figure 1.

A)

1.00 Hepcidin <50 (n = 38)
o | Hepcidin 250 (n = 17)
2 50.75 0
g .2 0.65 (95% CI, 0.38—0.82)
B cerrerrasmrrannnn
‘c 2
£ £ i
q>) T 0.50 ::
58 E
S8 -
£ 2025 : 0.11 (95% Cl, 0.03-0.23)
3% e
. =
aoo-:“:_J : : . . :
0 20 40 60 80 100
Days after transplantation
B)
1.00 1
00 Hepcidin <50 (n = 37)
o | T Hepcidin 250 (n = 16)
g _0.75 -
55
.g ‘.g o CI 2
< '€ 0.50 4 0.49 (95% Cl, 0.32-0.64)
22
8=
s 0O
g %5 0.25
(&
0.00 1 . . v

0 20 40 60 80 100

Days after transplantation

27



Figure 2.
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