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reconstituted in xenogenic hosts for a long-term in our and others’
experiments (42), it is highly likely that hCD34 " hCD38 hLin~
population is highly enriched for hL.T-HSCs. Therefore, it is sug-
gested that the negative expression of hFIt3 does not mark LT-
HSCs in human, while mFIt3 does in mouse (16, 17). Second, in

contrast 10 mouse hematopoiesis, where mFlI3 expression is re-
hosd ial in-

Flt3 EXPRESSION IN HUMAN HEMATOPOIESIS

fit the lymphoid-only expression pattern of FIt3 in mouse hema-
topoiesis. In mouse models, however, the ectopic expression of
FLT3-TTDs in the bone marrow promotes development of myelo-
proliferative disorders, but these mutations themselves do not
cause leukemia (52). We have found that AML cells with FLT3-
ITD mutations possess extremely high levels of Mcl-1, and trans-
duction of FLT3-ITD into normal HSCs induces rapid up-regula-

stricted within progenitor populations of lymp p
cluding CLPs and a minority of CMPs that can differentiate into B
cells (20), hFI3 is expressed in human CMPs and GMPs, as well
as in CLPs. The FIt3 expression is suppressed after cells are com-
mitted into the MegE lineage in both human and mouse. The dis-
tribution of FIt3 in and h h opoiesis is schema-
tized in Fig. 7. The signmificant difference of FIL3 distribution n
human and mouse hematopoiesis suggests that the critical role of
Fit3 signaling in hematopoietic development could also be differ-
ent between these species.

We further found that the imponant function of hFit3 should
include the maintenance of cell survival via the up-regulation of
anti-apoptotic Mcl-1 in carly hematopoiesis, Previous studies have
demonstrated that FL can support in vitro survival of human long-
term culture-initiating cells (24, 46, 47). MCL-1 is a non-redun-
dant anti-apoptotic protein, ot least in mouse hematopoiesis, be-
cause the removal of Mcl-1 from hematopoietic cells in a
conditional knockout system caused fatal hematopoietic failure,
and because in vitro disruption of Mcl-1 in mouse HSCs, CMPs, or
CLPs rapidly induced their apoptotic cell death (45). The expres-
sion level of Mcl-1 was the highest at the HSC stage and gradually
declined as HSCs differentiate into myeloid and lymphoid progen-
itors in mouse hematopoiesis (45). The pattern of Mel- 1 distnbu-
tion is well preserved in human hematopoiesis (Fig. 6A), suggest-
ing that Mcl-1 might also be essential for hHSC survival. In mouse
HSCs, Mel-1 is up-regulated by signals from cytokines including
SCF. IL-6. and IL- 11, and SCF exents the most potent effect on the
up-regulation of Mcl-1(45). In contrast to mouse LT-HSCs that
express ¢-Kit but not FIt3, functional hLT-HSCs coexpress c-Kit
and F3 (Fig. 1), and imporntamly, FL as well as SCF are potent
inducers for Mcl-1 transcription (Fig. 6). The fact that FL and SCF
activated only Mcl-1, but not Bel-2 or Bel-x, , in tum suggests that
Mecl-1 might be the most critical survival factor controlled by ex-
ogenous cytokine signals at the HSC stage. Although it remains
unclear whether hFIt3 and/or ¢-Kit signaling is absolutely required
for hHSC survival. our data suggest that. 1o maintain the Mcl-1
level in hHSCs, the FI3/FL system could work as an alternative to
the SCF/c-Kit system. This is of interest because the SCF/e-Kit
system is non-redundant in mouse hematopoiesis (48), where
mouse LT-HSCs express only c-Kit, but not Flt3.

