M. Kida et al. / Blood Cells, Molecules, and Diseases 40 (2008) 410-413 411

A
B
I I « i . v
TTCGGC CTAGAGAAP TCGGC CTHNNHNRNNAN TCGGC CTNNNNNANITTCGGC CTAGAGAA
710
o M(\/\/Y\/W\\/NA
VvV VI % A1 VI %
CCGCCTACGTGGOGT ACCGC CTANGTGGT CICCGCCTACGT GG T QQCCGC CTANGTGGT C
90 > 7] 90 an
Exon 26
AMUMMMU ! YWy uu‘“;““‘.

Fig. 1. (A) Pedigree of the family with C3 deficiency in this study. The patient was revealed to have compound heterozygous C3 gene mutations with a paternal
mutation (indicated as dark shadings) and a maternal mutation (indicated as horizontal strips). (B) Sequencing analysis of the patient with C3 deficiency and his family
members I-IV: Sequence of a portion of exon 24 in the C3 gene; normal individual (I), patient (II), patient’s father () and patient’s mother (IV). The mutation,
derived from his father (indicated as dark shading in A) is a 1-bp insertion (3176insT) (asterisk mark indicates insertion point). V-VIII: Sequence of a portion of exon
26 in the C3 gene; normal individual (V), patient (V1), patient’s father (VII) and patient’s mother (VIII). The mutation derived from his mother (indicated as horizontal
strips in A) is a nonsense mutation described as C3303G (Y1081X) (asterisk mark indicates the mutated nucleotide).

affecting the different chains, can be compensated for by
binding of the remaining wild type and the functionally normal
o and B chains from the different alleles to avoid a more severe
C3 deficiency. This hypothesis seemed consistent with the
unexpected findings in hereditary C3 deficiency; its extremely
rare occurrence and high ratio of homozygous mutation
occurrence.

Case report

The pedigree of C3 deficiency is shown in Fig. 1A. The
patient is a 2-year-old Japanese boy, who had suffered from
several bacterial infections, such as meningitis, bronchitis and
pneumonia. His parents and 5-year-old sister were all in good
health. The parents were not related. Laboratory findings of the
patient at this time were as follows: undetectable serum C3 level
(<2 mg/dl; normal range, 75-150 mg/dl) and low CH50
(<12 U/ml; normal range, 35-45 U/ml). Blood examination of
family members revealed that their serum C3 levels were
46 mg/dl in the father, 51 mg/dl in the mother and normal level

in the sister, respectively. Serum CH50 levels were 33 U/ml in
the father and 23 U/ml in the mother. Serum C4 levels in these
family members were all within the normal range.

Materials and methods

Informed consent was obtained from his parents. Genomic
DNA from family members, as well as from control individuals,
was PCR-amplified for over the entire coding sequence of the
C3 gene including all its exon—intron boundaries using
appropriate primers. PCR amplification products were purified
using a QIAEX II Gel Extraction Kit (Qiagen) and directly
sequenced in both directions using ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Results and discussion
The patient was shown to have compound heterozygous C3

gene mutations as shown in the Fig. 1B. They were a novel one
base insertion (3176insT) in exon 24 which is predicted to result
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in a frameshift and a premature downstream stop codon
(K1105X) in exon 26, and a nonsense mutation of C3303G
(Y1081X) in exon 26, which was previously reported as
homozygous mutations elsewhere [7]. These defects were not
found in any unaffected family members or in 100 healthy
control individuals. Both patient’s PCR fragments (exon 24 and
exon 26) were ligated to pCR2.1 TA cloning vector (Invitrogen,
Carlsbad, CA, USA) and transformed INVoF’ (Invitrogen,
Carlsbad, CA, USA) competent cells for confirming the mutant
clone sequence. It is noted that both the mutations are predicted
to result in a truncation of the a chain of the C3 molecule. This
finding may be linked to the unique process of C3 synthesis.
The C3 mRNA is translated into a signal peptide precursor form
of pro-C3 molecule from each allele (paternal and maternal
alleles), and subsequently processed by proteolytic cleavage
into-the B chain (13 kb from exons 1-16) and the « chain (28 kb
from exons 16—41) [10], which are cross-linked by disulfide
bonds to make the mature C3 molecule (Fig. 2A). Almost ali
cases with C3 deficiency have been reported as homozygous
mutations in the C3 gene. No functional mature C3 molecule
can be produced (Fig. 2B). The hypothesis: a possible case
without C3 deficiency in spite of harboring compound
heterozygous C3 gene mutations. The functional o and B
chains from the different allele can be recombined to avoid
severe deficiency (Fig. 2C) with the exception of nonsense
mutation in B chain, in this case neither the functional o nor B
chains could be synthesized from one allele with nonsense
mutation. Although our case is an exceptional one with
compound heterozygous C3 gene mutations, no functional C3
can be produced (Fig. 2D). Thus, although this is the first
exceptional case with heterozygous C3 gene mutations
confirmed, it is still consistent with our hypothesis. Moreover,
though there might be a patient having gene mutations such as
Fig. 2C, he or she avoids severe deficiency for existence of the
functional o and p chains, as a result it might not be detected as

