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Table 2. Clinical Characteristics of Patients with Invasive Aspergillosis

Variable CST (n = 21) RIST (n = 14) P value

Age, y, median (range) 38(22-57) 54 (37-70) <.0*
Antifungal prophylaxis, fluconazole/others 2110 14/0
Pulmonary complication before HSCT, yes/no 2/19 i3 1.00
Risk of transplantationf, low/high 714 2/12 .26
Neutropenia at onset of A, yes/no 3/i8 3/11 .66
Graft-versus-host disease (GVHD), acute/chronic/none 11713 51712
Use of corticosteroid], yes/ino 1714 13/1 .63
CMY infection (antigenemia positive), yes/no 417 5/9 43
Onset day of invasive aspergillosis, median (range) 97 (11-885) 127 (35-364) <.01
Treatment

deoxycholate amphotericin B 14 1o .67

liposomal amphotericin B 2 1

itraconazole 5 2

no treatment 0 i
Response to antifungal therapy, yes/no 6/15 519 72
Mortality after 1A diagnosis, within 30 days 7 8 19

CST indicates conventional stem cell transplantadon, RIST indicates reduced-intensity stem cell wansplanadon, CMV indicates cytomeg-

alovirus.
*Statstically significant.

+We divided the risk of transplantaton into 2 groups. The low-risk group was as follows: acute myeloid or lymphoid leukemia in first and
second remission, and myelodysplastic syndrome. The other patients were defined as having high-risk diseases.
$Use of cortcosteroid during administradon of antithymocyte globulin was excluded from this analysis.

acteristics and risk factors of IA. The cumuladve in-
cidence curves of IA were produced by using Gray’s
method [25], considering death without IA as a com-
peting risk. The median follow-up period after trans-
plantation was 518 days (range, 2-1874 days), and
surviving patients were censored on the last day of
follow-up.

Risk factors associated with IA were identified in
univariate and multivariate Cox regression models.
The variables analyzed included age, sex, primary dis-
ease and its status at transplantation, stem cell source,
donor type, and type of transplantation (CST versus
RIST). To evaluate the influence of the development
of grade II to IV acute or chronic GVHD, propor-
tional hazard modeling was used, with the onset of
GVHD treated as a time-dependent covariate. Vari-
ables with a P value of <.10 were subjected to a
multivariate analysis with backward stepwise propor-
tional hazard modeling. P values <.05 were consid-
ered significant.

RESULTS

Incidence of iA

Thirty-five (5.6%) patients were diagnosed as hav-
ing TA, which gave a 3-year cumuladve incidence of
5.9%. Five of the 35 cases had proven IA, and the
remaining 30 had probable IA according to the
EORTC/NIH/MSG criteria [24]. The diagnosis of IA
was established after death in 4 of the 5 patients with
proven IA, and 1 of these cases was diagnosed with a
transbronchial lung biopsy. Three of the remaining 4
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proven cases had been diagnosed as probable TA while
the patients were alive. The day of diagnosis of 1A was
defined as the day when the first diagnostic test was
performed. Thirty patients were diagnosed as having
probable IA on the basis of clinical, radiologic, and
microbiological findings. All the padents showed
some subjective or objective symptoms. The circulat-
ing galactomannan antigen assay tested positive in 26
patients. Aspergillus species were cultured from spu-
tum in 3 patients, and bronchoalveolar lavage fluid
was positive for galactomannan antigen in a patient.
All of the 30 patients underwent chest computed to-
mography scan, and all of them showed some abnor-
mal findings including halo and multdple nodules.

Clinical Characteristics of 1A

The clinical characteristics of patients with IA are
shown in Table 2. All cases developed after engraft-
ment, whereas 3 patients each in the RIST and CST
groups were still neutropenic at the presentation of
IA. The median time to the onset after RIST (127
days) was later than that after CST (97 days; P < .01).
All of the patients had been receiving fluconazole
prophylaxis when the diagnosis of 1A was established.
Of the 35 patients with IA, 30 (86%) had GVHD
(acute in 16 and chronic in 14). Thirty patients had
been receiving corticosteroid treatment at the time of
IA diagnosis, all for the weatment of GVHD. CMV
antigenemia was positve in 9 of the 35 patents, and 3
of these progressed to CMV disease. Five padents
with IA showed no signs of GVHD and were not
receiving corticosteroid treatment when the diagnosis
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Figure 1. Overall survival after the diagnosis of IA. The survival
rate at 1 year after the diagnosis of IA was similarly poor in both the
RIST and CST groups (27% and 18%, respecdvely; P = .24).

of IA was established. The clinical characteristics of
patients with 1A after RIST (n = 14) were compared
with those with IA after CST (n = 21), as summarized
in Table 2. Except for age and onset of IA, no signif-
icant differences were observed between groups.

Treatment and Outcomes

Initial antfungal treatment consisted of deoxy-
cholate amphotericin B (n = 24), liposomal ampho-
tericin B (n = 3), and itraconazole (n = 7). One
patent did not receive any antiaspergillus treatment
because the diagnosis of IA was established after
death. Sixteen (76%) of the 21 CST recipients and 12
(86%) of the 14 RIST recipients who developed TA
died, and 1A was the direct cause of death in 5 patients
in each group. The I-year survival rates after the
diagnosis of IA were similarly poor in both groups
(24% versus 19%; P = .19; Figure 1).

Risk Factors for 1A

The actuarial frequency for the development of IA
in the RIST group was 7.9% (14/178), which gave a
3-year cumulatve incidence of 8.2%. In the CST
group, 21 (4.3%) of 487 patients developed IA, to give
a 3-year cumulative incidence of 4.5%. The probabil-
ity of developing IA was significantly higher in the
RIST group than in the CST group (P = .045; Figure
2). Old age (P = .0068), disease risk for transplanta-
tion (P = .0043), RIST (P = .045), and the develop-
ment of GVHD (P = .00014) were significant risk
tactors for IA by univariate analysis (Table 3). Among
these factors, only age >50 years and the development
of GVHD were confirmed to be independently sig-
nificant by proportional hazard models (Table 3). The
difference in the types of preparative regimens was not
significant after adjusting for age, donor sources, and
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the development of GVHD (RIST: relative risk, 1.52;
95% confidence interval, 0.64-3.6; P = .34).

DISCUSSION

This study was conducted to investigate the inci-
dence and clinical features of IA after RIST compared
with those after CST. IA is a significant complication
in patents receiving CST, but litde information is
currently available on IA after RIST. Although the
retrospective nature of this study is a limitation, this is
one of the largest studies on IA after RIST and pro-
vides valuable information on this complication. We
found that the incidence of IA was 4.3% and 7.9% in
CST and RIST recipients, respectively. JA tended to
be more common in older patients after RIST than
after CST, suggesting that IA is still a significant
complication in RIST, as well as in CST, in this
setting. The incidence of IA in our study is lower than
those in previous reports after CST [4] or RIST [18].
Although the reason for this difference is unclear, it
might be associated with the lower incidence of
GVHD and the consequent decrease in the use of
steroids in our country [26]: both of these are known
risk factors for IA {4].

The diagnostic criteria used in epidemiologic
studies on IA are debatable. IA is difficult to diagnose
while patients are alive, and it is frequently confirmed
by autopsy. We strictly applied the diagnostic criteria
recommended by EORTC/NIH/MSG [24]. How-
ever, in retrospective epidemiologic studies, the num-
ber of “IA” cases depends on whether both possible
and probable IA cases are included. Because we in-
cluded only probable and proven cases in this stady
and excluded possible cases, the rate of IA might have
been underestimated. Nevertheless, we believe that
the primary end point was achieved, because we com-
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Figure 2. The incidences of invasive aspergillosis after RIST and
CST. The cumulative incidences of IA at 3 vears after RIST and
CST were 8.2% and +.5%, respecuvely, with a stadstcally signifi-
cant difference (P = .043).
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Table 3. Risk Factors for Invasive Aspergillosis

Factor Variable n Incidences P value
Univariate analysis
Pretransplant factors
Sex Male 419 5.9% .48
Female 245 4.9%
Age <50 471 4.1% .0068*
=50 193 9.2%
Risk for transplantation High-risk 486 7.2% .0043*
Low-risk 178 3.9%
Donor Matched related 343 5.6% 39
Mismatched related 39 11.7%
Matched unrelated 233 4.7%
Mismatched unrelated 49 4.1%
Graft source Bone marrow 413 4.1% 091
Peripheral Blood 251 7.8%
Preparative regimen Conventional 486 4.5% .045*
Reduced-intensity 178 8.2%
Use of ATG With 8l 5.4% 91
Without 583 5.6%
Posttransplant factor
GVHD (acute and/or chronic) Presence vs Absence 6.55(2.49-17.2) 0001 4*
Factor Relative Risk © 95% Confidence interval P value
Multivariate analysis
Age older than 50 2.12 1.08-4.17 .03*
GVHD (acute and/or chronic) 6.2 2.4-16.4 .0002*

ATG indicates Antithymocyte globin; GVHD indicates graft-versus-host disease.

*Statsucally significant.

pared the 2 groups of patients by using the same
criteria.

The onset of IA is bimodal, peaking 16 and 96
days after wransplantation [3]. Recent studies, includ-
ing ours, have shown that the development of IA has
shifted to a late onset [4,18]. Several factors have
contributed to the shift of IA development. First, most
recipients undergo transplantation in a laminar air
flow—equipped room with or without high-efficiency
particulate air filters, which have been demonstrated
to be protective against aspergillus infection [3]. Sec-
ond, early-onset IA tends to occur among patients
with incubating or occult aspergillus infection, and
these high-risk patients usually receive some anti-
aspergillus agents before or immediately after trans-
plantation. Third, the development of GVHD, which
frequently necessitates corticosteroid therapy, is de-
layed in RIST compared with CST [27]. Both GVHD
and the use of corticosteroids are independent risk
factors for IA after HSCT {4]. Finally, the develop-
ment of CMV infection, which is associated with TA
[28], is also delayed in RIST [29]. We should there-
fore recognize that IA has been well characterized as a
late-onset complication in RIST, and any preventive
strategy for IA should be extended to cover the pos-
sibility of late aspergillosis. Prolonged prophylaxis
with antaspergillus agents such as voriconazole and
itraconazole might be beneficial for reducing its inci-
dence.
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We found that IA is associated with a poor prog-
nosis in RIST as well as in CST. In this study, only 2
of the 14 RIST recipients and 5 of the 21 CST
recipients who developed IA survived. Although most
patients with IA had been intensively treated with
intravenous amphotericin B, the response rate to
treatent was only 36% and 29% in RIST and CST
recipients, respectively. Despite the recent availability
of new antifungal agents such as voriconazole, itra-
conazole, and lipid-complex amphotericin B prepara-
tions, treatment of IA in recipients of HSCT is still a
difficult task without the recovery of host immunity.