The anti-apoptotic effect of hFI3 signaling was also seen in
hFl3-expressing myelod progenitor populations. The incubation
of CMPs and GMPs with FL significantly prevented their apopto-
tic cell death in vitro, and FL., as well as SCF, rapidly activated the
Mcl-1 transcription in these progenitors. Interestingly, in CLPs, FL
activated not only Mcl-1 but also Bel-2. In lymphopoiesis, Bel-2
(49, 50, us well as Mcl-1 (51, 1s enitical. FL may collaborate with
IL-7 to maintain lymphoid cell survival by up-regulating both
Bel-2 and Mcl-1. Collectively, in humans, FIt3 signaling might
support cell survival in early hematopoietic stages with only the
exception of the MegE lineage developmental pathway.

Our data also provides an important insight into pathogenesis of
AML with FLT3 muations. A total of 15-35% of AML patients
have either intemal tandem duplications (ITDs) in the juxtamem-
brane domain or mutations in the activating loop of FLT3 (28, 29),
resulting in ligand-independent constitutive signal activation, The
FLT3 mutations are rarely found in acute lymphoblastic leukemia
(28. 29). The etiologic link of FLT3 mutations with AML does not

tion of Mcl-1 of up to > 10-fold higher levels (G. Yoshimoto and
K. Akashi, manuscript in preparation). Because the expression of
FLT3 mutations should occur in concert with that of normal Fi3,
our data suggest that once FLT3 mutations are acquired in human
hematopoiesis, abnormal survival-promoting signals of Mcl-1
should be expressed in LT-HSCs, and is progressively up-regu-
lated in GMPs. It has been shown that both LT-HSCs and GMPs
are the cnitical cellular target for leukemic transformation. The
reinforced survival of CMPs/GMPs by blocking two independent
apoptotic pathways (53), or the enforced expression of ber-abl to-
gether with survival-promoting Bel-2 at the GMP stage (54), re-
sults in AML development in mouse models. In human ber-abl-
positive chronic myelogeneous leukemia, GMPs could be the
target for blastic transformation by acquisition of B-catenin sig-
naling (55). GMPs can also be converted into leukemic stem cells
simply by transducing leukemia fusion genes, such as MLL-ENL
(56) or MOZ-TIF2 (57). Thus, these data collectively suggest that
the acquisition of FLT3I mutations in human hematopoiesis might
induce the reinforced survival of cells at the HSC and myeloid
progenitor stages, where FLT3 mutations might collaborate with
other genetic abnormalities to achieve full AML transformation.

In conclusion, our data show that the distribution of Flt3 is quite
different in mouse and human hematopoeisis. hFlt3 wrgets LT-
HSCs and myeloid progenitors except for MEPs. FIL3 signaling
might suppon cell survival in carly hematopoiesis including the
HSC and the myeloid progenitor stages through up-regulation
of Mcl-1. This is a striking example that the expression pattern
of key molecules could be significantly different hetween hu.
man and mouse. Accordingly. special considerations are re-
quired in using mouse models to understand the role of FIt3 and
FLT3 mutations in human hematopoiesis.
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Abstract: Here we report the case of a 43-year-old Japanese woman
with acute myelogenous leukemia who underwent 2 unrelated cord
blood transplantations (UCBT), terminating in fatal disseminated
tuberculosis (TB). The patient did not achieve remission despite
intensive chemotherapy, and subsequently underwent UCBT with a
standard conditioning regimen. However, engraftment was not
achieved. Fifty days after the first UCBT, the patient underwent a
second UCBT with a reduced-intensity conditioning regimen. She
developed a pre-engraftment immune reaction, which responded well to
prednisolone, and engraftment was documented. However, 50 days
after the second UCBT, the patient presented with high fever and
developed pneumonia despite antibiotic and antifungal treatments,
Thereafter, Mycobacterium tuberculosis was detected in blood cultures
and specimens of bronchoalveolar lavage, thus indicating disseminated
TB. Despite anti-tuberculous treatment, she died on day 85.TB should
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always be considered as a possible diagnosis when treating febrile

