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Abstract

We enrolled 11 patients with refractory graft-versus-host disease (GVHD) in a prospective trial evaluating the efficacy of
mycophenolate mofetil (MMF). Four (67%) of the 6 patients with acute GVHD and all 5 patients with chronic GVHD
responded to MME Ten (91%) of the 11 patients were able to decrease steroid use (median decrease, 86%; range, 25%-100%).
After a median follow-up of 18 months (range, 1-65 months), 7 patients (64%) remained alive. The adverse events were infec-
tious complications (36%), diarrhea (27%}), and neutropenia (18%); the only patient discontinuing MMF did so because of
grade 4 neutropenia. This preliminary study suggests that MMF is a well-tolerated agent and has a beneficial effect in the treat-

ment of refractory acute and chronic GVHD.
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1. Introduction

Graft-versus-host disease (GVHD) is a major cause of
morbidity and mortality after allogeneic stem cell transplan-
tation (SCT) [1]. Cyclosporin A (CSA), tacrolimus (FK506),
and steroids are effective in the treatment of both acute
GVHD and established chronic GVHD [1-3]. However,
patients who fail to respond to standard therapy have a poor
prognosis [4,5]. The therapeutic options for these patients are
limited, and salvage therapies have produced disappointing
results to date [6-11].

Mycophenolate mofetil (MMF; CellCept; Roche Diag-
nostics, Indianapolis, IN, USA) is an ester prodrug of the
active immunosuppressant mycophenolic acid, which is a
noncompetitive reversible inhibitor of inosine monophos-
phate dehydrogenase [12-14]. This inhibition blocks the de
novo synthesis of guanosine nucleotides, necessary sub-
strates for DNA and RNA synthesis. Lymphocytes depend
on this pathway and do not possess the salvage pathways of
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other cells [14]. This drug has been successfully tested in mul-
ticenter randomized trials for preventing renal transplant
rejection [15] and has been used in limited trials for the treat-
ment of acute and chronic GVHD [12,16-23], These retro-
spective reports have suggested that MMF is an effective
agent in these settings. The toxicity profile of MMF, such as
upper and lower enteritis, cytopenia, and lack of renal toxic-
ity, is not cross-reactive with the toxicity profiles of CSA,
tacrolimus, and steroids, making MMF an attractive candi-
date for combination therapy.

In February 2000, we began a prospective single-center
study in which we analyzed the efficacy of MMF in combina-
tion with CSA, tacrolimus, or steroids in the treatment of
acute and chronic GVHD in a series of 11 allograft recipients
with refractory GVHD.

2. Patients and Methods
2.1. Patients

Eleven patients with refractory GVHD who had under-
gone allogeneic SCT between December 1997 and April
2004 were enrolled in this prospective trial. Eligibility crite-
ria were the presence of refractory acute or chronic GVHD
after treatment with steroids, CSA, and/or tacrolimus, and
the absence of relapse at the time of study enrollment. The
protocol received Institutional Review Board approval, and
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signed informed consent was obtained from every patient
before study entry.

The patients’ characteristics are shown in Table 1. The
median age was 46 years (range, 28-66 years). The patients
had undergone matched sibling (n = 7), related (n = 3), or
unrelated (n = 1) allogeneic transplantation without T-cell
depletion. GVHD prophylaxis included CSA and
methotrexate for 6 patients, CSA alone for 2 patients, and
tacrolimus and methotrexate for 2 patients. Antithymocyte
globulin was administered in association with CSA and
methotrexate to 1 patient who had received a related trans-
plant mismatched at 2 loci.

2.2. GVHD Treatment

The assessment and grading of acute and chronic GVHD
were primarily based on clinical findings and were carried
out by following the commonly accepted diagnostic criteria
[9,10,24,25]. Diagnosis was supported by skin, liver, or gut
biopsies whenever indicated and clinically possible. The ocu-
lar involvement of chronic GVHD was diagnosed by the
Schirmer test. Patient 1 developed skin and liver disease
early after cord blood transplantation. The diagnosis of acute
GVHD for this patient was based on skin and liver biopsy
results, and the patient showed refractoriness to combination
treatment with CSA and methylprednisolone (mPSE), sug-
gesting a lower possibility of periengraftment syndrome after
cord blood transplantation.

First-line treatment for acute GVHD of grade II or higher
or for chronic GVHD consisted of a combination of CSA or
tacrolimus with steroids. mPSE was initially administered to
patients with acute GVHD of grade II to IV at a dosage of
2 mg/kg per day for 1 to 2 weeks; then the patients were
switched to prednisolone (PSE). The tapering schedule for
PSE was a dosage reduction of 0.1 to 0.2 mg/kg per week in
the responsive cases. PSE was initially administered to patients
with chronic GVHD at a dosage of 1 mg/kg and then tapered
slowly. If partial or complete resolution of symptoms did not
occur or if patients became dependent on steroids (defined as
the need for >30 mg/day PSE for more than 6 weeks), they
were considered refractory to treatment and were switched to
MMEF therapy. The blood levels of CSA and tacrolimus of all
patients who had been given these drugs reached their target
points before MMF treatment was initiated.

MMF was started at a dosage of 1500 mg/day except for 1
patient (no. 1), who received MMF at a dosage of 1000 mg/day
because of low body weight (<50 kg) and coexisting pancy-
topenia. MMF was given orally, and the starting dose was
maintained if it was tolerated. Patients were treated with
MMF in addition to CSA and steroids (n = 2), tacrolimus and
steroids (n = 6), or steroids alone (n = 3). The median time
from GVHD onset to the initiation of MMF treatment was 17
days (range, 7-55 days) for acute GVHD and 82 days (range,
59-560 days) for chronic GVHD. The duration of therapy
ranged from 30 days to more than 900 days (median, 133 days).

2.3. GVHD Monitoring

Response to MMF was assessed for each organ involved,
as has been described previously [1,12,18,20]. A complete

response was defined as complete resolution of clinical and/
or biological signs (skin changes, digestive symptoms, biliru-
bin level, oral lesions, and joint, lung, and ocular clinical man-
ifestations) that allowed a decrease in dosage or the discon-
tinuation of steroid treatment. A partial response was
defined as an improvement in but not a resolution of these
clinical and/or biological signs. Stable disease was defined as
stable organ involvement. An evaluation of no response
referred to the progressive worsening of chronic GVHD. The
patients were regularly monitored by full clinical and labora-
tory evaluations and by pathologic examinations in some
cases. Adverse events attributed to MMF were graded
according to the National Cancer Institute Common Toxicity
Criteria (version 2.0).

3. Results
3.1. Response to MMF in Refractory Acute GVHD

Response, complication, and survival data from the 6
patients who received MMF treatment for refractory acute
GVHD are listed in Table 2. Four (67%) of the 6 patients
responded to MMF treatment (Table 2). Although acute
GVHD of the gut in patient 3 was resolved by MMF treat-
ment, the patient was considered a nonresponder because of
no response to the acute GVHD of the skin and liver. The
median time for a patient to show initial signs of response to
MMF was 13 days (range, 5-63 days). This interval was calcu-
lated as the time to the first objective signs of any improve-
ment, not as the time to maximum response. The responses of
these 6 patients according to the involved organs are shown
in Figure 1. There was no preference for response according
to involved organs.

3.2. Response to MMF in Refractory Chronic GVHD

All 5 patients with refractory chronic GVHD responded
to MMF therapy and survived thereafter, allowing a decrease
in the dosage or discontinuation of steroid treatment in 4
patients (Table 2). The median time to show initial signs of a
response was 50 days (range, 27-180 days). Dosage reduction
or discontinuation of steroid treatment was possible in 4 of
the 5 patients.

3.3. Toxicity and Complications

The most common adverse event associated with MMF
treatment was diarrhea, which occurred in 3 patients (27%).
One patient (no. 9) had to discontinue MMF treatment
because of grade 4 neutropenia that was attributed to MMF.
Another patient (no. 2) also developed grade 4 neutropenia
but required only a dosage adjustment. There were 6 infec-
tious episodes during treatment (cytomegalovirus [CMV]
antigenemia, n = 3; CMV pneumonia, n = 1; Pseudomonas
septicemia, n = 2). The 2 patients with acute GVHD who did
not respond to MMF therapy died of progressive acute
GVHD and infection. Two other patients experienced
relapse of disease while receiving MMF and died of disease
progression.
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Time Posttransplantion
Dead (aGVHD, Pseudomonas

septicemia), 54 d

Outcome (Cause of Death),
Neutropenia (4)+  Alive CR, 26+ mo

Dead (aGVHD, CMV pneumonia),

147 d
Dead (relapse), 209 d

Dead (relapse), 145 d

Adverse Events
(Grade)

No
No
No

CMV pneumonia
CMV-Ag

CMV-Ag
No

Infections during MMF Tx
CMV-Ag

Pseudomonas septicemia,
Pseudomonas septicemia,

384 d (efficacy)
111 d (death)
204 d (relapse)
89 d (relapse)

(Cause of Disruption)
30 d (death)

MMF Tx Duration,

Reduction
in Steroid
Dosaget
63%
100%
80%
87%
90%

Mouth

Ocular

Joints

Gut

Response to MMF
CR ()

(Time from MMF Initiation to Response, d)

Liver
NR
NR
CR (5)

Skin
NR

CR (63)

NR
CR(10)

Response and Toxicity®

Table 2.
Patient

2
5

4. Discussion

Even with the best immunosuppressive regimens using
CSA, tacrolimus, and steroids, many patients still succumb
to acute and chronic GVHD. These patients are likely to die
of GVHD itself or from infectious complications secondary
to prolonged immunosuppression, as well as to the depres-
sion of their immune system by GVHD [1-11]. We
attempted to improve the prognosis of such patients by
combining MMF with other commonly used immunosup-
pressive agents. Four (67%) of 6 patients with refractory
acute GVHD responded with no subsequent development
of chronic GVHD, and MMF therapy was eventually
stopped in 2 of these patients because of successful out-
comes. Additionally, all 5 patients with refractory chronic
GVHD who were treated with MMF showed improvements
of clinical symptoms, and MMF was discontinued in 2
patients. These results seemed comparable to the outcomes
reported for previous studies on treatment of acute GVHD
(response rates, 31%-71%) and chronic GVHD (response
rates, 46%-77%) [12,16-23]. In addition, the administration
of MMF allowed a dosage reduction of steroids in 10 of the
11 patients. The remaining patient (no. 10), who had been
treated with a combination of 7.5 mg PSE daily and the
maximum dose of tacrolimus before the initiation of MMF
therapy, became free of tacrolimus treatment despite con-
tinuing the same PSE dosage thereafter. These findings sug-
gest that MMF may be an effective salvage treatment for
refractory GVHD.