It is important to determine the risk factors of IA
to identify high-risk patents and to enable the intro-
duction of prophylaxis for more intense infection. The
primary risk factor for IA in our study was the devel-
opment of GVHD and the closely associated use of
corticosteroid, because they further delay immune re-
covery to open the way for the development of IA.
Because the incidence of GVHD after RIST is similar
to that after CST in this study, it is quite reasonable
that the clinical significance of IA is comparable to
that after CST. Although use of antithymocyte glob-
ulin might be associated with an increase in the risk of
IFI, this was not observed in our study. We speculate
that the decrease in the incidence of GVHD with the
introduction of antithymocyte globulin (10% in this
study) contributed to the decrease in the use of steroid
and, hence, decreased the risk of IA. Because the dose



of antithymocyte globulin we used was lower than
those used in other insttutes {12,30], the mild sup-
pression of immune recovery might be another reason
for the lower incidence of IA.

We believe that this study will provide some useful
information on IA; however, there are several limita-
tions. We compared the incidence of IA between the
2 weatment groups. They had different backgrounds,
and many different preparative regimens were used
for different underlying diseases, thus making it diffi-
cult to draw definite conclusion on IA from this study.
The reliability of patient diagnosis is another concern.
Although we made an IA diagnosis by using the
EORTC/NIH/MSG criteria {24], only 1 of 7 IA pa-
tients had histopathologic evidence of IA. The
EORTC/NIH/MSG criteria are the best currently
available consensus on IFI in immunocompromised
patients. However, it is well known that it is difficult
to make an accurate diagnosis of IA in recipients of
allogeneic HSCT, and most cases are diagnosed by
postmortem examination. Additionally, the retrospec-
tive nature of this study provides a potential bias.
Development of 1A is associated with GVHD and
corticosteroid use. Further study is required to inves-
tigate the association between IA development and
other variables, including the severity of GVHD and
the dose and duration of corticosteroid use. A pro-
spective evaluation is warranted to further clarify the
clinical features of IA after RIST.

In conclusion, we showed that IA is 2 major com-
plication of RIST that affects older patients and is
associated with significant mortality. Special attention
should be paid to the effect of steroid treatment on
complicated GVHD, especially in older patients. Cur-
rently, high-efficiency pardculate air filters and cor-
rectly sealed rooms are accepted as proper prophylaxis
for IA. However, these measures are not realistic in
RIST, in which the onset of IA averaged beyond 100
days, when patents are generally followed up in the
outpatient clinic [31]. The effectiveness of chemopro-
phylaxis with newly developed drugs against aspergil-
lus [32,33] and of changing the home environment to
eliminate the routes of infection for aspergillosis
should be seriously investigated.

REFERENCES

1. Wingard JR, Merz WG, Rinaldi MG, Johnson TR, Karp JE,
Saral R. Increase in Candida krusei infection among patients
with bone marrow transplantation and neutropenia treated pro-
phylactically with fluconazole. N Engl 7 Med. 1991;325:1274-
1277.

2. Maruno R, Subira M, Rovira M, et al. Invasive fungal infections
after allogeneic peripheral blood stem cell wansplantation: in-
cidence and risk factors in 395 padents. Br ¥ Haematol. 2002;
116:475-482.

3. Wald A, Leisenring W, van Burik JA, Bowden RA. Epidemi-

BBE&EMT

w

10.

11

13.

14.

15.

18.

19.

Invasive Aspergillosis after RIST

ology of Aspergillus infections in a large cohort of patients
undergoing bone marrow transplantadon. 7 Infect Dis. 1997;
175:1459-1466.

. Marr KA, Carter RA, Boeckh M, Mardn P, Corey L. Invasive

aspergillosis in allogeneic stem cell wansplant recipients:
changes in epidemiology and risk factors. Blood. 2002;100:4358-
4366.

. Kami M, Tanaka Y, Kanda Y, et al. Compurted tomographic

scan of the chest, latex agglutination test and plasma (1-3)-beta-
D-glucan assay in early diagnosis of invasive pulmonary as-
pergillosis: a prospectve study of 215 padents. Haematologica.
2000:85:745-752.

. Kami M, Fukui T, Ogawa S, et al. Use of real-dme PCR on

blood samples for diagnosis of invasive aspergillosis. Clin Infect
Dis. 2001;33:1504-1512.

. Stynen D, Goris A, Sarfad ], Latge JP. A new sensitive sandwich

enzyme-linked immunosorbent assay to detect galactofuran in
patients with invasive aspergillosis. 7 Clin Microbiol. 1995;33:
497-300.

. Herbrecht R, Denning DW, Patterson TF, et al. Voriconazole

versus amphotericin B for primary therapy of invasive aspergil-
losis. N Engl 7 Med. 2002;347:408-415.

. Arathoon EG. Clinical efficacy of echinocandin antifungals.

Curr Opin Infect Dis. 2001;14:685-691.

Ribaud P, Chasung C, Latge JP, et al. Survival and prognostic
factors of invasive aspergillosis after allogeneic bone marrow
wransplantadon. Clin Infect Dis. 1999;28:322-330.

Giralt S, Estey E, Albitar M, et al. Engrafement of allogeneic
hematopoietic progenitor cells with purine analog-containing
chemotherapy: harnessing graft-versus-leukemia without my-
eloablative therapy. Blood. 1997;89:4531-4536.

. Slavin S, Nagler A, Naparstek E, et al. Nonmyeloablatve stem

cell ransplantation and cell therapy as an alternative t con-
ventonal bone marrow transplanwdon with lethal cytoreduc-
don for the weatment of malignant and nonmalignant hema-
tologic diseases. Blood. 1998;91:756-763.

McSweeney PA, Niederwieser D, Shizuru JA, et al. Hemarto-
poietic cell transplantadon in older padents with hematologic
malignancies: replacing high-dose cytotoxic therapy with graft-
versus-tamor effects. Blood. 2001;97:3390-3400.

Or R, Shapira MY, Resnick I, et al. Nonmyeloablative alloge-
neic stem cell transplantation for the treatment of chronic
myeloid leukemia in first chronic phase. Blood. 2003;101:441-
445,

Michallet M, Bilger K, Garban F, et al. Allogeneic hematopoi-
etic stem-cell transplantation after nonmyeloablative prepara-
tive regimens: impact of pretransplantadon and posuransplan-
tation factors on outcome. 7 Clin Oncol. 2001;19:3340-3349.

. Childs R, Chernoff A, Contentin N, et al. Regression of met-

astatic renal-cell carcinoma after nonmyeloablative allogeneic
peripheral-blood stem-cell transplanmtdon. N Engl ¥ Med. 2000;
343:750-758.

. Hagen EA, Stern H, Porter D, et al. High rate of invasive

fungal infections following nonmyeloablative allogeneic wans-
plantation. Clin Infect Dis. 2003;36:9-15.

Fukuda T, Boeckh M, Carter RA, et al. Risks and outcomes of
invasive fungal infectons in recipients of allogeneic hemato-
poietic stem cell wansplants after nonmyeloablative condition-
ing. Blood. 2003;102:827-833.

Mossad SB, Avery RK, Longworth DL, et al. Infecdous com-
plicatons within the first year after nonmyeloablauve alloge-

651



R. Kojima et al.

neic peripheral blood stem cell transplantadon. Bone Marrow
Transplant. 2001;28:491-495.

. Przepiorka D, Weisdorf D, Martn P, et al. 1994 Consensus

Conference on Acute GVHD Grading. Bone Marrow Trans-
plant. 1995;15:825-828.

. Sullivan KM, Agura E, Anasetd C, et al. Chronic graft-versus-

host disease and other late complications of bone marrow wans-
plantation. Semzin Hematol. 1991;28:250-259.

. Kanda Y, Mineishi S, Saito T, et al. Long-term low-dose

acyclovir against varicella-zoster virus reactvation after alloge-
neic hematopoietic stem cell transplantation. Bone Marrow
Transplant. 2001;28:689-692.

. Pizzo PA. Management of fever in padents with cancer and weat-

ment-induced neuwropenia. N Engl 7 Med. 1993;328:1323-1332.

. Ascioglu S, Rex JH, de Pauw B, et al. Defining opportunistic

invasive fungal infecdons in immunocompromised patients
with cancer and hematopoietic stem cell transplants: an inter-
navional consensus. Clin Infect Dis. 2002;34:7-14.

. Gooley TA, Leisenring W, Crowley ], Storer BE. Estimation

of failure probabilities in the presence of competing risks: new
representatons of old esdmators. Stat Med. 1999;18:695-706.

. Morishima Y, Morishita Y, Tanimoto M, et al. Low incidence

of acute graft-versus-host disease by the adminiswaton of
methotrexate and cyclosporine in Japanese leukemia patients
after bone marrow wansplantadon from human leukocyte an-
tigen compatible siblings; possible role of genetic homogeneity.
The Nagoya Bone Marrow Transplantadon Group. Blood.
1989;74:2252-2256.

. Mielcarek M, Martin PJ, Leisenring W, et al. Graft-versus-host

9

30.

disease after nonmyeloablative versus conventional hematopoi-
etic stem cell transplantation. Blood. 2003;102:756-762.