immunocompromised patients,

Unrelated cord blood transplantation (UCBT) has been es-
tablished as an alternative toallogeneic hematopoietic stem
cell transplantation (allo-HSCT). UCBT can provide poten-
tial advantages in the form of rapid availability and a lower
risk of graft-versus-host disease (GVHD), thus permitting
less stringent human leukocyte antigen (HLA) matching
{1). Furthermare, reduced-intensity conditioning (RIC) regi-
mens for allo-HSCT can be undertaken as alternatives to
conventional myeloablative conditioning regimens to de-
crease regimencrelated toxicity while preserving anti-tu-
mor effects (2). Therefore, the use of UCBT with RIC has
been increasing recently for patients who do not have an
HLA-matched donor, but have a history of prior transplan-
tation or comorbid argan conditions to preclude the use of
conventional allo-HSCT (3). However, despite several ad-
vantages and considerable progress in supportive care, op-
portunistic infections still remain a major cause of

DOF 10.1111/) 1399-3062 2008 00354 =
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morbidity and mortality due to delayed or impaired im-
mune reconstitution after UCBT (3).

Mycobacterium {tuberculosis is a common pathogen
worldwide. It infects one-third of the worlds population,
and is especially endemic in East Asia including Japan
(4, 5). Recent reports on tuberculosis (TB) following
HSCT have shown that this 1s a significant problem in
endemic countries (6, 7). Here, we describe a case of
disseminated TB manifesting early after a second UCBT
with RIC for refractory acute myelogenous leukemia
(AML). Immunologic immaturity of the infused UCB
cells could result mn a lack of tuberculous granulation for-
mations, leading to fatal disseminated TB early after
LICBT. It should be noted that if patients receiving HSCT
have unexplained fever, tests to detect M. (tuberculosis
should be performed immediately to improve the outcome
in these patients.
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Case report

In August 2007, a 43-year-old Japanese woman was referred
to our hospital because of hematologic abnormalities. Bone
marrow aspiration and cytogenetic analysis revealed AML
of the M2-subtype according to the French-American
British classification, with /(6, 9) abnormality. She did not
achieve hematologic remission despite the induction of che-
motherapy with idarubicin and cytosine arabinoside, In
October 2007, she underwent UCBT with HLA mismatch
at 2 loci. Cord blood cells (215 x 107 nucleated cells/kg
and 1.32 x 107 CD34-positive cells/kg) were infused after
a conditioning regimen including total body irradiation
(TBI) (12 Gy) and eyclophosphamide (120 mg/kg). Prophy-
laxis for GVHD consisted of cyclosporine and short-term
methotrexate. Hematopoietic recovery was delayed, and
engraitment failure was confirmed by chimerism analysis
using DNA amplification of polymorphic short tandem re-
peats of bone marrow cells on day 26.

Following this, in December 2007, 50 days after the first
UCBT, she underwent the second UCBT from another do-
nor with_ HLA mismatch at 2 loci. Cord blood cells
(243 = 10" nucleated cells/kg and 1.03 x Iﬂ’r’CTJIM-])nsitive
cells/kg) were infused following a RIC regimen including
fludarabine (125mg/kg) and melphalan 80 mg/kg), and
GVHD prophylaxis with cyclosporine and mycophenolate
mofetil. On day 26, after the second UCBT, she presented
with high fever, skin eruptions, and weight gain. She was
diagnosed with a pre-engraftment immune reaction (8),
which responded well to treatment with prednisolone
(1 mg/kg daily). The patient became afebrile and engraft-
ment was documented on day 33. On day 50, she developed
high fever again, and chest computed tomography (CT)
scan demonstrated homogenous amorphous opacification
with air bronchograms in the right upper lobe, and an ab-
sence of the typical cavitary consolidation of TB (Fig. 1).
The lesions were considered to be bacterial or fungal infec-
tions based on consultation with the radiologists and infec-
tious digease control team. Despite the administration of
broad-spectrum antibiotics and antifungal drugs, the high
fever persisted. On day 55, Ziehl-Neelsen staining and
polymerase chain reaction analysis of bronchoalveolar la-
vage specimens exhibited positivity for M. fuberculosis
and negativity for other bacteria, fungi, Prewmocystis jiro-
vecit, and cvtomegalovirus. The subsequent blood culture
was positive for M. tuberculosts, indicating that she suffered
from disseminated TB. She had no prior history of TB.
Transbronchial lung biopsy could not be performed he-
cause of an extremely low platelet count. Anti-tuberculous
therapy with 1soniazid, rifampicin, ethambutol, and
pyrazinamide was started immediately. However, her respi-
ratory state gradually worsened. Progression of hypoxia
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Fig. 1. Computed tomography image on day 50 showing consolidation in
the right upper lobe, and homogenous amorphous opacification with air
bronchograms, but not showing the typical cavitary consolidation of
tuberculosis