Although all 5 patients with chronic GVHD in the current
study have maintained good clinical conditions after the ini-
tiation of MMF treatment, only 2 patients (33%) with acute
GVHD have survived. The difference between the 2 groups
in the rate of response to MMF may partly account for this
observation. Another explanation is that 4 of the 6 patients
with acute GVHD had advanced disease at the time of trans-
plantation, whereas only 1 of the 5 patients with chronic
GVHD had advanced disease.

Several reports have shown that the response to MMF
developed within 2 months after MMF introduction, irre-
spective of whether acute or chronic GVHD was targeted
[20,22,23]. The median time for a patient to show initial signs
of response to MMF treatment was 31 days (range, 5-180
days) in the present study. This interval was the time to the
start of any improvement and not the time to maximum
response. Of note is that 3 (33%) of 9 responders began to
show improvements in GVHD more than 2 months after
MMF initiation (at 63, 70, and 180 days). These findings sug-
gest that MMF should be continued for at least 3 months to
provide an opportunity for late responses to develop.

MMF was generally well tolerated. Of note is that treat-
ment with MMF was not discontinued for adverse events
except in a single patient who responded to MMF but expe-
rienced grade 4 neutropenia that required the discontinua-
tion of MMF therapy. Other adverse events were resolved
with supportive medication or by reducing the MMF dosage.
Our findings may serve to strengthen the advantage of MME,
which causes a relatively small number of adverse events
including nephrotoxicity and liver toxicity compared with
other new immunosuppressive drugs [19].

ive CR, 68+ mo
ive CR, 25+ mo
ive CR, 66+ mo
ive CR, 64+ mo
ive CR, 91+ mo
ive CR, 27+ mo

Al
Al
Al
A
Al

Neutropenia (4)+ Al

Diarrhea (1)*

Diarrhea (1)t
No

diarrhea (3)t

No

o
No

o)
No
No

*CMV-Ag indicates cytomegalovirus antigenemia; SD, stable disease. Other abbreviations are expanded in the first footnote to Table 1.

56 d (neutropenia)
tPercent reduction in steroid dosage at the end of MMF treatment or at last follow-up.

133 d (efficacy)
30+ mo

825 d (efficacy)
110 d (efficacy)

16+ mo

0%

80%
100%
25%
85%
100%

CR (360}

CR(15) — —
— —  CR(70)
— — PR (180) PR (180)

CR (70)
PR (180)
CR@31N

PR (57} SD
PR 27)

CR (15) CR (15)

SD
#Neutropenia in patients 2 and 9 was resolved with a reduction in MMF dosage and MMF discontinuation, respectively. Diarrhea in patients 6, 8, and 10 was resolved with supportive medication.

10
11

6
7
8
9
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Figwre 1. Response to mycophenolate mofetil (MMF) by target organ in 6 patients with acute graft-versus-host disease.

Six opportunistic viral or bacterial infections occurred in
4 of the patients. Two patients died from infection
(Pseudomonas septicemia in one patient and CMV pneumo-
nia in the other) coinciding with progressive acute GVHD,
which developed while these patients received MMF. These
findings may be consistent with previous reports that the use
of MMF in allogeneic SCT was an independent risk factor
for CMYV infection [26] and was associated with a high risk of
serious viral or bacterial infections [20,22]. However, it is dif-
ficult to accurately ascertain the negative impact of MMF on
infectious complications in such a small retrospective study
that lacks a comparison group in terms of salvage GVHD
treatment.

In the current study, 2 patients relapsed during MMEF ther-
apy, although both patients were at high risk of relapse at the
time of transplantation (Tables 1 and 2). Recently, Shapira et
al [27] reported that MMF does not impair graft-versus-
leukemia (GVL) effects or reduce lymphokine-activated
killer cell activity in mice, whereas CSA had already been
shown in mice [28] and in clinical practice {29] to suppress

the GVL effects inducible by allogeneic donor lymphocytes.
A study that compared tacrolimus with CSA for GVHD pro-
phylaxis has shown that the relapse rate among recipients of
HILA-matched transplants from siblings was significantly
higher in the tacrolimus group than in the CSA group [30],
indicating that tacrolimus may compromise the GVL effects
more significantly than CSA. However, whether MMF treat-
ment is irrelevant to disease relapse is still unknown.

No patients in the current study developed thrombotic
microangiopathy (TMA) during treatment with MME TMA
is a syndrome of microangiopathic hemolytic anemia, throm-
bocytopenia, and renal dysfunction [31]. The association of
TMA with immunosuppressive agents given after SCT, such
as CSA, tacrolimus, and sirolimus, is well established [31,32].
Despite the unknown etiology of TMA, the pathologic find-
ing of endothelial injury is commonly seen in patients with
TMA. Of note is that no literature review has reported that
MMF induces endothelial toxicity. These findings suggest
that MMF, if used instead of CSA and tacrolimus, could have
a benefit in decreasing the risk of TMA after SCT.
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These preliminary results support the hypothesis that MMF
can be used safely and has encouraging efficacy in the treat-
ment of patients with GVHD who fail to benefit from conven-
tional therapy. We emphasize that our results may have been
influenced by the small number of patients in this study, and it
is difficult to draw a final conclusion. In addition, MMF reduced
the requirement for steroids, thereby reducing the risk of com-
plications due to iatrogenic immunosuppression. A prospective
randomized clinical trial is warranted to assess the impact of
MMF in the treatment of refractory GVHD. The early combi-
nation of MMF with other treatment strategies may further
improve the response rate and survival of these patients. Addi-
tional studies are also needed to test this hypothesis.

Acknowledgments

This work was supported in part by Grants-in-Aid for Sci-
entific Research from the Ministry of Education, Science,
Technology, Sports and Culture (KAKENHI 15790490) and
from the Ministry of Health, Labor and Welfare, Japan. The
authors wish to thank Megumi Yoshii, Arisa Hamano, and
Mika Kanamoto for their excellent technical assistance as
well as their patience in the preparation of this manuscript.

References

1. Martin PJ, Schoch G, Fisher L, et al. A retrospective analysis of
therapy for acute graft-versus-host disease: secondary treaiment.
Blood. 1991;77:1821-1828.

2. Furlong T, Storb R, Anasetti C, et al. Clinical outcome after con-
version to FK 506 (tacrolimus) therapy for acute graft-versus-host
disease resistant to cyclosporine or for cyclosporine-associated tox-
icities. Bone Marrow Transplant. 2000;26:985-991.

3. Carnevale-Schianca F, Martin P, Sullivan K, et al. Changing from
cyclosporine to tacrolimus as salvage therapy for chronic graft-ver-
sus-host disease. Biol Blood Marrow Transplant. 2000;6:613-620.

4. Sullivan XM, Witherspoon RP, Storb R, et al. Alternating-day
cyclosporine and prednisone for treatment of high-risk chronic
graft-v-host disease. Blood. 1988;72:555-561.

5. Wingard JR, Piantadosi S, Vogelsang GB, et al. Predictors of death
from chronic graft-versus-host disease after bone marrow trans-
plantation. Blood. 1989;74:1428-1435.

6. Bolanos-Meade J, Vogelsang GB. Novel strategies for steroid-
refractory acute graft-versus-host disease. Curr Opin Hematol.
2005;12:40-44.

7. Devetten MP, Vose M. Graft-versus-host disease: how to translate
new insights into new therapeutic strategies. Biol Blood Marrow
Transplant. 2004;10:815-825.

8. Antin JH, Chen AR, Couriel DR, Ho VT, Nash RA, Weisdorf D.
Novel approaches to the therapy of steroid-resistant acute graft-
versus-host disease. Biol Blood Marrow Transplant. 2004;10:
655-668.

9. Martin PJ, Carpenter PA, Sanders JE, Flowers ME. Diagnosis and
clinical management of chronic graft-versus-host disease. Int J
Hematol. 2004;79:221-228.

10. Socie G. Chronic graft-versus-host disease: clinical features and
grading systems. Int J Hematol. 2004;79:216-220.

11. Bacigalupo A, Palandri F. Management of acute graft versus host
disease (GvHD). Hematol J. 2004;5:189-196.

12. Mookerjee B, Altomonte V, Vogelsang G. Salvage therapy for
refractory chronic graft-versus-host disease with mycophenolate
mofetil and tacrolimus. Bone Marrow Transplant. 1999;24:517-520.

13. Allison AC, Eugui EM. Purine metabolism and immunosuppres-
sive effects of mycophenolate mofetil (MMF). Clin Transplant.
1996;10:77-84.

14, Lipsky JI. Mycophenolate mofetil. Lancet. 1996;348:1357-1359.

15. European Mycophenolate Mofetil Cooperative Study Group.
Placebo-controlled study of mycophenolate mofetil combined with
cyclosporin and corticosteroids for prevention of acute rejection.
Lancet. 1995;345:1321-1325.

16. Basara N, Blau WI, Kiehl MG, et al. Efficacy and safety of
mycophenolate mofetil for the treatment of acute and chronic
GVHD in bone marrow transplant recipient. Transplant Proc.
1998;30:4087-4089.

17. Basara N, Blau W], Romer E, et al. Mycophenolate mofetil for the
treatment of acute and chronic GVHD in bone marrow transplant
patients. Bone Marrow Transplant. 1998;22:61-65.

18. Busca A, Saroglia EM, Lanino E, et al. Mycophenolate mofetil
(MMF) as therapy for refractory chronic GVHD (cGVHD) in chil-
dren receiving bone marrow transplantation. Bone Marrow Trans-
plant. 2000;25:1067-1071.

19. Basara N, Kiehl MG, Blau W, et al. Mycophenolate mofetil in the
treatment of acute and chronic GVHD in hematopoietic stem cell
transplant patients: four years of experience. Transplant Proc.2001;
33:2121-2123.