. Junghanss C, Marr KA, Carter RA, et al. Incidence and out-

come of bacterial and fungal infectons following nonmyeloa-
blative compared with myeloablative allogeneic hematopoietic
stem cell wansplantation: a matched control study. Biol Blood
Marvow Transplant. 2002;8:512-520.

. Nakai K, Kanda Y, Mineishi S, et al. Suspected delayed immune

recovery against cytomegalovirus after reduced-intensity stem
cell transplantaton using and-thymocyte globulin. Bone Mar-
row Transplant. 2002;29:237-241.

Saito T, Kanda Y, Kami M, et al. Therapeutc potential of a
reduced-intensity preparative regimen for allogeneic transplan-
tation with cladribine, busulfan, and andthymocyte globulin
against advanced/refractory acute leukemia/lymphoma. Clin
Cancer Res. 2002:8:1014-1020.

- Imawaki O, Kami M, Kim SW, et al. A nationwide survey of

deep fungal infections and fungal prophylaxis after hematopoi-
etic stem cell transplanwdon in Japan. Bone Marvow Transplant.
2004;33;1173-1179.

. Marr KA, Crippa F, Leisenring W, et al. Itraconazole versus

fluconazole for preventon of fungal infections in patients re-
ceiving allogeneic stem cell transplants. Blood. 2004;103:1527-
1533.

. Winston D], Maziarz RT, Chandrasekar PH, et al. Intravenous

and oral itraconazole versus inwavenous and oral fluconazole
for long-term antifungal prophylaxs in allogeneic hematopoi-
etic stem-cell transplant recipients. A multicenter, randomized
trial. Ann Intern Med. 2003;138:705-713.



JOURNAL OF CLINICAL MICROBIOLOGY, June 2004, p. 2733-2741
0095-1137/04/$08.00+0 DOI: 10;1128/JCM.42.6.2733-2741.2004

Vol. 42, No. 6

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Prospective Comparison of the Diagnostic Potential of Real-Time
PCR, Double-Sandwich Enzyme-Linked Immunosorbent Assay

for Galactomannan, and a (1—3)-B-D-Glucan Test in Weekly
Screening for Invasive Aspergillosis in Patients
with Hematological Disorders

Masahito Kawazu,' Yoshinobu Kanda,"? Yasuhito Nannya,! Katsunori Aoki,’
Mineo Kurokawa,' Shigeru Chiba,"* Toru Motokura,’
Hisamaru Hirai,»* and Seishi Ogawa'~*

Department of Hematology and Oncology,' Department of Cell Therapy and Transplantation Medicine,”

and Department of Regeneration Medicine for Hematopoiesis,” Graduate School of Medicine,
University of Tokyo, Tokyo 113-8655, Japan

Received 30 October 2003/Returned for modification 11 December 2003/Accepted 18 February 2004

The establishment of an optimal noninvasive method for diagnosing invasive aspergillosis (IA) is needed to
improve the management of this life-threatening infection in patients with hematological disorders, and a
number of noninvasive tests for IA that target different fungal components, including galactomannan, (1—3)-
B-p-glucan (BDG), and Aspergillus DNA, have been developed. In this study, we prospectively evaluated the
diagnostic potential of three noninvasive tests for IA that were used in a weekly screeming strategy: the
double-sandwich enzyme-linked immunosorbent assay (ELISA) for galactomannan (Platelia Aspergillus), a
real-time PCR assay for Aspergillus DNA (GeniQ-Asper), and an assay for BDG (B-glucan Wako). We analyzed
149 consecutive treatment episodes in 96 patients with hematological disorders who were at high risk for 1A
and diagnosed 9 proven IA cases, 2 probable IA cases, and 13 possible invasive fugal infections. In a
receiver-operating characteristic (ROC) analysis, the area under the ROC curve was greatest for ELISA, using
two consecutive positive results (0.97; P = 0.036 for ELISA versus PCR, P = 0.055 for ELISA versus BDG).
Based on the ROC curve, the cutoff for the ELISA could be reduced to an optical density index (0.D.L) of 0.6.
With the use of this cutoff for ELISA and cutoffs for PCR and BDG that give a comparable level of specificity,
the sensitivity/specificity/positive predictive value/negative predictive value of the ELISA and the PCR and
BDG tests were 1.00/0.93/0.55/1.00, 0.55/0.93/0.40/0.96, and 0.55/0.93/0.40/0.96, respectively. In conclusion,
among these weekly screening tests for 1A, the double-sandwich ELISA test was the most sensitive at predicting

the diagnosis of IA in high-risk patients with hematological disorders, using a reduced cutoff of 0.6 O.D.L

Invasive aspergillosis (IA) is one of the most serious com-
plications in patients with hematological malignancies. It has
an extremely high mortality rate (11) and affects not only
terminally ill patients with refractory leukemia or lymphoma
but also patients who could otherwise be expected to experi-
ence a potential cure of the underlying leukemia or lymphoma.
Among several factors that contribute to the high mortal-
ity rate, difficulties in establishing a reliable diagnosis early
enough for successful intervention have been repeatedly dis-
cussed (10). A definitive diagnosis usually requires invasive
tissue sampling, which is often hampered by the critical con-
dition of the patients, while a delay in initiating antifungal
therapy, or, conversely, a hasty use of empiric or prophylactic
amphotericin B before making a definitive diagnosis may result
in treatment failure for full-blown infection or excess toxicity,
respectively.

To overcome this problem and to improve the treatment
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outcome, advances have been made over the past decade in the
fields of both diagnostics and therapeutics, including improve-
ments in diagnostic imaging (7, 8, 18) and histopathology (1),
and the development of broad-spectrum antifungal agents with
low toxicities (4, 24, 29, 33). In the field of diagnostics, much
attention has recently been given to the development of several
types of noninvasive laboratory tests for [A. These tests are de-
signed to sensitively detect circulating Aspergillus components
and include a double-sandwich enzyme-linked immunosorbent
assay (ELISA) for galactomannan (GM) antigen (Platellia As-
pergillus) (30), tests for (1—3)-B-p-glucan (BDG) (B-glucan
Wako or FungiTec G test) (23, 25), and a number of PCR-
based assay systems for Aspergillus DNA (5, 6, 12, 34).

The ELISA for GM uses a rat monoclonal antibody directed
against the 1—5-B-galactofuranoside side chains of the GM
molecule as both the capture and detection antibodies for
ELISA and can detect as little as 1.0 ng of circulating GM per
ml (30). The excellent sensitivity and specificity of this assay
have been repeatedly demonstrated and validated in tests of
patients with hematological disorders (22, 27, 32). BDG is a
ubiquitous component of diverse fungal species and a possible
target for the diagnostic detection of IA. Two assay systems are
currently available for the sensitive detection of circulating
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BDG, and both are based on the Limulus reaction, in which a
trace amount of BDG can trigger a horseshoe crab coagulation
cascade through factor G (23, 25). The BDG test is a useful
method for screening for invasive fungal infection (IFI) and is
widely used in Japan. The other test that has long been under
intensive investigation for the sensitive detection of IA is PCR
amplification of Aspergillus DNA, mainly of the 18S ribosomal
gene (5, 6, 12, 34). Moreover, recently introduced real-time
PCR designs have made it possible to quantitatively evaluate a
fungal load with high sensitivity (9, 17, 21).

With regard to an antifungal strategy, it would be interesting
to determine which of these tests is the best for diagnosing 1A
in patients with hematological disorders. Although high sensi-
tivity and specificity are reported for PCR-based assays, the
question whether PCR-based assays are superior to GM
ELISA is still controversial (3, 5, 19, 34). Previously, we devel-
oped a sensitive real-time PCR system for detecting Aspergillus
18S ribosomal DNA, with which as few as 40 copies of aspergil-
lus DNA per ml of plasma could be stably detected. We re-
ported that the sensitivity of our real-time PCR for IA in 33 IA
patients was higher than those of the double-sandwich ELISA
for GM and the BDG test, with only a slightly lower specificity
than that of GM ELISA (17). However, this previous study
may have been biased by its partially retrospective design,
limited sampling points in each case or infectious episode, and
use of an inappropriately high cutoff value for ELISA. In the
present purely prospective analysis, we consecutively enrolled
96 patients with hematological disorders who were at high risk
for IA, monitored the levels of Aspergillus DNA, GM, and
BDG in plasma, as well as the development of 1A, at weekly
intervals, and evaluated their diagnostic potentials by using
receiver-operating characteristic (ROC) analyses.

MATERIALS AND METHODS

Study population and design. From March 2001 through April 2002, a con-
secutive series of adult patients with hematological disorders who had been
admitted to our hospital and were thought to be at high risk for IA were enrolled
in the study, and their levels of Aspergillus DNA in plasma and GM in serum, and
BDG in plasma were monitored weekly. Patients were considered to be at high
risk for 1A if (i) they underwent chemotherapy and were expected to be neutro-
penic (less than 500 neutrophils per pl) for at least 10 days, (i) they had
refractory disease or were neutropenic and presented for more than 96 h with
persistent fever that was refractory to appropriate broad-spectrum antibacterial
treatments, (iii) they had presented with acute graft-versus-host disease
(GVHD) of grade 2 or greater or had extensive chronic GVHD, or (iv) they had
received corticosteroids for more than 3 weeks within the previous 60 days.
Plasma Aspergillus DNA levels, serum GM levels, and plasma BDG levels were
to be measured once weekly whenever the patients were thought to be at high
risk. Each period during which measurement was performed was defined as one
treatinent episode. Omission of sampling was permitted unless two consecutive
samples were lacking. Treatment episodes with only one or two samples for each
test were excluded from the analysis.

The level of Aspergillus DNA in plasma was measured using real-time PCR, as
described previously (17). The ELISA for GM (Platelia Aspergillus; Sanofi
Diagnostics Pasteur, Marnes-La-Cosuette, France) and the 3-glucan Wako test
(Wako Pure Chemical Industries, Ltd., Tokyo, Japan) were performed as spec-
ified by the manufacturers. Each sample was tested twice for GM and BDG, and
the average of the two measurements was taken.