could not be controlled and finally she died on day 85. Post-
mortem examination was not permitted.

Discussion

The high incidence of TB in HSCT recipients is considered
to be due to the severe immunodeficiencies that these pa-
tients suffer (6,9). According to recent studies, TB occurred
m about 04% of HSCT recipients; the mcidence was
reported as 0.13% in autologous and 0.57% in allo-HSCT,
whereas mortality rates from TB amounted to approxi-
mately 0% in autologous and 30% m allogeneic patients,
indicating that allo-HSCT presented a higher risk for
the occurrence and greater severity of TB (10). Chronic
GVHD, immunosuppressive therapy, TBI, and T-cell
depletion are all risk factors contributing to the develop-
ment of TB following allo-HSCT (6, 10, 11). Our patient
underwent UCBT twice at a short interval. Conditioning
regimens included TBI in the first UCBTand potent immu-
nosuppressive agents such as fludarabine and melphalan
were included in the RIC regimen for the second UCBT. In
addition, the patient developed pre-engrafltment immune
reaction, which required prednisolone administration. Pro
longed immunosuppression and damage to alveolar macro-
phages by TBI might have contributed to the onset of fatal
TB(12)




Generally, TB lesions are more commonly restricted to
lungs; however, in some cases, disseminated TB can occur
(6, 10, 11). The patient in our report initially presented with
disseminated TB, despite having no prior history of TB.
Only one report documents cases of TB following UCBT
(13). The group in Toranomon, Japan, reported that TB was
diagnosed in 3 out of 113 (27%) adult patients, and all 3
manifested disseminated TB at diagnosis (13). Despite
anti-tuberculous treatment, 2 patients died immediately.
This report, together with our case, suggests that UCBT re-
cipients might have a higher risk for disseminated TB and
a higher mortality rate than transplantation recipients hav-
ing another stem cell source. Under steady-state conditions,
Teells and macrophages secrete interferon-gamma and tu-
mor necrosis factor-alpha, which are crucial mediators of
protection against the onset of M. tuberculosis-mediated
granuloma (14-16). However, cord blood T cells and macro-
phages represent a naive and immunologic immature cell
population to be primed for defense against infections in-
cluding TB (17). The Toranomon group also reported that bi-
opsy specimens collected from UCBT recipients with TB
revealed necrosis without granulation in any organ (13). In
our case, CT images showed consolidation reflecting bacte-
rial or fungal infections, but did not show the typical cavi-
tary consolidation of TB. Demirkazik et al. (18) reported
that in the evaluation of febrile immunocompromised pa-
tients on the basis of CT findings, pulmonary fungal infec-
tion and P jirovecii pneumonia could be identified with
great accuracy, but not TB. Therefore, the lack of tubercu-
lous granulation formation due to the immaturity of cord
blood cells can make the diagnosis of TB difficult based
on the CT findings, and can result in the development of fa-
tal disseminated TB following UCBT.

We described a UCBT patient who developed dissem-
inated TB. In endemic areas including Japan, TB should
be considered in HSCT patients with fever of unknown ori-
gin, and precise tests for M. tuberculosis detection should be
conducted immediately. In addition, even if patients have
had no past history of TB, prophylactic anti-tuberculous
therapy could be considered in the event of severe immuno-
suppressive conditions.