20. Baudard M, Vincent A, Moreau P, Kergueris MF, Harousseau JL,
Milpied N. Mycophenolate mofetil for the treatment of acute and
chronic GVHD is effective and well tolerated but induces a high
risk of infectious complications: a series of 21 BM or PBSC trans-
plant patients. Bone Marrow Transplant. 2002;30:287-295.

21. Busca A, Locatelli F, Marmont F, Audisio E, Falda M. Response to
mycophenolate mofetil therapy in refractory chronic graft-versus-
host disease. Haematologica. 2003;88:837-839.

22. Kim JG, Sohn SK, Kim DH, et al. Different efficacy of mycopheno-
late mofetil as salvage treatment for acute and chronic GVHD after
allogeneic stem cell transplant. Eur J Haematol. 2004;73:56-61.

23. Lopez F, Parker P, Nademanee A, et al. Efficacy of mycophenolate
mofetil in the treatment of chronic graft-versus-host disease. Biol
Blood Marrow Transplant. 2005;11:307-313.

24. Shulman HM, Sullivan KM, Weiden PL, et al. Chronic graft-versus-
host syndrome in man: a long-term clinicopathologic study of 20
Seattle patients. Am J Med. 1980,69:204-217.

25. Przepiorka D, Weisdorf D, Martin P, et al. 1994 Consensus Confer-
ence on Acute GVHD Grading, Bone Marrow Transplant. 1995;15:
825-828.

26. Hambach L, Stadler M, Dammann E, Ganser A, Hertenstein B.
Increased risk of complicated CMV infection with the use of
mycophenolate mofetil in allogeneic stem cell transplantation.
Bone Marrow Transplant. 2002;29:903-906.

27. Shapira MY, Hirshfeld E, Weiss L, et al. Mycophenolate mofetil
does not suppress the graft-versus-leukemia effect or the activity of
lymphokine-activated killer (LAK) cells in a murine model. Can-
cer Immunol Immunother. 2005;54:383-388.

28. Weiss L, Reich §, Slavin S. Effect of cyclosporine A and methyl-
prednisolone on the graft-versus-leukemia effects across major his-
tocompatibility barriers in mice following allogeneic bone marrow
transplantation. Bone Marrow Transplant. 1990;6:229-233.

29. Bacigalupo A, Van Lint MT, Occhini D, et al. Increased risk of
leukemia relapse with high-dose cyclosporine A after allogeneic
marrow transplantation for acute leukemia. Blood. 1991,77:
1423-1428.

30. Hiraoka A, Ohashi Y, Okamoto §, et al, for the Japanese FK506
BMT Study Group. Phase III study comparing tacrolimus (FK506)
with cyclosporine for graft-versus-host disease prophylaxis after
allogeneic bone marrow transplantation. Bone Marrow Transplant.
2001;28:181-185.

31. Ruutu T, Hermans J, Niederwieser D, et al. Thrombotic thrombo-
cytopenic purpura after allogeneic stem cell transplantation: a sur-
vey of the European Group for Blood and Marrow Transplantation
(EBMT). Br J Haematol. 2002;118:1112-1119.

32. Antin JH, Kim HT, Cutler C, et al. Sirolimus, tacrolimus, and low-
dose methotrexate for graft-versus-host disease prophylaxis in mis-
matched related donor or unrelated donor transplantation. Blood.
2003;102:1601-1605.

-103 -



bodies of haemophilia A patients. Haemophilia 2001;7:375-80.

4, Behrmann M, Pasi |, Saint-Remy JM, Kotitschke R, Kloft M.
von Willebrand factor modulates factor VIII immunogenicity:
comparative study of different factor VIII concentrates in a
haemophilia A mouse model. Thromb Haemost 2002; 88:221-
9

5. Burnouf T, Burnouf-Radosevich M, Huart JJ, Goudemand M.
A highly purified factor VIILc concentrate prepared from cry-
ogreci itate by ion-exchange chromatography. Vox Sang
1991;60:8-15.

6. White GC, II, Rosendaal E Aledort LM, Lusher JM, Rothschild
C, Ingerslev ], et al. Definitions in hemophilia - recommenda-
tion of the Scientific Subcommittee on Factor VIII and Factor
IX of the Scientific and Standardization Committee of the
International Society on Thrombosis and Haemostasis.
Thromb Haemost 2001;85:560.

7. Rothschild C, Laurian Y, Satre EF, Derlon AB, Chambost H,
Moreau P, et al. French previously untreated patients with
severe hemophilia A after exposure to recombinant factor VIIE:
Incidence of inhibitor and evaluation of immune tolerance.
Thromb Haemost 1998;80:779-83.

8. Hausl C, Ahmad RU, Sasgary M, Doering C, Lollar PS, Richter
G, et al. Inhibition of factor VIl-specific memory B cell
responses by supra-physiological concentrations of factor VIIL
Blood 2004;104:AS§

9. Ananyeva NM, Kouiavskaia DV, Shima M, Saenko EL.
Catabolism of the coagulation factor VIII: can we prolong life-
tiin235;)f7f VI in circulation¢ Trends Cardiovasc Med 2001;
11:251-7.

10. Kreuz W, Ettingshausen CE, Auerswald G, Saguer IM, Becker
S, Funk M, et al. Epidemiology of inhibitors and current treat-
ment strategies. Haematologica 2003;88:EREP04.

Stem Cell Transplantation

High incldence of cytomegalovirus reactivation In
adult reciplents of an unrelated cord blood
transplant

This retrospective analysis for cytomegalovirus
(CMV)-seropositive adult transplant recipients
showed that CMV antigenemia occurred after
transplantation in 10/10 (100%) recipients of unre-
Iated cord blood, 17/39 (43%) recipients of a relat-
ed matched donor graft, 16/23 (79%) recipients of
an unrelated matched donor graft, and 8/12 (67 %)
recipients of a mismatched related donor graft.
These results suggest that unrelated cord blood
transplantation itself may be correlated with a high
incidence of CMV reactivation.

matologica 2005; 90

(http://www.haematologica.org/journal/2005/9/.htmi}

Cytomegalovirus (CMV) infection is still a major con-
cern following allogeneic hematopoietic transplantation
because CMV pneumonia is fatal in 70% ol patients,
even when treated with a combination of antiviral thera-
pies and CMV hyperimmune immunoglobulin.'
Allogeneic cord blood transplantation, especially from
unrelated donors, has progressively gained favor as treat-
ment for patients with both malignant and non-malig-
nant disorders.”* As compared to allogeneic bone marrow
transplantation (BMT) and peripheral blood stem cell
transplantation (PBSCT), advantages of unrelated cord
blood transplantation (UCBT) include ease and safety of
cell collection, low risk of transmitting viral infections,
prompt availability of stem cells, and reduced incidence
and severity of graft-versus-host disease (GVHD).** The
reduction of GVHD after UCBT is likely due to the naive
state of cord blood lymphocytes and the low cytotoxic
capacity of cord blood T cells.®* However, such immuno-
logical immaturity after UCBT can place a patient at risk

Letters to the Editor

Table 4. Patlent characteristic.

Stem cell donor
HLA HLA HLA Unrelated
Characteristics identical ~ matched mismatched  CB
sibling unrelated  relative
donor
No. of patients 39 23 12 10
Sex, male/female 23/16 10/13 5/1 6/4
Median age (range), years 53 36 43 61
(14-69) (17-64) (1558  (15-69)
Disease
Acute myelogenous leukemia 9 6 0 2
Acute lymphoblastic feukemia 4 8 6 2
Chronic myeloid leukemia 3 4 2 0
Myelodysplastic syndrome 6 2 0 1
Non-Hodgkin's lymphoma 7 3 3 1
Sever aplastic anemia 4 2 1 1
Myelofibrosis 1 0 0 0
Renal cell carcinoma 4 0 0 3
Osteosarcoma 1 0 0 0
Standard risk/advanced risk* 18/21 14/9 3/9 1/9
Stem cell source
PBSC/BM 33/6 0/23 10/2 0/0
HLA disparity
0/1/2/3 39/0/0/0  23/0/0/0 0/2/6/3/1 3/1/6/0
CMV-seropasitive donor 35 22 1 0
Prior transplantation 4 2 1 5
Conditioning regimen
Myeloablative/Reduced-intensityl5/24 18/5 7/5 1/9
GVHD prophylaxis
(SP-based,/ FK506-based 38/1 11711 7/5 7/3
Use of ATG 5 3 2 1
Use of steroids 13 4 8 6
Use of MMF 3 0 h 5
Survival >100 days, % 92 87 75 78
Suwvival:>365 days, % 82 83 40 56

PBSC, peripheral blood stem cell; BM, bone marrow; CB, cord blood; CSP,
cyclosporine; FK506, tacrolimus; MME, mycophenolate mofetil. *Acute leukemia
in first vemission, chronic myeloid lenkemia in the first chronic phase, myelodys-
plastic syndrome with refractory anemia or refractory anemia with vinged sider-
oblasts, malignant lymphoma in any remission, and aplastic anemia were defined
as standard-risk diseases. All other patients were classified as having advanced
disease.

of early infectious complications, accounting for most
transplant-related deaths, especially in adults."® We have
observed that patients undergoing UCBT appear to be at
increased risk of CMV infection. Ninety-one consecutive
adult patients who were CMV-seropositive and received
non-T-cell-depleted allogeneic transplants at the
Kanazawa University Hospital between April 1999 and
April 2004 were eligible for inclusion. Written informed
consent was obtained from all patients. Six patients died
of regimen-related toxicities before engraftment and one
developed primary graft rejection followed by autologous
hematopoietic recovery. The remaining 84 patients had
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Table 2. Acute GVHD and CMV Iinfection according to stem cell
donor.