Antifungal prophylaxis consisted of daily administration of 200 mg of flucon-
azole or itraconazole capsules with or without 15 mg of aerosolized amphotericin
B or 10 mg of intravenous amphotericin B for patients with a suspected history
of IA. Neutropenic fever was treated with broad-spectrum antibiotics in accor-
dance with the published guidelines (16). Blood samples were used for bacterial,
mycobacterial, and fungal cultures prior to the initiation of antibiotics. When IFI
was suspected, treatment with 1 mg intravenous amphotericin B per kg was
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initiated. During the febrile period, patients were intensively surveyed for pos-
sible sites of infection and causative microorganisms. Diagnostic procedures
included routine cultures of urine and stools, repeated cultures of blood and
sputum, weekly chest X rays, high-resolution computed tomography (CT) scan of
the chest, and, when possible, bronchoscopic examinations and open biopsies.

Case definitions. For each treatment episode, a diagnosis was made following
the published case definition criteria for invasive fungal infections from the
European Organization for Research and Treatment of Cancer/Invasive Fungal
Infections Cooperative Group and the National Institute of Allergy and Infec-
tious Diseases Mycoses Study Group (EORTC-IFICG and NIAID-MSG) (2),
with the necessary modification that the plasma GM level was not included in the
microbiological criteria.

Statistical analysis. As described by Maertens et al. (22), we made a set of
different estimates (A/B, C, and D) for the sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV) of each test, where
different definitions of disease status for an episode were used to calculate these
statistical indexes, since there is an intrinsic uncertainty regarding the true
disease status of IA so that the calculation of these values could be significantly
affected by the definition of the disease status. Estimate A/B defines “proven I1A”
and “probable IA” as truly positive and only “no IA” as truly negative, whereas
estimates C and D incorporate “possible IFI” into the truly positive and truly
negative groups, respectively. In all of the estimates, “no-IA” episodes were
considered truly negative. Since our objective was to validate and compare the
potentials of different diagnostic tests in a setting where these tests are per-
formed weekly to monitor the development of IA, the positivity or negativity of
a test was defined for each episode, where an episode was considered positive if
at least one sample (method I), or any two consecutive samples (method II)
became positive. There is also a practical reason for this approach. The onset and
resolution of an IA episode are not always clear and. indeed, are rather poorly
defined in many cases. Even in proven cases, there might be several febrile
episodes and the onset might be insidious. In this setting, the sample-based
calculation of sensitivity and specificity might be severely biased. In addition, we
determined a proper cutoff value for each test through a ROC analysis, in which
sensitivity and specificity were calculated as a function of the cutoff value, (1 —
specificity) was plotted against the sensitivity, and the areas under the ROC
curves {(AUCs) were calculated. The significance of the difference in the AUCs
of any two diagnostic measures was statistically tested as described above, and P
values were calculated by the paired method under the null hypothesis that the
two ROC curves represent random samples from similar underlying data for
sensitivities and specificities (13). Therefore, the P values can be used only to
compare two ROC curves at a time. The calculated P values reflect the one-tailed
significance of difference between two ROC curves.

RESULTS

Study episodes. There were 149 treatment episodes in 96
consecutive patients, including 9 proven IA, 2 probable 1A, 13
possible IFI, and 125 no-IA episodes. Of these, 56 episodes
(38%) were associated with stem cell transplantation. The pa-
tient characteristics and sample distributions are summarized
in Table 1. Nineteen treatment episodes had no host factors.
Overall, 1,251 samples were analyzed by the real-time PCR
assay, 1,233 were analyzed by double-sandwich ELISA for
GM, and 1,243 were analyzed by the BDG test. On average,
approximately eight samples were examined for each treat-
ment episode. The characteristics of the 24 episodes of proven
IA, probable IA, and possible IFI are shown in Table 2. There
were 24 fatal episodes, of which 8 were proven 1A, 1 was
probable IA, 4 were possible IFI, and 11 were no IA. Autopsies
were performed in 14 episodes (58%), including 6 proven 1A
and 8 no-IA cases. In the remaining 10 fatal episodes, autopsy
was not permitted by the patients’ families. The 3 proven IA
episodes were diagnosed based on histopathology of a pharyn-
geal biopsy specimen, a surgical specimen of the brain, and a
skin biopsy specimen, respectively. Although postmortem ex-
aminations disclosed superinfections of disseminated Tricho-
sporon infection and atypical mycobacteriosis in episode 1 and
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TABLE 1. Patient characteristics
Patients with:
Characteristic Total®
Proven 1A Probable IA Possible TIFT No 1A
No. of episodes 9 2 13 125 149 (96)
No. of deaths 8 1 4 11 24
No. of autopsies 6 0 0 8 14
Age (yr)
Mean 46 47 43 45 45
Median 42 47 40 47 46
Range 19-69 40-53 18-68 17-74 17-74
Sex (no. male/no. female) 6/3 2/0 12/1 82/43 102/47 (67/29)
No. with disease®
AML 3 1 5 48 57 (29)
ALL 1 0 4 26 31(19)
CML 0 1 2 8 11.(9)
MDS 3 0 2 11 16 (14)
NHL 2 0 0 28 30 (21)
AA 0 0 0 2 2(2)
Other 0 0 0 2 2(2)
No. with allografts 4 2 6 44 56
Duration of episode (days)
Mean 126 92 78 50 57
Median 135 92 57 37 43
Range 36-234 50-134 35-172 11-181 11-234
No. with host factor:
Neutropenia 7 1 8 86 102
Fever 6 1 7 37 51
GVHD 2 2 5 17 26
Steroid 2 1 4 28 35
None 1 0 0 18 19
Duration of neutropenia (days)
Mean 63 10 42 16 21
Median 37 10 18 14 15
Range 0-205 0-20 0-162 0-120 0-205
No. of samples tested
PCR 154 25 146 926 1,251
Mean (per episode) 171 12.5 11.2 74 8.4
Median (per episode) 17 13 9 6 6
Range (per episode) 7-32 6-19 4-24 3-26 3-32
GM 155 24 140 914 1,233
Mean (per episode) 17.2 12.0 10.8 7.3 8.3
Median (per episode) 18 12 9 5 6
Range (per episode) 7-30 5-19 5-24 2-26 2-30
BDG 158 24 147 914 1,243
Mean (per episode) 17.6 12.0 11.3 7.3 8.3
Median (per episode) 19 12 9 6 6
Range (per episode) 7-31 5-19 6-24 3-23 3-31

“ AML, acute myelogenous leukemia; ALL, acute lymphocytic leukemia; CLL, chronic nyelogenous leukemia; MDS, myelodysplastic syndrome; NHL, non-Hodgkin

lymphoma; AA, aplastic anemia.

b Values in parentheses are numbers of patients. Other values refer to numbers of episodes.

episode 9, respectively, no invasive candidiasis was document-
ed during the study period.

Among the 125 no-IA episodes, 11 deaths occurred, and the
diagnosis of no IA was confirmed by autopsy in 8. The other
three fatal episodes were not confirmed by autopsy and in-
cluded two respiratory failures following chemotherapy and
one case of severe stomatitis following a second bone marrow
transplantation. One respiratory failure was due to bacterial
pneumonia, in which Pseudomonas aeruginosa was cultured
from the sputum and the blood. In the other episode, respira-
tory failure developed in association with rapid tumor growth.
Although no pathogen was identified despite repeated cul-
tures, we could not completely exclude a possible infectious
origin of this episode. The episode of severe stomatitis became
suddenly fatal after the patient aspirated the clot and was
asphyxiated.

ROC analysis. Figure 1 shows ROC curves for each test,
using different definitions of the disease status. First, we ex-
amined the behaviors of the ROC curves for different diagnos-
tic tests by using an “ideal” estimate (estimate A/B), in which
episodes were expected to be most accurately defined. ELISA
has a larger AUC in both method I (ELISA, 0.93; PCR, 0.81;
BDG, 0.85) and method II (ELISA, 0.97; PCR, 0.76; BDG,
0.79). To increase the sensitivity for GM, we could more easily
decrease its cutoff value with a small decrease in specificity. In
contrast, a higher sensitivity could be obtained for the PCR
and BDG tests by decreasing their cutoff values, but this would
be at a significant cost in terms of specificity. When we shifted
the diagnostic algorithm from method I (one positive sample)
to method II (two consecutive positive samples), the AUC for
the GM test was further increased while those for the PCR and
BDG tests decreased, indicating that the GM test has higher
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FIG. 1. (A to C) ROC curves of the GM (A), PCR (B), and BDG
(C) tests for screening for IA. Both methods I and II were used. The
ROC curves obtained by estimate A/B are shown in red, and those
obtained by estimate C are shown in blue. The ROC curves obtained
by method II are indicated by solid lines, and those obtained by
method I are indicated by dotted lines. (D) Combination of ROC
curves of the GM test (method II) and those of the PCR and BDG
tests (method I).

reproducibility than the other two tests. The comparison of
ROC curves of ELISA (method II), PCR (method I), and
BDG (method I) is presented in Fig. 1D. When estimate C was
applied for ROC analyses, these characteristics of the ROC
curve for GM were partially obscured. In estimate C, a large
decrease in sensitivity shifted the ROC curve downward and
caused a significant reduction in AUC for the ELISA and
BDG test, as expected. On the other hand, the ROC curve for
the PCR test did not significantly change, since an expected
decrease in sensitivity due to false-positive episodes in the
possible IFI group is thought to be counterbalanced by a gain
due to false-positive PCR results in these episodes. The ROC
curves for the GM test in estimates A/B, C, and D, which is not
presented but is similar to that for A/B, represent extreme
cases, and the unknown “real” ROC curve might be mapped
between these extremes.