Acknowledgements:

We appreciate the medical and nursing staff working on the
Fukuoka Blood and Marrow Transplantation Group.
This work was supported in part by Grant-in-Aids from
the Ministry of Education, Culture, Sports, Science and

Shima et al: Disseminated tuberculosis after UCBT

Technology in Japan and from the Takeda Science Founda-
tion, Osaka, Japan toT.M.

References

. CohenY, Nagler A. Umbilical cord blood transplantation — how, when
and for whom? Blood Rev 2004; 18 167-179

Blaise D, Vey N, Faucher C, Mohty M. Current status of reduced-
mtensity-conditioning allogeneic stem cell transplantation for acute
myeloid leukemia. Haematologica 2007; 92 533-541.

Craddock CF. Full y and reduced-i ity all stem cell
transplantation in AML. Bone Marrow Transplant 2008; 41: 415-423.

L

=

4 K.mfmann SH, M:M;chnel&j Annulling a dangerous lisison:
vacti strateg inst AIDS and tuberculosis. Nat Med 2005
11: 533544,

5 World Health Organization. Global Tuberculosis Control 2008
Surveillance, Planning, Financing. Geneva: Switzerland, WHO Press,
2008

6. dtln Camara R, Martino R, Granades E, et al. Tuberculosis after

posetic stem cell t plantation: incidence, clinical
characteristics and outcome. Spanish Group on Infectious

Complications mn H et T | 1on, Bone Martow

Transplant 2000; 26: 201-208.

AlAnazi KA, AlJasser AM, Evans DA. Infections caused by

mycobacterium tuberculosis in pats withh logical disorders

and n recipients of hematopoietic stem cell transplant, atwelve vear

retrospective study. Ann Clin Microbiol Antimicrob 2007, 6 16

Kishi Y, Kami M, Miyakoshi 5, et al. Early immune reaction after

reduced-intensity cord-blood tr lantation for adult J

Transplantation 2005; 80: 3440,

Martino R, Martinez C, Brunet S, Sureda A, Lopez R, Domingo-Albos

A Tuberculosis in botie marrow trangplant recipients: report of two

cases and review of the literature. Bone Marrow Transplant 1996; 18

B09-B12Z

=~

=

o

10 Yuen KY, Woo PC. Tuberculasis in blood and marrow transplant

recipients. Hematol Oncol 2002; 20: 51-62

1L IpMS, Yuen KY, Woo PC, et al. Risk factors for pulmonary

tuberculosis in bone marrow transplant recipients. Am ] Respir Crit
Care Med 1998, 158: 1173-1177.

12. Schiuger NW, Rom WN The host immune response to tuberculosis.

Am ] Respir Crit Care Med 1998; 157 679-6491

13 Maeda T, Kusumi E, Kami M, et al Disseminated tuberculosis

following reduced-intensity cord blood transplantation for adult
patients with hematological diseases. Bone Marrow Transplant 2005
35 91-97.

14. Flynn JL, Chan ]. Immunology of tuberculosis. Annu Rev Immunaol

2001; 19:93-129.
5 Sundaramurthy V, Pieters ]. Interactions of pathogenic mycobactena
with host macrophages. Microbes Infect 2007, 9: 1671- 1679,

16 Mrichs T, Kaufmann SH. New insights inta the function of

granulomas in human tuberculosis. | Pathol 2006; 208: 261269

7. Theus SA, Theus JW, Cottler-Fox M. UC blood infection with clinical
strains of Myrobarferim fuberculosis a novel model. Cyintherapy
2007. % 647-653

18. Demirkazik FI3, Ak A, Uzun O, Akpinar MG, Ariyurek MO, CT

findings i immunocompromised patients with pulmonary
infections, Diagn Interv Radiol 2008; 14: 75-82

Transplant Infectious Disease 2009: 11: 75-77 T