Stem cell donor

HLA-identical HLA-matched  HLA-mismatched Unrelated

sibling  unrelated donor  relativedonor CB
1:1V acite GVHD 14/39 8/23 8/12 5/10
{36) (35) {67) {50)
CMV antigenemia  '17/39 16/23 8/12 10/10
(%) {44 (70) {67) (100)
Days between 43 29 38.5 325
transplantation (20-99) (18-47) (5-95) (0-42)
and first antigenemia,
median (range)
Days between 14 215 94 60
final and first (1-117) (0-80) {0-161) (7-104)
antigenemia,
median (range)
Peal no.of 10 8 15 46
CMV-positive cells  (1-395) (1-714) (4-250) (7-543)
among 5x10*
leukocytes,
median (range)
CMV.disease (%) 1/39: 1/23 0712 /10
{3) @ ] (10)
Late CMV 3/36 1/19 5/9 3/7
antigenemia (%) C)] (5 (56) (43)

successful initial engraftment and were included in the
analysis. The patients’ characteristics are given in Table 1.
CMV antigenemia assays were carried out as previously
described.”® In brief, heparinized blood samples were
fractionated by dextran sedimentation. Slides were pre-
pared in duplicate after cytocentrifugation; 1.5 x 105
leukocytes were fixed with formaldehyde and stained
with HRP-C7 monoclonal antibodies that specifically
bind the pp65 antigen of CMV (Teijin, Tokyo, Japan). The
degree of CMV antigenemia was expressed as the num-
ber of CMV antigen-positive cells per 5x10* leukocytes.
For the evaluation of CMV antigenemia, 5x10* leuko-
cytes were always analyzed, because the detection limit
was one CMV antigen-positive cell per 5x10* leukocytes
in this assay.”® CMV antigenemia was defined as =1 anti-
gen-positive cell.”® For the diagnosis of CMV disease,
such as pneumonia, gastroenteritis, retinitis, and hepati-
tis, the CMV antigenemia had to be accompanied by clin-
ical symptoms, signs, and histologic confirmation.® Late
CMYV antigenemia was defined as that occurring after day
100. Ganciclovir or foscarnet was used as pre-emptive
therapy to prevent CMV disease. The decision to use pre-
emptive therapy was based entirely on a positive anti-
genemia test (=3 antigen-positive cells/5x10" leuko-
cytes).”® Ganciclovir was administered as an intravenous
infusion at the dose of 5 mg/kg/b.i.d. Neutropenic
patients (absolute neutrophil count, less than 750/ulL)
were given foscarnet instead of ganciclovir; the induction
dose of foscarnet was 60 mg/kg intravenously every 12
hours, followed by maintenance doses of 90 mg/kg once
daily.” Treatment was stopped if two consecutive CMV

| 1292 | haematologica/the hematology journal | 2005; 90(9)

antigenemia assays were negative. Granulocyte colony-
stimulating factor was administered when the absolute
neutrophil count was <500/pL. Previous reports demon-
strated the high sensitivity of the HRP-C7 assay and val-
idated the analyzed cell count and the cut-off we relied
on in our study.”®

All UCBT recipients developed CMV antigenemia
whereas 44% of the recipients of related matched donor
grafts, 70% of the recipients of unrelated matched donor
grafts, and 67% of those receiving mismatched related
donor transplants did so (Table 2). CMV-associated dis-
ease occurred in three patients (4%), gastroenteritis in
two and interstitial pneumonia in one. Of these three
patients only one patient, who developed interstitial
pneumonia after UCBT, died of CMV disease. Forty-one
patients (80%) received antiviral therapy; ganciclovir was
used in 20 patients, foscarnet in 5, and the combination
of both in 16. In the remaining 10 patients, CMV antigen-
emia remained below the detection level and disappeared
without antiviral therapy.

Although our data still require confirmation in a larger
prospective study, the impact of UCBT on the develop-
ment of CMV antigenemia might be considered when
designing future transplant strategies, at least until more
effective methods for prophylaxis of CMV reactivation
become available.
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Stem Cell Transplantation

Two allogeneic hematopoietic stem celi
transplantations without the use of blood-product
support

We successfully performed two allogeneic
hematopoietic stem cell transplantations from
matched unrelated donors without the use of
blood-product support after treosulfan-based con-
ditioning in two women with acute myeloid
leukemia who were Jehovah’'s witnesses and
refused transfusions of blood products.

matologica 2005; 90:
(http.//www.haematologica.org/journal/2005/9/.htmi)

In the last two years we were confronted with a moth-
er and her daughter with acute myelogenous leukemia
(AML) who were both members of the community of
Jehovah's witnesses, a religious group that refuses trans-
fusion of any major blood product.

Despite their religious objection to blood products we
offered both induction chemotherapy and allogeneic
hematopoietic stem cell transplantation as consolidation
therapy, which they accepted. We felt able to propose
this strategy for two reasons: (i) based on our experience
with a stringent therapeutic platelet transfusion protocol
that we have developed during the last years, we know
that severe thrombocytopenia can be managed without
prophylactic platelet transfusion. In more than 200
patients (during induction chemotherapy for AML or
after autologous peripheral stem cell transplantation) we
have shown that a therapeutic transfusion strategy is
safe. In one third of our patients autologous transplanta-
tion could be petformed without any platelet transfu-
sions. Bleeding complications among patients transfused
on demand were completely comparable to those among
our former patients who received prohylactic platelet
transfusions at a trigger platelet count of 10x10°%/L;"? (ii)
we used allogeneic stem cell transplantation after a
reduced toxicity conditioning regimen as consolidation
treatment since hematologic regeneration could be
expected to be significantly quicker than after repeated
cycles of high-dose cytosine arabinoside as consolida-
tion. The same is true for autologous transplantation
because stem cells should be collected only after a mini-
mum of two intensive courses of chemotherapy as it vivo

Letters to the Editor

Table 4. Patients’ charactetistics and follow-up.

Mother Daughter
Diagnosis AML-M1 AML-M2
Karyotype Normal female Normal female
Status of remission CR CR
before transplantation
Age at transplantation 48 21

Conditioning regimen  TBI/Fiudarabine/Treosulfan TBI/Fludarabine/Treosulfan

Donor Matched unrelated male  Matched unrelated male
Blood group P/D ARh+/A Rh+ A Rh+/A Rh+
cMv P/D P/D-

Source of stem cells Bone marrow Peripheral blood

No. of transplanted cells 1.84 84
(CD34x10%/kg)

Immunosuppression (oral)  CSA/MMF(4x500mg) CSA/MMF(4x500mg)
Hematolagical toxicity

Leukocytes <1.0x10%/L {days) 6 14
Neutrophils <0.5x10%/L (days) 12 18

Piatelets <20x10°/L[<10%x10%/L] 2 [0} 310]
Minimal hemoglobin- (g/dL) 11 9
Chimerism analysis > 90% donor, > 80% donor,

(FISH) day +15, ongoing day +12, ongoing

TBI total body irradiation; P: patient; D: donor; CSA: cyclo;porine A;
MMF: meycopbenolatmofetil; FISH: fluorescent in sitw hybridization.

purging. The risks of graft-versus-host disease (GVHD)
after allogeneic transplantation and its higher probability
of cure had to be weighed against the greater hematolog-
ic and non-hematologic toxicity of the alternative proce-
dures.

In the daughter we favored allogeneic transplantation
despite normal cytogenetics because her AML was diag-
nosed as a first relapse after a chemotherapy-treated
AML as a child more than 10 years previously. The moth-
er was informed that allogeneic transplantation from a
matched unrelated donor is not standard therapy in AML
in first remission without high-risk cytogenetics. Both
patients were informed on the extraordinary risks of
refusing blood transfusions during the treatment of AML.
Both patients gave their written informed consent.

The characteristics of the patients, their treatment and
the follow-up are shown in Table 1. A complete remission
was achieved after dose-reduced induction chemotherapy
with daunorubicin (50 mg/m’x2) and cytosine arabinoside
(100 mg/m? for 5 days as a continuous infusion). Once
HLA-identical unrelated donors had been identified for
each patient we started conditioning in both with a combi-
nation of a marrow ablative dose of treosulfan (8x10 g/m?
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CLINICAL TRIALS AND OBSERVATIONS

Minor population of CD55~CD59™~ blood cells predicts response to
immunosuppressive therapy and prognosis in patients with aplastic anemia

Chiharu Sugimori, Tatsuya Chuhjo, Xingmin Feng, Hirohito Yamazaki, Akiyoshi Takami, Masanao Teramura,
Hideaki Mizoguchi, Mitsuhiro Omine, and Shinji Nakao

We investigated the ciinical significance
of a minor population of paroxysmal noc-
turnal hemoglobinuria (PNH)-type blood
cells in patients with acquired aplastic
anemia (AA). We quantified CD55-CD59~
granulocytes and red biood cells (RBCs)
in peripheral blood from 122 patients with
recently diagnosed AA and correlated
numbers of PNH-type cells and responses
to immunosuppressive therapy (IST). Flow
cytomeiry detected 0.005% to 23.1% of
GPI-AP~ cells in 68% of patients with AA.
Sixty-eight of 83 (91%) patients with an

increased proportion of PNH-type cells
(PNH*) responded to antithymocyte
globulin (ATG) + cyclosporin (CsA)
therapy, whereas 18 of 39 (48%) without
such an increase (PNH-) responded. Fail-
ure-free survival rates were significantly
higher (64%) among patients with PNH*
than patients with PNH- (12%) at 5 years,
although overall survival rates were com-
parable beiween the groups. Numbers of
PNH-type and normal-type cells increased
in paratlel among most patients with PNH*
who responded to IST, suggesting that

these cells are equally sensitive to im-
mune attack. These results indicate thata
minor population of PNH-type cells repre-
senhts a reliable marker of a positive IST
response and a favorable prognosis
among patlents with AA. Furthermore,
immune attack against hematopoietic
stem cells that allows PNH clonal expan-
sion might occur only at the onset of AA,
(Blood. 2006;107:1308-1314)

© 2006 by The American Society of Hematology

Introduction

Immunosuppressive therapy (IST) with antithymocyte globulin
(ATG) plus cyclosporin (CsA) is the standard approach to treating
acquired aplastic anemia (AA).!1> Approximately 70% of patients
respond to this therapy and achieve remission. However, for the
remaining 30%, IST might even be harmful because of an increased
tisk of opportunistic infections, particularly in the absence of any
remission. The immune pathophysiclogy of patients should thus be
understood at diagnosis, and IST should be applied only to those
with immune-mediated AA. Several factors have been proposed as
good markers that appear to reflect the immune pathophysiology of
AA. These factors include an increased ratio of activated T
cells,’ increased interferon-y expression in bone marrow,’ and
peripheral-blood T cells,® as well as increased expression of
heat-shock protein 70.° Although these markers are useful in
predicting responses to IST, few patients with AA have been
tested, and the assays applied to detect these abnormalities are
vulnerable to the effects of artifacts and the transportation of test
samples. Consequently, none of the markers have been practi-
cally applied to predict responses to IST. Because of this,
patients with AA are placed on IST without understanding the
underlying pathophysiology.