Optimal cutoff value. Determination of an optimal cutoff
value may be somewhat arbitrary depending on the purpose of
the diagnostic test. A loss of specificity may be allowed to
obtain a higher sensitivity. Based on the conventional or man-
ufacturer-recommended cutoff values, an optical density index
(O.D.L) of 1.0, in two serial samples for GM (2, 22), i.e., 40
copies/ml for PCR and 11 pg/ml for the BDG test, all tests
showed excellent specificity (0.98) in estimate A/B whereas
their sensitivity was generally low (0.64, for GM, 0.45 for the
PCR test, and 0.55 for the BDG test) even in estimate A/B,
with further decreases as low as 0.33 for the GM test and 0.29
for the BDG test in estimate C. The current standard for
ELISA (red arrowhead in Fig. 1A) seems to be inadequate. It
could be reduced to 0.6 O.D.I. in method II (red arrows in Fig.
1A), or the criteria for positivity could be relaxed to those in
method I while retaining the same cutoff (1.0 O.D.L) (blue
arrows), without great loss of specificity. With regard to spec-
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ificity, the former may be recommended (P = 0.0334 by Fish-
er’s direct test), which reflects a more leftward displacement of
the ROC curve for method I1. Both cutoff values represent the
inflexion point of each ROC curve, around which the diagnos-
tic efficacy is maximum for both cutoffs. The sensitivity/speci-
ficity and PPV/NPV of the GM test are 1.0/0.93 and 0.55/1.0
for a cutoff value of 0.6 O.D.L. in method II and 1.0/0.86 and
0.38/1.0 for a cutoff value of 1.0 O.D.I. in method 1. Various
diagnostic statistical parameters in different calculations are
presented in Table 3. We may improve the diagnostic efficiency
by using two or three tests in combination. In our analyses,
however, we could not obtain better sensitivity by combination
use of multiple tests employing much reduced cutoff values
while maintaining high specificity (data not shown). This is also
accompanied by significant delay of diagnosis.

Time interval between the first positive result and the an-
temortem diagnosis. Chronological relationships between the
first positive results of different screening tests, histopathology,
and diagnostic imaging are summarized in Fig. 2 and 3. For the
PCR and BDG tests, the conventional cutoff was used, while
the second of the first two consecutive results equal to or
greater than 0.6 or 1.0 O.D.I. was plotted for ELISA. When the
new reduced cutoff was used, the first positive date for GM was
brought forward by a median of 10 (0 to 70, n = 9, mean = 24)
days compared to the conventional cutoff value. Using the
conventional cutoff, only one episode was identified to have a
positive ELISA result before definitive treatment was started.
In contrast, with the new reduced cutoff, the first positive
ELISA result preceded the initiation of broad-spectrum anti-
fungal treatment in seven IA-positive episodes (median, 31
days; range, 2 to 127 days; mean, 28 days). It became positive
51 days before a positive histopathology result (10 to 127 days;
mean, 31 days).

Unfortunately, chronological comparisons between the
three different assays were possible for only six episodes, in
which patients had refractory leukemia and their IA tended to
have a rapidly progressive course as a terminal infection (Fig.
3). In these episodes, ELISA gave positive findings earlier than
(five episodes) or at the same time as (one episode) the BDG
test (median, 16.5 days; range, 0 to 76 days). The PCR test was
positive in 11 of 24 IA patients in estimate C. A comparison
was possible in 5 of the 11 episodes, which were also positive
for ELISA, but there was no significant difference in the date
of the first positive result between ELISA and the PCR tests.

DISCUSSION

In this study, we compared the diagnostic potential of three
different laboratory tests used to screen for IA in a prospective
setting, where GM, DNA, and BDG levels in a cohort of
patients at high risk for IA were measured weekly. The statis-
tical parameters of a diagnostic test can be dramatically af-
fected by the predetermined cutoff value, and when there is
some uncertainty regarding the disease status, as in this case,
they can also be influenced by the definition of the disease
status. Therefore, to meaningfully compare the diagnostic po-
tentials of these different tests, we performed an ROC analysis
for each test by using the same cohort of patients with different
positive result criteria (methods I and II) and various defini-
tions of the disease status (estimates A/B, C, and D). As a
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TABLE 3. Statistics for some selected thresholds

Method and threshold Sensitivity A/B (C) Specificity A/B (D) PPV A/B (D) NDV A/B (C) Efficacy A/B (C)
Method I
GM (0.D.1)
0.5 1.00 (0.88) 0.34 (0.33) 0.12 (0.11) 1.00 (0.93) 0.40 (0.43)
0.6 1.00 (0.79) 0.55 (0.54) 0.16 (0.15) 1.00 (0.93) 0.59 (0.59)
1.0 1.00 (0.58) 0.86 (0.85) 0.38 (0.34) 1.00 (0.91) 0.87 (0.81)
1.5 0.82 (0.46) 0.90 (0.89) 0.41 (0.38) 0.98 (0.90) 0.89 (0.83)
PCR (copies/ml)
5 0.91 (0.88) 0.43 (0.41) 0.12 (0.11) 0.98 (0.95) 0.47 (0.30)
10 0.82 (0.79) 0.60 (0.55) 0.15 (0.13) 0.97 (0.94) 0.62 (0.63)
20 0.73 (0.67) 0.78 (0.75) 0.23 (0.19) 0.97 (0.92) 0.78 (0.77)
40 0.45 (0.46) 0.98 (0.93) 0.63 (0.36) 0.95 (0.90) 0.93 (0.89)
BDG (ng/ml)
2 0.82 (0.58) 0.77 (0.76) 0.24 (0.21) 0.98 (0.91) 0.78 (0.74)
3 0.64 (0.46) 0.84 (0.82) 0.26 (0.23) 0.96 (0.89) 0.82 (0.78)
5 0.55(0.29) 0.92 (0.92) 0.38 (0.35) 0.96 (0.87) 0.89 (0.82)
11 0.55 (0.29) 0.98 (0.97) 0.67 (0.60) 0.96 (0.88) 0.94 (0.87)
Method II
GM (O.D.L)
0.5 1.00 (0.63) 0.84 (0.83) 0.35 (0.31) 1.00 (0.92) 0.85 (0.81)
0.6 1.00 (0.58) 0.93 (0.91) 0.55 (0.48) 1.00 (0.92) 0.93 (0.87)
1.0 0.64 (0.33) 0.98 (0.97) 0.70 (0.64) 0.97 (0.88) 0.95(0.87)
1.5 0.45 (0.25) 0.98 (0.97) 0.63 (0.56) 0.95 (0.87) 0.93 (0.86)
PCR (copies/ml)
0.64 (0.43) 0.87 (0.86) 0.30 (0.27) 0.96 (0.89) 0.85 (0.80)
10 0.45 (0.30) 0.94 (0.93) 0.38 (0.33) 0.95 (0.88) 0.90 (0.84)
20 0.36 (0.26) 0.98 (0.97) 0.67 (0.50) 0.95 (0.88) 0.93 (0.87)
40 0.36 (0.26) 1.00 (0.99) 1.00(0.67) 0.95 (0.88) 0.95 (0.89)
BDG (ng/ml)
2 0.64 (0.42) 0.91 (0.90) 0.39 (0.33) 0.97 (0.89) 0.89 (0.83)
3 0.55 (0.29) 0.95 (0.95) 0.50 (0.66) 0.96 (0.88) 0.92 (0.85)
5 0.55 (0.29) 0.98 (0.97) 0.67 (0.60) 0.96 (0.88) 0.94 (0.87)
11 0.45 (0.25) 0.99 (0.99) 0.83 (0.71) 0.95 (0.87) 0.95 (0.87)

result, the ROC curve for the GM test seemed to be better
than those for the other two tests.

We previously reported that this real-time PCR for Aspergil-
lus DNA was highly sensitive in vitro and with clinical samples
(17): it could stably detect as few as 40 copies/ml in vitro and
showed a higher sensitivity (79%) than those of the GM (58%)
and BDG (67%) tests. In the present prospective analysis with
consecutive patients, however, these results were not repro-
duced. This may be partly explained by the fact that our pre-
vious study included many retrospective samples. Further-
more, we intentionally selected IA patients and used a higher
cutoff value for the GM test. Although several authors have
also reported excellent sensitivity in PCR assays for 1A (5, 6,
14, 34), we cannot directly compare those results with ours
since there were differences in the target genes, methods of
DNA extraction, starting materials, and designs of the PCR
amplifications. Some form of standardization is required to
make an international comparison possible. We used our real-
time PCR system (GeniQ-Asper) (17) because it is most widely
used in Japan. Several authors, including Loeffler et al. and
Costa et al., also published excellent real-time PCR detection
systems for Aspergillus DNA (9, 21, 26, 28), and their systems
might produce superior results in the diagnosis of IA, which
should be addressed in future studies.

As a diagnostic test, PCR requires more time and more
complicated processing and thus costs more than the BDG and
GM tests. It costs six times (15,700 yen/test) as much as the
BDG and GM assays (2,700 yen/test) in Japan. A specialized

laboratory as well as an expensive assay system and reagents
are also required. These problems should be addressed before
PCR is widely accepted as a standard screening test for 1A,
although it still seems to have value in making a diagnosis when
a variety of clinical samples are used (20, 26, 28, 31).

The BDG test has also been widely used in Japan as a
noninvasive diagnostic test for IFI. While it covers wide ranges
of fungal species and may be potentially more useful as a
screening test for IFI, it can cause frequent nonspecific reac-
tions to various medical materials. Three kinds of assay sys-
tems for BDG have been developed in Japan: a chromogenic
assay (FungiTec G test), B-glucan test Maruha) and a kinetic
assay (B-glucan test Wako), but there is still some debate
regarding their diagnostic potential. According to a sample-
based analysis by Yoshida et al. (35), the chromogenic assay
seems to be more sensitive (87.9 and 72.7%, respectively) than
the kinetic assay but much less specific (43.3 and 75.2%, re-
spectively) when the cutoff values recommended by the man-
ufacturers are used. In the present study, where we used a
kinetic assay, we could not obtain sufficient sensitivity even
with the cutoff being maximally reduced. Furthermore, even if
positive results were obtained, the positive results with the
BDG test tended to occur later in the clinical course. The
present result (55% sensitivity and 98% specificity) is consis-
tent with our previous results (67% sensitivity and 84% spec-
ificity) using the chromogenic assay and also with other re-
ports. This seems to be an inherent limitation of BDG assays
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FIG. 2. Number of days from when GM assays become positive to

the onset of treatment, using a threshold of 0.6 O.D.1. by method II (solid

arrowheads) or 1.0 O.D.I by method I (open arrowheads), or positive findings on CT. Open triangles indicate the date of positive culture, and
solid triangles indicate when the histopathological diagnosis was made (Px, biopsy; Ax, autopsy). The values in parentheses indicate the number
of days after the onset of treatment. For example, for episode 11, CT showed specific findings 50 days after the onset of treatment and the GM
assay become positive 2 days before treatment. Episode numbers correspond to those in Table 2. Episodes whose GM assays did not reach the
threshold are not shown. For episodes 2 and 9, a CT scan was not performed, and for episodes 7, 8, 10, 17, 19, 21, and 22, the CT findings were
nonspecific and could not be used for decision-making. Each treatment was started at the discretion of the physician, taking into account various
prices of clinical information, including CT findings and the results of GM assays. For Episode 8, IA was not suspected and no antifungal agent
was administered. Therefore, the date of death was used instead of the date of treatment onset.

for the diagnosis of IA, although they show a very high sensi-
tivity and specificity for candidiasis (25).

The diagnostic potential of double-sandwich ELISA for GM
has been repeatedly validated in recent large-scale studies (15,
22). However, a direct comparison of the results of different
studies, including ours, is not always easy and in fact can be
quite difficult or impractical. Many factors can influence the
apparent sensitivity and specificity and of course the PPV and
NPV. Therefore, the important point is the way in which these
results should be interpreted, and this depends on the objective
and design of each study. From this perspective, our results are
comparable to those of Maertens et al. (22) but in contrast to
those of Herbrecht et al. (15). The latter addressed principally
the diagnostic potential of the GM test in the presence of an
unknown neutropenic fever or some respiratory signs and
symptoms in cancer patients. On the other hand, in our study
as well as in that of Maertens et al., the principal concern was
the potential of the test in serial screenings with multiple
measurements throughout the entire period of hematology
care. For example, the mean numbers of measurements per
episode in our study and that of Maertens et al. (8.3 and 11.2
per episode, respectively, with GM measured weekly) are sig-
nificantly different from that in the study of Herbrecht et al.
(5.5 per episode, with GM measured daily or weekly), consis-
tent with the study designs. The difference becomes more

—92

prominent for proven IA episodes (17.3 and 19 versus 6.8). The
differences in the mean number and timing of measurements
clearly affect the apparent sensitivity and specificity of the
studies. Hence, the apparent statistical values obtained by Her-
brecht et al. are expected to be lower than ours and those of
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FIG. 3. Number of days before death that each test gave positive
results. Solid triangles indicate the date when GM became positive,
using a threshold of 0.6 O.D.I. by method II; open triangles indicate
the date when PCR exceeded a cutoff value of 40 copies/ml; and
shaded triangles indicate the date when the BDG test exceeded a
cutoff value of 11 ng/ml, by method 1. In episode 2, PCR never exceed-
ed the cutoff value. Episode numbers correspond to those in Table 2.
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Maertens et al., but they should provide a better approxima-
tion of the corresponding sample-based statistics, even though
the patient population was more heterogeneous.

According to the ROC analysis of double-sandwich ELISA,
the conventionally used cutoff seems to be too high: our rec-
ommendation is 0.6 O.D.I., and two consecutive positive re-
sults should be taken into consideration. With these new cri-
teria, the GM test showed an excellent chronological profile. It
gave the first positive diagnostic result in 9 of 14 GM-positive
IA episodes and in 5 of 9 IA or possible IFI episodes where
both CT and GM were positive. It preceded the initiation of
empiric or definitive antifungal therapy in seven episodes. Us-
ing the novel criteria, positivity was ascertained a median of 10
days before conventional positivity was noted, and in six cases
the GM test gave positive results only with the novel criteria.
These chronological advantages were not observed with a
threshold of 1.0 O.D.1. by method II: for episodes 5, 7, 8, and
10, the GM assay did not become positive; for episode 4, the
GM assay exceeded the criteria 38 days after the onset of
treatment; for episode 12, the GM assay gave positive results
16 days before the onset of treatment. According to the high
PPV with the novel cutoff criteria (0.55 for proven or probable
1A and 0.48 for proven, probable, or possible IFI) and the early
timing of its positivity, we could have initiated antifungal ther-
apy in a preemptive manner for episodes 4, 5, 7, §, 10, 11, and
12.

Our result does not justify a discontinuation or moratorium
of empiric antifungal treatment based only on a single negative
result in the face of an impending threat of IA. It should be
stressed that the extremely high NPVs provided here are epi-
sode-based calculations. Sample-based NPVs should be much
lower, especially when patients are at high risk. We could not
exclude a possibility of other IFI. Similarly, PPV does not
always represent the probability of currently having IA but,
rather, predicts the probability that the subject has or will have
IA. In addition, while there was a sufficient number of no-IA
episodes in this study to permit reliable estimations of speci-
ficity and NPV, there is much uncertainty regarding the esti-
mations of the absolute values of sensitivity and PPV because
of the small number of IA patients.
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AML-1 is required for megakaryocytic maturation and
lymphocytic differentiation, but not for maintenance of
hematopoietic stem cells in adult hematopoiesis

Motoshi Ichikawal»’, Takashi Asail”?, Toshiki Saito!, Go Yamamoto!, Sachiko Seo!, Ieharu Yamazaki’,
Tetsuya Yamagatal», Kinuko Mitani?, Shigeru Chibal, Seishi Ogawa'?, Mineo Kurokawa! & Hisamaru Hirail®

Embryonic developmenti of multilineage hematopoiesis
requires the precisely regulated expression of lineage-specific
transcription factors, including AML-1 (encoded by Runx1I;
also known as CBFA-2 or PEBP-20:B)1-3. In vitro studies

and findings in human diseases, including leukemias®7,
myelodysplastic syndromes?® and familial platelet disorder with
predisposition to acute myeloid leukemia (AML)®, suggest that
AML-1 has a pivotal role in adult hematopoiesis. However,
this role has not been fully uncovered in vivo because of the
embryonic lethality of Runx1 knockout in mice. Here we assess
the requirement of AML-1/Runxl1 in adult hematopoiesis
using an inducible gene-targeting method©, In the absence of
AML-1, hematopoietic progenitors were fully maintained with
normal myeloid cell development. However, AML-1-deficient
bone marrow showed inhibition of megakaryocytic maturation,
increased hematopoietic progenitor cells and defective T-

and B-lymphocyte development. AML-1 is thus required for
maturation of megakaryocytes and differentiation of Tand B
cells, but not for maintenance of hematopoietic stem cells
(HSCs) in adult hematopoiesis.

Using the Cre-loxP sequence-specific recombination system, we
generated mutant mice in which exon 5 of the RunxI gene could be
selectively deleted by the expression of Cre recombinase (Fig. 1a).
We mated mutant animals carrying deleted (RunxI~) or loxP-flanked
(Runx1) alleles, and observed lethal bleeding of RunxI~'~ embryos as
anticipatedl‘z. In contrast, Runx1¥8 and Runx1~ mice were normal
(data not shown). We then bred the mutant mice with Mx-cre-trans-
genic mice to generate Runx1%*Mx-cre or Runx1%~-Mx-cre mice. In
these mice, the Runxif allele could be effectively deleted in hemato-
poietic progenitors by using injected polyinosinic-polycytidylic acid
(pIpC) to induce expression of Cre recombinase!?. Two months after
pIpC injection, genomic Southern blot analysis of RunxI¥-Mx-cre
mice revealed that 290% of the bone marrow or peritoneal exuda-

tive cells, ~80% of which were morphologically normal neutrophils,
had biallelic Runx1 deletion. This indicates that RunxI deletion was
induced in most bone marrow cells, and that most myeloid progeni-
tors lacking AML-1 could still differentiate into mature neutrophils
(Fig. 1b,c). Efficient excision of one RunxI allele was observed in
the hematopoietic cells, including lymphocytes, of Runxi®*Mx-
cre mice. In contrast, only 9%, 32% and 57% of the thymocytes,
splenic T cells and B cells of RunxIV~Mx-cre mice, respectively, had
a RunxI~'~ genotype. Therefore, a large proportion of mature lym-
phocytes originated from lymphoid progenitor cells still expressing
intact AML-1, and AML-1 deficiency should be disadvantageous to
lymphocyte development.

Injection of pIpC did not cause significant differences in neutro-
phil counts or hemoglobin levels among the Runx1¥-Mx-cre (floxed)
mice, RunxI1¥*Mx-cre mice and RunxI™*Mx-cre (control) mice
(Fig. 2a). Immediately after pIpC injection, however, platelet counts
for the floxed mice declined to one-third to one-sixth of those for the
control mice (Fig. 2a). Lymphocyte counts were slightly depressed
after more than 4 weeks in the floxed and RunxI*Mx-cre mice. These
results suggest that AML-1 is required for the maintenance of platelets
and lymphocytes, but not for the sustained production of erythrocytes
and neutrophils.