One marker closely associated with immune pathophysiology in
bone marrow failure is a small number of cells that are glycosylphos-

phatidylinositol-anchored membrane protein-deficient (GPI-AP™),
namely paroxysmal nocturnal hemoglobinuria (PNH)-type cells.10-14
Dunn et al!! have demonstrated that an increase in CD15-
CD66b~CD16* granulocytes is associated with a good response to
ATG among patients with myelodysplastic syndrome (MDS).
Using 2-color flow cytometry that can distinguish proportions of
CD55-CD59-CD11lb* granulocytes and CD55-CD59~ glyco-
phorin A* red blood cells (RBCs) below 0.1%, we also demon-
strated that a population of 0.01% to 6% PNH-type cells among
granulocytes and red blood cells predicts a response to CsA in
patients with MDS.!¥ Although one study group did not find a
correlation between PNH-type cells and response to ATG in
patients with AA,'* an increase in the proportion of PNH-type cells
was correlated with a good response to IST among our patients with
AA!S ag well as those in another report.!? However, the signifi-
cance of a minor population of PNH-type cells in the manage-
ment of patients with AA has remained obscure because the
number of patients with recently diagnosed AA has been small
and follow-up periods have not been long enough. Our sensitive
flow cytometric protocol has not become popular despite its
potential clinical usefulness, perhaps because of the lower
cut-off values (0.003% for granulocytes and 0.005% for RBCs)
than previous assays,11-12.17.18
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The outcome of IST in patients with AA is negatively
affected by the length of time from diagnosis to treatment.!® To
clarify the role of a marker that would predict a good response to
IST, the marker should be tested on patients who have been
recently diagnosed with AA and before they receive therapy, and
then the marker should be correlated with the subsequent
response to IST. Since 1999, we have been studying the
presence of PNH-type cells in peripheral blood using flow
cytometry in 241 patients who had not yet undergone therapy
and who were diagnosed with AA. The present study focuses on
122 patients who were treated with ATG and CsA within 1 year
of the diagnosis of AA and compares the response rates to IST
and subsequent survival between patients with (PNH') and
without (PNH™) an increased proportion of PNH-type cells. We
also examined changes in the number of PNH-type cells after
successful IST to characterize the immune system attack against
hematopoietic stem cells that confers a survival advantage on
PNH-type stem cells in immune-mediated AA.

Patients, materials, and methods

Patients

We evaluated PNH-type cells in peripheral-blood samples from 122
Japanese patients (55 men and 67 women; median age, 56 years) with
idiopathic AA (75 severe and 47 moderate AA) before they received IST.
The patients were diagnosed with AA at Kanazawa University Hospital,
hospitals participating in a cooperative study led by the Intractable Disease
Study Group of Japan, and other referring institutions. The severity of AA
was classified according to the criteria proposed by Camitta et al.2® All
patients were treated with ATG Lymphoglobuline (Aventis Behring, King
of Prussia, PA) 15 mg/kg/d, 5 days; plus CsA (Novartis, Basel, Switzerland)
6 mg/kg/d; within 1 year of diagnosis between April 1999 and December
2004. The dose of CsA was adjusted to maintain trough levels between 150
and 250 ng/ml., and the appropriate dose was administered for at least 6
months. Granulocyte colony-stimulating factor (G-CSF, filgrastim, 300
pg/m? or lenograstim, 5 pg/kg) was administered to some patients.
Response to IST was evaluated according to the response criteria described
by Camitta.?! Complete response (CR) was defined as hemogtobin normal
for age, neutrophil count more than 1.5 X 10%L, and platelet count more
than 150 X 10°/L. Partial response (PR) was defined as transfusion
independent and no longer meeting criteria for severe disease in patients
with severe AA, and it was defined as transfusion independence (if
previously dependent) or doubling or normalization of at least one cell line
or increase in baseline hemoglobin of more than 30 g/L (if initially less than
60 g/L), neutrophil count of more than 0.5 X 10°/L (if initially less than
0.5 X 10%L), and platelet count of more than 10 X 10%L (if initially less
than 20 X 10%L) in patients with moderate AA. The patients provided
written, informed consent to participate in all procedures associated with
the study, which was reviewed and approved by the ethical committee of
Kanazawa University Hospital (study no. 46). The study also conforms to
the recently revised tenets of the Helsinki protocol.

High-resolution 2-color flow cytometry

We improved the 2-color flow cytometry developed by Araten et al*? as
follows. Briefly, 3 to 5 mL heparinized blood was drawn from each patient.
To detect PNH-type granulocytes, RBCs were lysed in NH4CI 8.26 g/L,
KHCO; 1.0 g/L, and EDTA - E4Na 0.037 g/L (lysis buffer). After a saline
wash, 50 pL leukocyte suspension was incubated with 4 gL phycoerythrin
(PE)-labeled anti-CD11b monoclonal antibodies (mAbs; Becton Dickin-
son, Franklin Lakes, NJ), fluorescein-isothiocyanate (FITC)-labeled anti-
CD55 mAbs (clone 1A10, mouse IgG2a; Pharmingen, San Diego, CA), and
FITC-labeled anti-CD59 mAbs (clone p282, mouse IgG2a; Pharmingen) on
ice for 30 minutes.!> To detect PNH-type RBCs, PE-labeled anti-
glycophorin A mAbs (clone JC159; DAKO, Glostrup, Denmark) were
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included instead of anti-CD11b mAbs.!$ Fresh blood was diluted to 3% in
phosphate-buffered saline (PBS), and then 50 wL was incubated with 4 pL
PE-labeled anti-glycophorin A mAbs, FITC-labeled anti-CD55, and anti-
CD59 mAbs on ice for 30 minutes. A total of at least 1 X 10° CD11b™*
granulocytes and glycophorin A* RBCs within each corresponding gate
were analyzed using a FACScan (Becton Dickinson, Franklin Lakes, NJT)
flow cytometry. To exclude damaged cells that often produce false-positive
results, all samples were treated for flow cytometry within 24 hours after
collection, and SSCY™ and CD11b%™ granulocytes and glycophorin Adim
RBCs on the histograms were excluded from the analyses by careful gating
as shown in Figure 1A. On the basis of analytic results from 68 healthy
individuals, the presence of greater than 0.003% CD11b* granulocytes and
0.005% glycophorin A* RBCs was considered abnormal. Both thresholds
greatly exceeded the mean + 4 SDs for GPI-AP~ granulocytes (0.0025%)
and RBCs (0.0032%) determined in healthy individuals.!>!5 When PNH-
type cells were increased in only 1 of the 2 cell lineages, another sample
was collected, and the patient was deemed PNH™ only when the second
sample produced similar resuits.

We compared the sensitivity of detecting a few PNH-type cells in this
manner with that of a low-resolution method?? by analyzing the blood of
some patients by 2-color flow cytometry using both PE-labeled anti-CD55
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Figure 1. Validity of high-resolution flow cytometry. (A} An example of analysis on
a patient with PNH* AA is shown. Gates were set up to exclude SSCYm (i) and
GD11bd™ granulocytes and glycophorin Adm RBCs (ii,v). Cells within rectangles
showing horizontal distribution represent PNH-type cells. (B} RBCs from a healthy
individual and a patient with AA were examined using a low-resolution assay and the
high-resolution assay. Numbers on histograms denote the percentages of
CD55-CD59- cells in total RBCs for the low-resolution assay, and in glycophorin
A* RBGs for the high-resolution assay. (C) RBCs from a patient with PNH* AA
were incubated in acidified saline containing heat-inactivated or untreated
serum.CD55-CD59~ RBCs were then quantified. (D) PNH* AA WBCs were
incubated with or without 0.5 X 108 M aerolysin and analyzed by flow cytometry.
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and FITC-labeled anti-CD59 mAbs. This assay defines the presence of 1%
or more PNH-type cells as a significant increase.

Modified Ham test

Peripheral blood of patients with AA with a low proportion (< 0.1%) of
CD55-CD59™ RBCs was washed with saline and suspended in saline at
a hematocrit of 50%. The RBC suspension (15 pL) was incubated with
80 pL heat-inactivated fetal calf serum (FCS) for 10 minutes at 4°C for
sensitization by anti-human heteroantibodies and then washed with
saline. Human AB serum as a source of complement (0.5 mL) and 55 pL
0.2 N HC] were then added to the cell suspension. The negative control
included heat-inactivated human AB serum instead of untreated human
AB serum. These RBC suspensions were incubated for 60 minutes at
37°C and washed with PBS, and then the RBCs were analyzed by flow
cytometry as described in “High resolution 2-color flow cytometry.”

Aerolysin treatment of granulocytes

Peripheral blood from patients with AA with a low proportion of PNH-type
granulocytes was lysed as described in “High resolution 2-color flow
cytometry,” and suspended in PBS at a density of 2 X 10° cells/mL. The
leukocyte suspension was split into 2 portions; one was incubated for 15
minutes with and the other without 0.5 X 1078 M aerolysin at 37°C.2*
Before and after the incubation with aerolysin, the suspension was
examined by flow cytometry to detect CD55-CD59~CD11b* granulocytes
as described in “High resolution 2-color flow cytometry.”

Statistics

The Mann-Whitney test compared clinical characterisiics between
patients with PNH* and patients with PNH™. Fisher exact test and
logistic regression modelling? analyzed associations between indi-
vidual pretreatment variables with response to IST. Kaplan-Meier
methods graphically compared the cumulative incidence of the response
with IST and time to event, and differences between patients with PNH*
and patients with PNH™ were assessed by the log-rank test. A paired ¢
test analyzed changes in the proportions of PNH-type cells associated
with IST. All statistical analyses were performed using JMP version
5.0.1J software (SAS Institute, Cary, NC).

Resulis
Validity of high-resolution flow cytometry

Figure 1B shows that a low-resolution assay using PE-labeled
anti-CD55 and FITC-labeled anti-CD359 mAbs detected greater
than 0.1% PNH-type RBCs in the peripheral blood of a healthy
individual, whereas our assay of the same sample detected 0%
PNH-type cells. Thus, the low-resolution assay could not
discriminate a patient with AA with 0.1% PNH-type cells from a
healthy individual, whereas our method revealed 0.04% PNH-
type RBCs in the same patient, indicating a diagnosis of PNH*
AA. When the sensitivity of RBCs to complement-mediated
lysis was examined using the modified Ham test, almost all
RBCs in the glycophorin A*CD55-CD59~ fraction disappeared
after an incubation in acidified saline containing human AB
serum, verifying the reliability of our method for detecting
PNH-type RBCs (Figure 1C). Conversely, when granulocytes
from a patient with PNH* AA were treated with aerolysin,
approximately 99% of granulocytes in the CD11b*CD55"CD59+
fraction disappeared, whereas almost all cells in the
CD11b*CD55-CD59™ fraction remained unchanged (Figure 1D),
indicating that the few granulocytes in the CD11b*CD55-CD59~
fraction had the properties of PNH-type cells.
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Proportions of PNH-type cells in patients with AA

The proportion of PNH-type cells was increased in 83 (68%)
patients. Among these patients with PNH*, the number of PNH-
type cells was increased in both the granulocytes and RBCs of 69
(83%) of them, in only the granulocytes of 12 (15%), and in only
the RBCs of 2 (2%). Figure 2A shows the proportions of PNH-type
granulocytes and histograms from 2 patients with PNH™*. Notably,
the proportions of PNH-type granulocytes were below 0.1% in
greater than 40% of patients with PNH™*. Table 1 compares the
clinical characteristics between patients with PNH* and PNH".
Although the PNH* group tended to be older and have higher WBC
and MCYV values than the PNH™ group, the clinical and hemato-
logic parameters did not significantly differ between them.

Response to ATG and CsA therapy

Sixty-eight of 83 (91%) patients with PNH* improved with IST
and achieved PR or CR at 12 months. However, only 18 of 39
(48%) patients with PNH™ responded to IST. Kaplan-Meier
analysis showed that the chance of achieving PR was significantly
better among patients with PNH* than among patients with PNH~
(Figure 3A). The rate of obtaining CR at 5 years was also
significantly higher in patients with PNH* (36%) than in patients
with PNH™ (3%) (Figure 3B). Multivariate analysis showed that
among sex (male or female), age (older or younger than 40 years),
severity (severe or moderate), presence or absence of chromosomal
abnormalities, and presence or absence of increased PNH-type
cells, only the presence of increased PNH-type granulocytes was a
significant factor associated with good response to IST (P < .001).
When patients with PNH' were classified into 5 subgroups
according to the proportions of PNH-type granulocytes (0.003%-
0.01%in 7, 0.01%-0.1% in 21, 0.1%-1.0% in 22, 1.0%-10.0% in
13, 10.0%-23.1% in 3), the response rates to IST at 6 months did
not significantly differ (88%, 74%, 90%, 81%, and 100%,
respectively) among these subgroups. The responses of all of
these subpopulations were significantly better than that of
patients with PNH-,

Prognosis after IST

The median follow-up period was 26.4 months (range, 0.1 to 71.4
months). In contrast to the response rates, the rates of overall
survival at § years were comparable between patients with PNH*
(77%) and with PNH~ (71%) (Figure 4A). However, the probabil-
ity of surviving failure free at 5 years was significantly higher in
patients with PNH™ (64%) than in patients with PNH™ (12%) when
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Figure 2. Proportions of PNH-type granulocytes. (A) Proportions of CD55-CD59~
granulocytes in each patient. (B) Histograms from one patient with PNH*+ (UPN 82)
with minimal PNH-type cells and from another patient with increased PNH-type cells
only in RBCs (UPN 1186).
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Table 1. Clinical characteristics of PNH* and PNH- patients
PNH* PNH- P
No. of patients 83 39 NA
Median age, y (range) 57 (13-83) 54 (12-83) 16
Sex, M/F 36/47 19/20 .58
Severity, severe/moderate 53/30 22/17 43
Chromosome abnormality, no. of patients 7 3 .88
-7 0 1
+8 2 1
v 3 Y
Others 2 1
Median WBC count, X 109 (range) 2.1(0.5-4.8) 1.9 (0.7-3.2) 15
Median neutrophif count, X 10%/L {range) 0.53 (0.02-2.2) 0.49 (0.01-2.7) .65
Median hemoglobin level, g/L {rangs) 67 (32-140) 67 (40-108) .92
Mean corpuscuiar volume, fL (range) 101.5 (84.2-123.5) 98.5 (77.2-118.0) 13
Median platelet count, X 10%L (range} 14.0 (2.0-60.0) 16.0(1.0-87.0) .85
Median reticulocyte count, X 10%/L (rangse) 19.0 (3.0-90.0) 24.0 (2.0-106.0) .50
Median time from diagnosis to 1ST, d {range) 30 (1-334) 33 (2-268) 46
No. of patients who received G-CSF during IST 25 12 .94

NA indicates not applicable.

failure-free survival was calculated based on time to treatment
failure. This was defined as whichever came first among time from
the first day of treatment until salvage treatment for nonresponse,
relapse, development of a clonal hematologic disease (PNH, MDS,
leukemia), solid tumor, or disease- or treatment-related death
(Figure 4B). Although the probability of evolution into florid PNH
or MDS at 5 years after IST did not significantly differ between
patients with PNH* (6% and 3%) and patients with PNH™ (0% and
4%) (Figure 4C), the probability of relapse tended to be higher in
patients with PNH™ (36%) than in patients with PNH* (21%)
(Figure 4D). Two (2%) patients with PNH"* and 7 (18%) with
PNH™ underwent allogeneic bone marrow transplantation (BMT)
from related (n = 6) or unrelated (n = 3) donors because of failure
to respond to IST (n = 6) and relapse of AA (n = 3). Rates of
survival after BMT did not significantly differ between the 2
groups (data not shown).

Changes in PNH-type granulocytes after IST

The presence of PNH-type cells after IST was serially tested in the
peripheral blood of 53 of 122 patients. To characterize immune
attack against hematopoietic stem cells that favors PNH-type cell
clonal expansion, we examined the numbers of PNH-type cells in
responsive patients. Figure SA shows that the proportions of
PNH-type granulocytes remained almost constant in 32 of 33
patients with PNH* who responded to IST and decreased from
0.045% to 0% in only 1 patient (UPN 25). This indicates that the
absolute number of PNH-type as well as of normal-type granulo-
cytes increased in most responsive patients after IST. We compared
the ratio of the degree of the increase in the absolute count between
PNH-type (a) and normal-type (b) granulocytes before IST. The
PNH-type granulocyte-to-normal-type granulocyte ratio in 32
patients ranged from 0.07 to 38.1 with a median of 1.06 (Figure
5B). The proportions of PNH-type cells did not change in 4 patients
with PNH* who were refractory to IST (Figure 5A-B). Sixteen
patients with PNH™ were also tested after 6 to 24 months of IST.
Only one patient who had achieved PR became PNH™ at 24 months
and then relapsed with AA at 29 months after IST.

The proportions of PNH-type granulocytes were repeatedly
determined in 23 patients for more than 24 months after IST. Figure
5C shows that the proportions remained constant over a long period
in most patients including one (UPN 106) who had 0.1% PNH-type
granulocytes (Figure 5D). The proportion of PNH-type granulo-

cytes significantly increased from 3.31% to 76.0% in only one
patient during the 4-year observation period.

Discussion

An increase in the proportion of PNH-type cells in peripheral blood
has been implicated in the immune pathophysiology of bone
marrow failure.!0 Several studies including our previous investiga-
tion found a correlation between an increase in the proportion of
PNH-type cells and a favorable response to IST among patients
with MDS!.1215 and with AA.1626 However, the clinical applica-
tion of these findings has been hampered. Small patient cohorts and
the relatively low prevalence of an increased number of PNH-type
cells in these studies have led to concerns about unreliability of the
correlation. The present study based on a larger number of patients
with recently diagnosed AA conclusively demonstrated that a
minor population of PNH-type celis predicts a good response to
IST as well as good prognosis for patients with AA after IST.
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Figure 4. Prognosis after IST compared between patients
with PNH* and with PNH-. (A} Overall survival; (B) failure-free
survival; (C} incidence of clonal hematologic disorders, including
PNH, myelodysplastic syndrome, and acute myelogenous leuke-
mia; and (D) incidence of relapse.

The reliability of our high-resolution flow cytometry, which was
verified by the modified Ham test and by aerolysin treatment,
revealed an increase in the number of PNH-type cells in 68% of
the patients with AA. This was considerably higher than the
reported prevalence.

The clinical features and overall survival rates did not signifi-
cantly differ between patients with PNH™* and patients with PNH~
in the present study. However, failure-free survival was obviously
better among patients with PNH™ than patients with PNH~. This
indicated that, although patients with PNH™ can survive as long as

patients with PNH* after IST, they often require salvage or
supportive treatment such as allogeneic stem cell transplantation
and blood transfusions, because of a partial response to IST or a
high rate of relapse. Contrary to the expectation based on the
presence of abnormal hematopoietic clones such as PNH-iype
cells, the probability of evolving into clinical PNH or MDS in
patients with PNH* was comparable to that in patients with PNH™.
The proportions of PNH-type granulocytes remained stable over a
period of 1 to 66 months in most patients with PNH*, a finding
consistent with previous reports.?6?7 These findings indicate that
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Figure 5. Changes in proportions of PNH-type granulocytes associated
with responses to IST. (A) Change in responders and nonresponders. (B)
Proportions of granulocyte counts after and before IST determined for
PNH-type (a) and normal-type (b) granulocytes and ratios of PNH-type
granulocytes (a) to normal-type granulocytes (b) were plotted. (C) Longitudinal
analysis of PNH-type granulocytes. Proportions of PNH-type granulocytes of
37 patients with PNH* and 1 patient with PNH~ who became PNH* (black line)
were displayed. (D) Changes in proportions of PNH-type granulocytes over 5
years in patient UPN 106 with AA (shown as D in Figure 5C).
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the presence of an increased proportion of PNH-type cells predicts
not only a positive response but also a good quality of response to
IST among patients with AA.