We next examined bone marrow cell morphology in the pIpC-treated
floxed mice to determine whether thrombocytopenia results from
abnormal megakaryopoiesis. The cellularity of the bone marrow and
morphology of myeloid cells in the floxed mice were not remarkably
altered from those of the control mice, except for a slightly elevated
myeloid-erythroid ratio (2.35 £ 0.70 in floxed mice compared with
1.71 £ 0.39 in control mice; n = 7 (paired), P = 0.046 by Wilcoxon
signed-rank test; Fig. 2b and data not shown). However, Wright-Giemsa
staining of floxed bone marrow revealed the absence of normal mega-
karyocytes with abundant cytoplasm and lobulated nuclei (Fig. 2b).
Instead, the floxed bone marrow contained a small number of imma-
ture megakaryocyte-like cells with occasionally separated round nuclei,
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Figure 1 Inducible AML-1 knockout mice. (a) Schematic representation

of conditional gene targeting of the Runxl gene. E, EcoRI; H, Hindlll; X,
Xbal; gray box in upper left corner, 5" genomic probe; neo/tk, PGK-neo/
HSV-thymidine kinase positive selection cassette; DT-A, diphtheria toxin

A chain negative selection cassette. (b) Southern blot genotyping of cells
from hematopoietic organs of mice injected with plpC. Numbers below
lanes indicate proportion of Runxl-deleted cells. (c) Wright-Giemsa-stained,
cytocentrifuged specimens of peritoneal inflammatory cells genotyped in b.

resembling the abnormal ‘micromegakaryocytes’ observed in human
myelodysplastic syndromes (Fig. 2b). Consistent with this observa-
tion, a substantial increase in the number of small megakaryocytes
was revealed in the floxed bone marrow by acetylcholinesterase stain-
ing, which specifically detects mature and immature megakaryocytes!!
(Fig. 2b).

Given the prominent immaturity of megakaryocytes in the floxed
mice, we examined the ultrastructure of the megakaryocytes (Fig.
2¢). In addition to their smaller size, floxed megakaryocytes showed
poorly developed demarcation membranes compared with mega-
karyocytes from control (RumxI**Mx cre) mice. During the mat-
uration process, megakaryocytes acquire high DNA ploidy (>4n)
through a cell cycle process known as endomitosis'?. As expected
from the smaller size of their nuclei, CD41* megakaryocytes from
the floxed mice showed a markedly lower level of polyploidy (<8n)
than megakaryocytes from the control mice (modal ploidy, 16n),
as revealed by flow cytometric measurement of DNA content. This

demonstrates that AML-1 deletion also causes defective polyploidiza-
tion in megakaryocytes (Fig. 2d). Although a recent report showed
that AML-1 regulates the expression of megakaryocyte-specific
genes in cooperation with GATA-1 (ref. 13), and although the small
and immature megakaryocytes that we observed are reminiscent of
those found in GATA-1 knockdown mice'®!3, the expression levels of
megakaryocyte-specific transcription factors in floxed mice, includ-
ing GATA-1, FOG-1 and NF-E2, remained unaffected according to
RT-PCR analyses of lineage-negative (Lin~) bone marrow cells (data
not shown).

We subsequently conducted in vifro colony-forming assays to
evaluate the frequency of hematopoietic progenitors. Floxed bone
marrow cells formed more megakaryocytic colonies (CFU-Meg)
than control bone marrow cells in semisolid media (Fig. 3a). The
numbers of myeloid and mixed (myeloid and erythroid) colonies
were also elevated in the floxed bone marrow. Using single-colony
PCR genotyping, we detected the RunxI~'~ genotype in 149 of 150
myeloid colonies, 48 of 50 erythroid colonies, 35 of 36 mixed colonies
and 14 of 14 megakaryocytic colonies from pIpC-treated floxed bone
marrow cells, thus excluding the possibility that those hematopoi-
etic cells might be predominantly derived from progenitor cells still
expressing intact AML-1 (data not shown). Using flow cytometry
(Fig. 3b), we observed an increased number of cells in the Lin-c-
KithiCD41M fraction, which was presumed to contain CFU-Meg!®,
in the floxed bone marrow. Similarly, the number of cells defined by
CD34-Lin1¢-KithiSca- 1M (Fig. 3¢), which represent the most imma-
ture hematopoietic progenitor cell population!?, was also elevated in
the floxed bone marrow. Although development of both T and B cells
from AML-1-deficient cells was impaired (Fig. 1b), the cells defined
by Lin7®IL-7Rot*Sca-1'c-Kit'°, previously reported to include com-
mon lymphocyte progenitors (CLPs)!8, were maintained in the floxed
bone marrow (Fig. 3d).

Increased numbers of primitive hematopoietic progenitors,
immortalized myeloid progenitor cells and arrested myeloid matu-
ration have been observed in mice expressing the leukemic AML-1/
ETO chimeric protein!*-2!, which dominantly suppresses the nor-
mal function of AML-1. We observed an elevated colony-replating
capacity of Runx1~'~ hematopoietic cells, although replating could
be repeated for only 2 months (Fig. 3e). Although AML-1-null neu-
trophils were morphologically normal, and freshly collected floxed
bone marrow cells did not show altered apoptosis when assessed
by annexin-V expression (data not shown), we detected increased
apoptosis of myeloid colony-forming cells, suggesting that a certain
degree of maturation arrest occurs in the myeloid lineage in the
absence of AML-1 (Fig. 3f).

Because immature hematopoietic progenitor cell fractions were
elevated in the floxed bone marrow, we used a competitive repopula-
tion assay to assess their ability to reconstitute adult hematopoiesis??.
We used isotypes of the pan-hematopoietic marker CD45 (Ly5) to
distinguish the origins of the repopulating cells. Sublethally irradi-
ated C57BL/6-Ly5.1 recipient mice (Ly5.1%Ly5.27) were intravenously
injected with a mixture of bone marrow cells from C57BL/6-Ly5.1/
Ly5.2 F; competitor mice (Ly5.17Ly5.2%) or floxed or control mice
(Ly5.1"Ly5.2*%) previously injected with pIpC. We then analyzed
Ly5 isotypes on the repopulating cells by flow cytometry (Fig. 4a).
Notably, the floxed bone marrow cells reconstituted neither periph-
eral T (Thy-1.2%) nor B (B220*) cells, whereas there were no sig-
nificant differences in the mature neutrophil (Gr-1"Mac-1%) and
monocyte populations (Gr-11°Mac-1*)23 (Fig. 4a). The contribution
to the reconstituted bone marrow was not significantly different in
neutrophils (test/competitor = 0.382 £ 0.083 for floxed mice (n =
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Figure 2 Thrombocytopenia and megakaryocytic a
maturation arrest of induced AML-1 knockout

o o~

mice. (a) Peripheral blood cell counts of Runx1¥ s
*Msx-cre (control; @), Runx1"™ Mx-cre (O) and 28
Runx1-Mx-cre (floxed; 3) mice injected with e
plpC on days 0, 2 and 4. Results are shown as £3
mean -+ s.d. (error bars) from four to seven mice. %2
*, P<0.01 for floxed compared with control 2

-t

mice (unequal-variance t-test). (b) Histochemical
analyses of bone marrow. W-G, Wright-Giemsa; 0
AchE, acetylcholinesterase. Arrows indicate

megakaryocytes. Scale bars, 50-um (H&E,

W-G, and AchE right panei) or 250-um (AchE

left panel). (c) Electron micrographs of bone b
marrow megakaryocytes. Meg/arrowhead,
megakaryocytes; dms, demarcation membranes;
N, nucleus. Scale bars, 5-um {left) or 500-nm
(right). (d) DNA contents of CD41* bone marrow
cells. ——~~, CD41- fractions for 2nand 4n
controls. Typical results from three experiments
are shown (48 weeks after pipC injection).

Control

8), compared with 0.424 £ 0.118 for control Floxed

mice (n = 4); P=0.93 by Wilcoxon rank-sum
test) or monocytes (test/competitor = 0.443
+ 0.082 for floxed mice (n = 8), compared
with 0.940 + 0.440 for control mice (n = 4);
P =0.35). The floxed cells also repopulated
the megakaryocytic progenitors (Lin~CD41%;
Fig. 4b). Given the inability of AML-1-defi-
cient cells to reconstitute the T-cell lineage,
we investigated thymocyte development in
the absence of AML-1 by analyzing double-
negative thymocytes of the recipient mice.
We observed a significant block in the mat-
uration of floxed T-cell progenitors at the
transition from CD44*CD25% (DN2) to
CD44~CD25% (DN3) (DN3/DN2 ratio of
Ly5.17Ly5.2% cells = 0.025 £ 0.029 for floxed
mice {n = 5), compared with 1.87 £ 1.51 for
control mice (n = 4); P < 0.05; Fig. 4¢), indi-
cating that immature T-cell precursors had
accumulated in the thymus. These findings,
along with the observation that the CLP fraction was not affected
in the floxed bone marrow, suggest that AML-1 is not necessary for
the maintenance of CLPs, but is required in lymphoid precursors
committed to T- or B-cell lineages. Consistent with this, a recent
report and our experiments using lck-Cre-mediated, T-cell-specific
AML-1-knockout mice show that the maturation of T-cell progeni-
tors deficient in AML-1 is blocked at the DN3-DN4 transition (ref.
24 and T.A. et al., unpublished data). Because Ick-Cre expression
becomes evident at the DN3 stage or later, the present study unveiled
an important role of AML-1 in the DN2-DN3 transition. However,
because of the insufficient contribution of the floxed cells to the
B220* bone marrow fraction (test/competitor = 0.011 % 0.012 (n
= 8) compared with 0.306 * 0.295 for control (n = 4)), we could
not determine which step in B-cell development was affected by
the absence of AML-1. The role of AML-1 in B-cell development
might be revealed by other approaches, including the analysis of B-
cell lineage-specific AML-1-knockout mice. Although lymphocyte
development is substantially blocked at early stages in the absence of
AML-1, the detection of AML-1-deleted T and B cells in the periph-
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ery of Runx1¥-Mx-cre mice (Fig. 1b) indicates that some lymphoid
progenitors may still survive for a prolonged period and differentiate
into mature lymphocytes.