The significantly high response rate to IST among patients with
PNH* AA suggests that PNH* AA is an authentic type of
immune-mediated marrow failure. In line with this hypothesis,
patients with PNH* AA often have a specific HLA-DR allele
(HLA-DR15) and antigen-driven T-cell proliferation in the bone
marrow.!22 Furthermore, antibodies against diazepam-binding
inhibitor-related sequence-1 (DRS-1), a peroxisomal protein abun-
dantly expressed by hematopoietic progenitor cells, are frequently
detected in sera from patients with PNH* AA.% However, the
relatively low response rate to IST among patients with PNH™ AA
indicates that a heterogeneous pathophysiology might underlie this
subset of AA. In line with this notion as described in our previous
study,!6 clonal hematopoiesis arose more frequently in patients
with PNH~ AA than in patients with PNH* AA. Even among
patients who responded to IST, patients with PNH™ AA rarely
achieved complete recovery of hematopoiesis and were susceptible
to AA relapse. Immune mechanisms that are not associated with an
increase in the proportion of PNH-type cells might damage
hematopoietic stem cells more profoundly than those in PNH* AA.

PNH-type stem cells might acquire a survival advantage over
normal-type stem cells when T or natural killer (NK) cells attack
hematopoietic stem cells.?*-32 The high response rate to IST in
patients with PNH* AA indicates that such an immune mechanism
is functional in this subset of AA. If the immune mechanisms were
responsible for bone marrow failure, IST would more efficiently
induce expansion of normal-type than of PNH-type stem cells.
However, in most patients with PNH*, successful IST resulted in a
similar increase in the number of both PNH-type and normal-type
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granulocytes, which contradicts the immune escape theory. A
similar finding has been reported by Maciejewski et al?® for patients
with AA with 1% or more CD15*CD66b~CD16™~ granulocytes.
One possible explanation for this discrepancy is as follows. An
immune attack against hematopoietic stem cells at the onset of AA
that allows PNH-type stem cells to survive does not contribute to
the subsequent progression of bone marrow failure, which is
caused by different immune mechanisms targeting epitopes other
than those that induce disease. Such epitope spreading occurs in the
development of other immune diseases such as multiple sclerosis.??
Alternatively, the suppression of hematopoiesis after the clonal
expansion of PNH-type cells might be caused by myelosuppressive
cytokines rather than antigen-specific T cells.

The presence of a few PNH-type cells has profound significance
for the management of patients with recently diagnosed AA.
Although those who have PNH™ AA can improve with IST, the
maximal response rate is 50% and the rate of failure-free survival at
5 years is below 20%. Therefore, allogeneic BMT is recommended
more often than IST for young patients with PNH™ who have
HLA-compatible sibling donors. Conversely, IST is more fre-
quently recommended than BMT for patients with PNH*, particu-
larly when the likelihood of BMT-related mortality is high. Among
patients with AA who are unresponsive to the initial ATG and CsA
therapy, those who benefit from a second IST might be PNH™.
Conventional flow cytometry capable of detecting 1% or more
PNH-type cells would also be clinically useful in predicting
response to IST because the response to IST does not change
according to the proportion of PNH-type cells. The predictive
value of an increased proportion of PNH-type cells for a
favorable prognosis in AA identified here warrants a further
worldwide prospective study on non-Japanese patients with AA.
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ABSTRACT

G-CSF specifically stimulates the proliferation and dif-
ferentiation of cells that are committed to the neuntro-
phil-granulocyte lineage. Although Stat3 was thought to
be essential for the transduction of G-CSF-induced cell
proliferation and differentiation signals, mice deficient
for Stat3 in hematopoietic cells show neutrocytesis and
infiltration of cells into the digestive tract. The number of
progeniter cells in the neutrophil lineage is not changed,
and G-CSF-induced proliferation of progenitor cells and
prolonged neutrophil survival were observed in Stat3-
deficient mice. In hematopoietic cells from Stat3-defi-
cient mice, trace levels of SOCS3, a negative regulator of
granulopoiesis, were observed, and SOCS3 expression

was not induced by G-CSF stimulation. Stat3-null bone
marrow cells displayed a significant activation of extra-
cellular regulated kinase 1 (ERK1)/ERK2 under basal
conditions, and the activation of ERK was enhanced and
sustained by G-CSF stimulation. Furthermore, the aug-
mented proliferation of Siat3-deficient bone marrow
cells in response to G-CSF was dramatically decreased
by addition of a MEK1 inhibitor. These results indicate
that Stat3 functions as a negative regulator of G-CSF
signaling by inducing SOCS3 expression and that ERK
activation is the major factor responsible for inducing the
proliferation of hematopoietic cells in response to G-CSF.
STEM CELLS 2005,23:252-263

INTRODUCTION

The proliferation and differentiation of hematopoietic precur-
sor cells are regulated by afamily of cytokines. In particular,
granulocyte colony-stimulating factor (G-CSF) specifically
stimulates the proliferation and differentiation of cells that are
committed to the neutrophil lineage [1]. The biological func-
tions of G-CSF are mediated through binding to a cell-sutface

receptor that is predominantly expressed on neutrophilic pro-
genitor cells and mature neutrophilic granulocytes, although
the receptor is also expressed on hematopoietic progenitor
cells [2]. The binding of G-CSFtoits receptorinduces the tyro-
sine phosphorylation of Jak1, Jak2, and Tyk2 [3—6], which are
members of the Janus family of protein tyrosine kinases (Jaks)
[7]. Activated Jaks phosphorylate residues in the cytosolic
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tails of G-CSF receptors, allowing subsequent recruitment
of various signaling proteins to the receptor complex. Mem-
bers of the signal transducers and activators of transcription
(Stat) family are recruited and phosphorylated by Jak kinase,
translocate to the nucleus, and bind the promoter regions of
target genes [8, 9]. G-CSF stimulation results in the specific
phosphorylation of Stat3 [4, 10} and, more infrequently, Stat5
and Statl [6, 11]. Generally, this Jak-Stat signaling pathway
is thought to be essential for the transduction of cytokine sig-
naling [12], but other cytoplasmic protein tyrosine kinases,
including lyn and syk [13, 14], are also phosphorylated and
activated in response to G-CSF signaling.

The role of Jak kinases in the G-CSF signaling pathway
was initially examined by the use of cell lines that were defi-
cient for each of the Jak kinases. G-CSF induces the tyrosine
phosphorylation and activation of Jak1, Jak2, and Tyk2, and
the absence of one Jak does not preclude G-CSF-induced
tyrosine phosphorylation of the remaining Jaks. However,
inthe absence of Jak1, G-CSF does not induce receptor tyro-
sine phosphorylation, and the induced tyrosine phosphoryla-
tion of Stat proteins is greatly reduced [6]. Although multiple
Jaks are activated by G-CSF, Jak1 is in a unique position to
phosphorylate the receptor and thereby affect Stat protein

tyrosine phosphorylation because of either location within

the receptor complex or substrate specificity. However, Jak1-
deficient mice do not show neutropenia, and Jak1 deficiency
has no effect on the colony formation of bone marrow cells
induced by G-CSF [15]. Furthermore, deletion of either Jak2
or Tyk2 has no effect on G-CSF-induced colony formation of
bone marrow cells [16, 17]. These results indicate that there
is redundancy among the Jak kinases in G-CSF signaling,
and the lack of one Jak kinase may be compensated for by the
activation of other Jak kinases. Interestingly, the involvement
of Jak kinases in G-CSF signaling seems to be different from
that in other cytokine-signaling pathways. For example, Jak1
is essential for gp130, interferon (IFN), and interleukin (IL-
7)-mediated signaling [15], Jak?2 is essential for erythropoi-
etin (Epo) signaling [17], Jak3 is essential for IL-2 receptor
common gamma chain—mediated signaling [15], and Tyk2 is
essential for IL-12 signaling [16].

In addition, we and others have used Stat-deficient mice
to demonstrate that Stats play an essential and nonredundant
role in cytokine signaling [18—22]. G-CSF stimulation acti-
vates mainly Stat3 and, to a lesser extent, Statl and Stat5 in
bone marrow cells. Statl and Stat5a/b-deficient mice have
normal neutrophil numbers, although colony formation
by bone marrow cells in response to G-CSF stimulation is
decreased by the absence of Stat5a/b [18, 21]. However, the
expression of dominant-negative Stat3 in 32Dcl3 cells, which
differentiate into neutrophils after G-CSF treatment, does
not prevent them from proliferating in response to G-CSF
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[23]. Additionally, transgenic mice with a targeted muta-
tion of the G-CSF receptor that abolishes G-CSF-dependent
Stat3 activation show severe neutropenia, with an accumu-
lation of immature myeloid precursors in the bone marrow
[24]; constitutively active Stat3 partially rescues this neutro-
penia. Stat3 is then thought to transduce the proliferation and
differentiation signal of G-CSF. Ablation of Stat3 produced
early embryonic lethality [25], and selective ablation of Stat3
in neutrophils and monocytes by Cre recombinase-depen-
dent gene deletion directed by the macrophage lysozyme pro-
moter did not affect neutrophil production, suggesting that
Stat3 is required at an early stage of neutrophil development.
To clarify the role of Stat3 in the G-CSF signaling pathway,
we have examined the role of Stat3 in hematopoiesis by selec-
tive ablation of the Stat3 gene in hematopoietic progenitor
cells. In contrast to expectations, mice that were deficient for
Stat3 in hematopoietic cells show neutrocytosis and infiltra-
tion of cells into the digestive tract.

MATERIALS AND METHODS

Mice

Stat3fex- mice were generated by mating Stat3%°** mice, in
which the DNA base pairs encoding the tyrosine phosphory-
lation site in Stat3 are flanked by two loxP sites (Stat3fox/flox)
[26], with Stat3*- mice, in which exons 20 through 22 are
replaced by aneomycin resistance gene in the knockout allele
[27]. To establish mice with a conditional knockout of Stat3
in hematopoietic cells, Stat3f°*~ mice were mated with a
transgenic line bearing Cre recombinase driven by the IFN-
inducible Mx promoter [28]. Genotyping was performed by
polymerase chain reaction analysis of genomic tail DNA. The
primer sequences were as follows: Stat3-flox: 5'-cctgaagac-
caagttcatctgtgtgac-3' and 5'-cacacaagccatcaaactctggtctce-3';
Stat3~: 5'-agcagctgacaacgcetggetgagaaget-3' and 5'-atcgectte-
tatcgecttcttgacgag-3'; Mx1-Cre: 5'-ggacatgttcagggatcge-
caggcg-3' and 5'-gcataaccagtgaaacagcattgetg-3'. Expression
of Cre was induced by injecting mice intraperitoneally with
250 pg of polyinocinic-polycytidylic acid (pIpC) (Sigma, St.
Louis) three times at 2-day intervals as previously described
[28]. Age-matched Stat3"°*~ and Mx1-Cre: Stat37°*- were
injected with pIpC and used for further experiments 2 weeks
later, except where noted in the text. Mice were housed and
bredin the Kyushu University Animal Center.

Histological and Hematological Analysis
Tissues were fixed in 10% phosphate-buffered formalin, and
paraffin-embedded tissue sections were stained with hema-
toxylin and eosin using standard techniques.

Complete blood counts were analyzed using Celltac o
(Nihon Kohden, Tokyo). Peripheral and bone marrow blood
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cells were prepared on slide glasses and stained with Giemsa
solution. Differential cell counts were scored visually.

Preparation of Neutrophils from the

Peritoneal Cavity

Mice were injected intraperitoneally with 2 ml of 4%
thioglycollate. After 4 hours, peritoneal neutrophils were
obtained by peritoneal lavage with 10 ml of ice-cold phos-
phate-buffered saline (PBS). After an 8-hour incubation in
plastic dishes, nonadherent cells were harvested and used
for further experiments. These cells were >90% Gr-1*, as
determined by flow cytometry.

Evaluation of Apoptosis

To evaluate apoptosis, cells were incubated with fluorescein
isothiocyanate (FITC)—conjugated Grl (Becton, Dickinson,
San Jose, CA) and propidium iodide for 30 minutes at 4°C,
washed twice in PBS, and analyzed on a FACS Calibur (Bec-
ton, Dickinson). To exclude the dead cells, the gated nucleated
cells were used for further examination.

Chemotaxis Assay

The neutrophil chemotaxis assay was performed as described
[29]. Briefly, the lower well contained 800 pl of Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with
10% fetal calf serum (FCS) and 1 x 10~” M formyl-methio-
nyl-leucyl-phenylalanine (fMLP) (Sigma), and the upper che-
motaxicell (Kurabo, Osaka) chamber contained 400 ul of a
neutrophil suspension. Afterincubation for 1 hourat 37°C, the
cells thathad passed through the membrane were counted.

Hematopoietic Progenitor Cell Assays

The frequency of hematopoietic progenitor cells was
determined by clonogenic assays in methylcellulose, as
described previously [30]. Briefly, bone marrow or periph-
eral blood mononuclear cells were separated by Ficoll-
Paque sedimentation, and 1 x 105 or 2 x 10° cells were cul-

tured in methylcellulose containing IL-3 (20 ng/ml), stem

cell factor (SCF) (20 ng/ml), and Epo (4 U/ml) for the col-
ony-forming unit-granulocyte, macrophage (CFU-GM),
BFU-E, and CFU-culture (CFU-C) assays or G-CSF (50
ng/ml) only for the CFU-G assay. CFU-GM, CFU-G, and
BFU-E were measured after 10 days in culture.

In Vitro Proliferation Assays

Bone marrow mononuclear cells (1 x 10¢/mi) were incubated
for 3 days in IMDM supplemented with 30% FCS in the pres-
ence or absence of IL-3 (1 ng/ml) and G-CSF (10 ng/ml). To
assess the effects of an MEK inhibitor, dimethyl sulfoxide
(DMSO) or U0126 (Cell Signaling, Beverly, MA) dissolved
in DMSO was added. After 72 hours, 0.5 uCi *H-thymidine

Roles of Stat3 and ERK in G-CSF Signaling

was added and the cells were incubated for an additional 8
hours. Proliferative activity was determined by *H-thymi-
dine incorporation.

In Vivo Administration of G-CSF

or Thrombopoietin

Mice were injected subcutaneously with either G-CSF (50
ug/kg daily for the indicated period) or with thrombopoietin
(TPO) (30 ng/kg for 5 days). Peripheral blood was collected
on theindicated day.

Dextran Sulfate Sodium~Induced Colitis (DSS)
Colitis was induced by feeding mice drinking water supple-
mented with 4% DSS (Wako, Osaka, Japan), as described
previously [31]. Control mice were fed drinking water
without DSS.

Western Blotting

Bone marrow cells were treated with G-CSF for the indi-
cated time and were then lysed in lysis buffer as previously
described [32]. Cell lysates were centrifuged at 12,000g for
15 minutes to remove debris. Total cell lysates were resolved
by sodium dodecyl sulfate-10% polyacrylamide gel elec-
trophoresis and transferred to a nitrocellulose membrane.
Membranes were probed using the indicated antibodies
and visualized with an ECL detection system (Amersham,
Uppsala, Sweden). Anti-phospho-ERK1/2, anti-phospho-
p38, anti-ERK2, anti-phospho-Stat3, and anti-phospho-
Stat5 antibodies were purchased from Cell Signaling. Anti-
Stat3 and anti-Stat5 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-SOCS3 anti-
body was purchased from IBL (Gunma, Japan).

REsULTS

Increased Numbers of Circulating Neutrophils
and Myeloid Cells in the Bone Marrow in
Stat3-Deficient Mice
To determine whether Stat3 plays a role in hematopoiesis,
we used the Cre-loxP recombination system. To decrease the
amount of residual Stat3 protein after Cre-mediated dele-
tion, we crossed Stat31°"- mice with a transgenic line bearing
Cre recombinase driven by the IFN-inducible Mx promoter.
Only trace amounts of Stat3 were detected after induction of
Mx-Cre by treatment with pIpC (Fig. 1A). When bone mar-
row cells from pIpC-treated Mx1;Stat3%°%- mice were treated
with G-CSF, the phosphorylation of Stat3 was diminished,
whereas Stat5 was phosphorylated at the same extent as wild-
type mice by IL-3 stimulation.

We next examined the role of Stat3 in granulopoiesis in
vivo. Blood cell counts from wild-type and Mx1:Stat3fox/~
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Table 1. Complete blood counts
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Stat3fox- Mx1:Stat3flov-
White blood cell (x 103/uL) 6.64 + 223 7.84 + 2.57
Neutrophil (per pL) 1,800 = 953 4,172 +1,889
Lymphocyte (per pL) 3,868 +1,552 2,787 +1,009
Monocyte (per pL) 664 + 359 522 = 295
Eosinophil (per uL) 256 + 225 324 + 267
Hematocrit (%) 474 + 22 457 + 2.6
Platelet (x 104/uL) 80.7 £ 27.6 751 + 224

Peripheral blood count analyses from polyinocinic-polycytidylic acid—treated Stat37°¥- and Mx 1:Stat3™°%~ mice (n = 18) at ages of
7-10 weeks. White blood cell differential counts were examined by Giemsa staining.

littermates 2 weeks after deletion of Stat3 are shown in
Table 1. Morphologically identifiable neutrophils were
detected in the peripheral blood of mice lacking Stat3 in
hematopoietic cells, and the number of circulating neutro-
phils in Mx1:Stat3%°- mice was 2.3-fold greater than in con-
trol mice. There were no differences in the numbers of lym-
phocytes, erythrocytes, or platelets due to ablation of Stat3. In
bone marrow, the number of mature myeloid cells was greater
in Mx1:Stat3"*~ mice than in control littermates, which is
consistent with the observations in peripheral blood (Fig. 1B).

Effects of Stat3 Deletion on the Frequency of
Myeloid and Erythroid Progenitor Celis and on the
Response to G-CSF in Bone Marrow Cells

Because the number of neutrophils was higher in the Mx1:
Stat3%°~-mice, we next determined the number of hematopoietic
progenitor cells in the bone marrow. Bone marrow from pIpC-
treated control or Mx1:Stat3%%- mice was seeded in methylcel-
Iulose containing IL-3, SCF, and Epo to determine CFU-GM or
inmethylcellulose containing G-CSFtodetermine CFU-G. The
CFU-GM and BFU-E cloning efficiencies were comparable in
Stat3%%-and Mx1:Stat3%°%- bone marrow cells in the presence
of IL-3, SCF, and Epo (Fig. 2A). Similarly, the total colony num-
bers werenotaltered dueto the absence of Stat3 (datanot shown).
The number of CFU-G induced by G-CSF was also unaffected
by the absence of Stat3 (Fig. 2A).

Because the number of myeloid progenitor cells was not
affected by the absence of Stat3, we next examined the effect
of Stat3 deletion in bone marrow cells for the proliferation
by cytokine stimulation. Bone marrow cells taken from
Mx1:Stat3%%~ mice and Stat3"°*- mice 14 days after pIpC
treatment responded to IL-3 to a similar extent. In contrast,
the proliferation of bone marrow cells after G-CSF stimula-
tion was enhanced in Mx1:Stat3%°*- mice 14 days after pIpC
treatment compared with control littermates (Fig. 2B).

To examine the possibility that Stat3 is involved
in G-CSF-mediated cell survival, we determined

the susceptibility of neutrophils to apoptosis in the
presence of 10 ng/ml of G-CSF (Fig. 2C). After 48
hours in media supplemented with G-CSF, there was
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Figure 1. (A): Phosphorylation of Stat3 or Stat5 in response to
G-CSF or IL-3 stimulation of bone marrow cells from Stat3 ¥/~
and Mx1:Stat3"*~ mice. Bone marrow cells from Stat3%°- and
Mx1:Stat3°* mice were incubated for 8 hours in the absence
of cytokines and then stimulated with G-CSF (50 ng/ml) or IL-3
(10 ng/ml) for 30 minutes. Total cell lysates were analyzed by
Western blot with the indicated antibodies. (B): Bone marrow
analysis from Stat37°*- and Mx1:Stat3"*~ mice. Bone mar-
row differential counts were performed on preparations from
Stat37°%-and Mx1:Stat39°% mice that were euthanized 2 weeks
after treatment with polyinocinic-polycytidylic acid. Abbrevia-
tion: IL, interleukin.

-119 -