Our data show that lack of AML-1 at the adult stage causes hema-
topoietic progenitor cell expansion, probably through a partial block
in myeloid cell differentiation. This finding agrees with the phe-
notypes of previously reported mouse models of t(8;21)—carrying
human leukemia, in which AML-1/ETO fusion protein is implicated
in leukemogenesis through dominant-negative suppression of AML-
1 function!®-2!. The loss or dominant-negative suppression of AML-
1 function is also found in human myelodysplastic syndromes and
familial platelet disorder with predisposition to AML®®, both of
which are thought to be a preleukemic state. Taken as a whole, our
observations suggest that the number of hematopoietic progenitor
cells is negatively regulated by AML-1, and that the loss of AML-1
function triggers a preleukemic state. However, the myeloid imma-
turity and immortalization of bone marrow progenitors observed in
AML-1/ETO mice could not be recapitulated in our RunxI¥~Mx-cre
mice. Therefore, AML-1/ETO may not only inhibit AML-1 func-
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tion, but may also have the ability to immortalize hematopoietic
progenitors.

Although AML-1 is considered to be a master regulator of defin-
itive hematopoiesis, our current study shows that AML-1 is dis-
pensable for prolonged hematopoietic cell engraftment, as well as
commitment to the myeloid lineage and at least to double-negative
thymocytes in the lymphoid lineage. Our present data also indicate
that AML-1 is essential for the terminal differentiation of hemato-
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Figure 4 Competitive repopulation assay. (a) Contribution to peripheral

blood. Data are shown as mean + s.d. (error bars) of ratio of Ly5.1-Ly5.2*
‘test’ cell number to Ly5.1+Ly5.2* ‘competitor’ cell number at each point. O,
floxed; @, control. *, P< 0.05; **, P< 0.01 by Wilcoxon rank-sums test. (b)
Contribution of floxed (Ly5.17Ly5.2*) megakaryocytic progenitors (Lin"CD41")
in bone marrow (typical results from four recipients are shown). (c) Analysis
of thymocytes of recipient mice. CD25/CD44 profiles of double-negative (DN)
thymocytes are shown as typical results from four recipients in each group.

splenic T cells (RunxI deletion is rare, as in Fig. 1b) as controls.
Statistical analyses in b~d were done using Wilcoxon signed-rank
test for paired data from mice 4-12 weeks after plpC injection.
(e) Colony-replating assay. [J, floxed; @, control. Typical data from
four independent triplicate cultures are shown (mean +s.d.).

(f) Apoptosis of bone marrow cells cultured in methylceliulose-
containing medium. P < 0.05 by two-tailed ttest; n=4.

poietic progenitors of megakaryocytic and lymphocytic lineages,
which establishes AML-1 as a regulator with multiple roles in the
maintenance of lineage-committed cells in adult hematopoiesis.
However, our results also suggest that the maintenance of HSCs
and their commitment to more mature progenitors in adult hema-
topoiesis does not always require a transcription factor essential for
hematopoietic ontogeny during embryogenesis, and can be induced
by other hematopoietic genes. This is supported by a previous study
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that showed that SCL/tal-1, a transcription factor essential for the
development of primitive hematopoiesis during the embryonic
stage, is required for the proper differentiation of erythroid and
megakaryocytic lineages, but not for the maintenance of HSCs in
adult hematopoiesis?®. To fully understand the intricate process of
hematopoiesis, it will be necessary to determine the roles of those
hematopoietic genes.

METHODS

Mice. We introduced the targeting vector (Fig. 1a) into TT2 embryonic stem
cells?%, and transiently expressed Cre recombinase to generate embryonic
stem cell lines carrying the Runx1® or RunxI~ alleles. Chimeric mice raised
by aggregation were crossed to the C57BL/6 background, and were mated
to interferon-inducible Mx-cre transgenic mice!®. Mx-cre expression was
induced by intraperitoneally injecting 250 pg of pIpC, on three alternate
days, into 4- to 8-week-old mice!®. C57BL/6-Ly5.1 congenic and C57BL/6-
Ly5.1/Ly5.2 F, mice were used for competitive repopulation assays. Mice
were kept at the Animal Center for Biomedical Research, University of Tokyo,
according to institutional guidelines.

Genotyping. For PCR genotyping, cells were lysed in a lysis buffer (0.3%
Tween 20, 0.3% NP-40, and 120 pg/ml proteinase K in Ix TE buffer) at 55
°C for 1 h, followed by inactivation at 80 °C for 10 min. DNA was amplified
using primers 2 (5-ACAAAACCTAGGTGTACCAGGAGAACAAGT-3"),
£120 (5"-CCCTGAAGACAGGAGAAGTTTCCA-3") and r1 (5-GTCTACTC-
CTTGCCTCAGAAAACAAAAAC-3") for the first PCR reaction, and nested
primers {1 (5-AAAACCTAGGTGTACCAGGAGAACAAGTC-3"), f101 (5'-
TTCCAGGTCAACTCTCTCACCTCTC-3") and r5 (5'-ATCTGAGTTGGCC
TAATTTCCCTTTG-3') for the second reaction, to detect the 280-base pair
RunxI~ and 220-base pair Runx1? products. Southern blot analyses of DNA
samples digested with EcoRI were done according to standard protocols, using
a 5" EcoRI-Bgll] genomic probe (Fig. 1a).

Analyses of blood cells. Peripheral blood was counted using an automated
hemacytometer, and leukocytes were morphologically classified to calculate
neutrophil and lymphocyte counts. Mice were analyzed for bone marrow
morphology 2 months after pIpC administration. For histological examina-
tion, sectioned femoral bone marrow specimens were stained with H&E, and
cytocentrifuged specimens were stained with Wright-Giemsa or for acetylcho-
linesterase as previously described!!. Peritoneal exudative cells were collected
by washing the peritoneal cavities of mice 4 h after intraperitoneal injection
of 2 ml of 2% casein in PBS. Splenocytes were labeled with antibodies to Thy-
1.2 (for T cells) or B220 (for B cells), conjugated to magnetic microbeads to
collect splenic lymphocytes using a MACS LS+ system (Miltenyi Biotec). The
cells were checked for purity by flow cytometry (>97%; data not shown).

Ultrastructural studies. Femoral bone marrow samples prepared 4 weeks
after pIpC injection as previously described?” were examined with a JEOL
1200CX electron microscope.

Flow cytometry and cell sorting. All monoclonal antibodies and fluoro-
chromes were purchased from BD PharMingen. To measure bone marrow
progenitor cells other than CLPs, cells were stained with FITC-conjugated
antibodies to CD41 or CD34, phycoerythrin (PE)-conjugated antibody to
Sca-1, allophycocyanin (APC)-conjugated antibody to ¢-Kit, and biotin-
conjugated antibodies to lineage (Lin) markers (CD3e, CD4, CD8a, B220,
Gr-1,Mac-1 and Ter119), and visualized with streptavidin-PerCP-Cy5.5. For
CLP cell fractions, cells were stained with Lin-PE, Sca-1-FITC, c-Kit-APC
and IL-7Ro~biotin/streptavidin-APC-Cy7. Stained samples were analyzed
using either FACSCalibur or BD LSRII (BD Biosciences). For sorting CLP
cells, Lin™ were predepleted from bone marrow cells using the MACS LD
system (Miltenyi Biotec). The remaining fraction was stained for CLP as
described above and sorted using a FACSVantage cell sorter. The cell sorter
was calibrated to achieve >98% purity for Thy-1.2% cells stained with Thy-
1.2-APC. Approximately 1,000 CLP cells were genotyped by PCR. To ana-
lyze competitively repopulated cells, cells were stained with Ly5.2-FITC,
Ly5.1-PE, Gr-1-biotin/streptavidin—-PerCP and Mac-1-APC for myeloid
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cells, and with Ly5.2-FITC, Ly-5.1~PE, B220-PerCP and Thy-1.2-APCfor T
and B lymphocytes. Thymocytes were stained with Ly5.1-FITC, Ly5.2-APC,
CD25~ PerCP-Cy5.5, CD44-PE and biotin-conjugated antibodies to CD4,
CD8, NK1.1 and TCR-Y3, and visualized by streptavidin—-APC-Cy7 for analyz-
ing double-negative thymocytes. Bone marrow megakaryocytic progenitors
were stained with CD41-FITC, Ly-5.1~-PE, Ly-5.2-APC and Lin-biotin/strep-
tavidin-PerCP-Cy5.5. Two-color flow cytometric analysis of the DNA content
of bone marrow megakaryocytes stained with CD41-FITC was performed
as previously described?®.

In vitro hematopoietic colony-forming assays. For CFU-Meg, 2.5 x 10 bone
marrow cells from mice 4-8 weeks after pIpC injection were cultured in I ml
of a-MEM containing 0.8% methylcellulose, 1% BSA, 30% FBS, 100 pM 2-
mercaptoethanol and 10 units of mouse thrombopoietin. For other (myeloid
and erythroid) colonies, 5 X 104 cells were cultured in 1-ml of IMDM contain-
ing 0.8% methylcellulose, 1% BSA, 30% FBS, 100-uM 2-mercaptoethanol,
100-ng/ml of mouse stem cell factor, 5-ng/ml of mouse interleukin-3 and
7.5 units/ml of human erythropoietin (all growth factors were generously
provided by Kirin Brewery). Colonies were counted after 3 d (for erythroid
colonies), 5 d (for erythroid bursts and myeloid colonies), 7 d (for mixed
colonies) or 8 d (for CFU-Meg) of culture in 5% CO, at 37 °C. For replating
experiments, the whole myeloid and erythroid culture was pooled on day
7 and washed twice, and 1 x 10* cells were subjected to subsequent culture
in the same medium. Scoring for colonies and reculturing were repeated
every 7 d.

Detection of apoptotic cells. Whole myeloid and erythroid methylcellulose
cultures were pooled on day 7 of culture, washed, fixed and stained with
propidium iodide for analysis by flow cytometry to detect apoptotic cells
(DNA content < 2#n) as previously described?’.

Competitive repopulation assay. X-ray-irradiated (9.5-Gy, 0.3-Gy/min,
unfractionated) recipient mice were intravenously injected with a mixture of
1 x 10° each of unfractionated bone marrow cells from ‘test’ mice (floxed
or control mice, 8~12 weeks after pIpC injection) and competitor mice.
Peripheral blood was analyzed monthly, and bone marrow cells and thymo-
cytes were analyzed 3 months after transplantation by flow cytometry.
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