C3 deficiency. The reason why the C3 deficiency is an
extremely rare disease and for the high ratio of homozygous
mutation occurrence might be based on such backgrounds.
Further studies, for more cases with C3 deficiency that have
been characterized at the molecular level, will be needed to
confirm this hypothesis.
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The Clinical Feature of Invasive Fungal Infection
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Summary: Invasive fungal infections (IFI) are an important
complication in hematologic malignancies and stem-cell trans-
plantation (SCT). However, there are limited data characteriz-
ing IFI in children. The clinical feature of IFI after
chemotherapy and SCT were analyzed in 334 pediatric patients
treated at Hokkaido University Hospital from 1997 to 2006. The
cumulative incidence of IFI was 6.9%; this comprised cases of
proven, probable and possible IFI at rates of 1.2%, 3.0%, and
2.7%, respectively. The infected lesions were lung in 14 patients,
liver in 5 patients, brain in 3 patients, fungemia in 2 patients,
kidney in 1 patient, and endophthalmitis in 1 patient. The
mortality of IFI was 48.2%, excluding patients who died due
to relapse and interstitial pneumonitis; in particular, 71.4%
patients with a lung lesion (10/14) died due to IFI. Fifty-nine
pediatric patients died in our institution over the 10-year period
of the study and IFI was the direct cause of death in 18.6%
(11/59) of the patients. Risk factors for IFI with chemotherapy
and SCT were also analyzed. Univariate analysis showed that
age at diagnosis older than 10 years, relapse of original disease,
long-term administration of broad-spectrum antibiotics, and
acute myelogenous leukemia (AML) were the risk factors for
IFI. All patients with IFI received long-term antibiotic therapy.
AML was most strongly associated using a multivariate
analysis. The prognosis of IFlI has been expected poor;
therefore, prevention of this condition, especially for older
patients with AML, would be important.

Key Words: invasive fungal infection, AML, hematologic
malignancy

(J Pediatr Hematol Oncol 2008;30:886-890)

here has been a drastic improvement in the field of
treatment for pediatric patients with hematologic and
malignant disorders. The survival rate of patients with
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pediatric leukemia and malignant tumor has improved
due to development of multidrug chemotherapy. Immu-
nosuppressive therapy with antithymocyte globulin and
cyclosporine is the most common treatment for aplastic
anemia and the response rate to this treatment in newly
diagnosed severe aplastic anemia is 60% to 80%.%2 In
addition, stem-cell transplantation (SCT) has improved
survival rates in patients with hematologic disorders,
malignant disorders, immunodeficiencies, and metabolic
disorders. On the other hand, the introduction of more
intensive treatment has been accompanied by the
increasing rate of invasive fungal infection (IFI). IFI in
patients with hematologic and malignant diseases has
become a problem for several decades and is now a signi-
ficant cause of morbidity and mortality in such patients.
As diagnosis of IFI is difficult, the presence of fungal
infection is frequently discovered only at autopsy.?
Despite advances in nonculture-based procedures, such
as the introduction of the galactomannan antigen
enzyme-linked immunosorbent assay and polymerase
chain reaction tests for fungal DNA, timely diagnosis of
IFT in SCT patients still remains difficult.®>

There are limited data characterizing IFI in
children.5!! Therefore, to determine the incidence, risk
factors, and mortality for IFI, we analyzed IFI in
pediatric patients with hematologic malignancies, aplastic
anemia, solid tumor, and other nonmalignant diseases
who received chemotherapy, immunosuppressive treat-
ment, and SCT in a single center in Japan.

PATIENTS AND METHODS

Patients

A total of 334 pediatric patients with different
hematologic malignancies, aplastic anemia, solid tumor,
metabolic abnormalities, and immunodeficiencies re-
ceived chemotherapy, immunosuppressive therapy, and
SCT in Hokkaido university hospital between January
1997 and December 2006. Of these patients, 198 were
boys and 136 were girls. Data were analyzed for 524
admissions. The age at admission ranged from 10 days to
29 years old (median: 5.4y old). Ninety-nine patients had
acute lymphoblastic leukemia, 51 had acute myelogenous

J Pediatr Hematol Oncol » Volume 30, Number 12, December 2008
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leukemia (AML), 40 had aplastic anemia, 29 had
neuroblastoma, 17 had Wilms tumor; 86 had other
malignant diseases, and 12 had nonmalignant diseases,
including 8 with immunodeficiency and 4 with metabolic
disease who were admitted for SCT. During the study
period, 135 patients received SCT: 14 received autologous
SCT and 121 received allogeneic SCT. The origin of the
stem cells was as follows: 82 patients received bone
marrow transplantation (BMT), 9 underwent peripheral
blood SCT (PBSCT), and 44 received cord blood SCT
(CBSCT). Data were analyzed as of January 1, 2007.
Galactomannan test was performed when there was a
clinical suspicion of IFI. This is same in cases of
chemotherapy and SCT. Rate of autopsies was 9 out of
59 dead episodes (15.3%).

Definition of IFI

We identified patients who developed proven,
probable, or possible IFI using standardized definitions
set forth by the European Organization for Research and
Treatment of Cancer and the National Institute of
Allergy and Infectious Diseases Mycoses Study Group.'?

Infection Prophylaxis

An inpatient ward was built at our hospital in 1994,
with basic 4-person rooms and 11 private rooms. A
private room was used for induction therapy for
leukemia. Moreover, an aseptic bed using a high-
efficiency particulate air filter was used for treatment
involving bone marrow suppression. SCTs were per-
formed in a clean room of NASA class 100. Construction
in the ward was performed 2 times during the study
period: the conference room was increased in size in 2003
and the clean room was moved in 2006. Trimethoprim-
sulfamethoxazole was used in all patients for prevention
of Pneumocystis carinii pneumonia. Before March 2006,
prophylactic administration of oral amphotericin B
50 mg/kg/d was used as an antifungal drug for all patients
receiving chemotherapy. After April 2006, oral flucona-
zole 10mg/kg/d was administered as prophylaxis for
fungal infection. Before March 2005, amphotericin B
100 mg/kg/d was used before SCT, but after April 2005
intravenous micafungin 1mg/kg/d was introduced from
the start of the conditioning regimen until neutrophil
recovery, followed by oral fluconazole 10mg/kg from
after neutrophil recovery until the date of discharge.

Statistical Analysis

A t test or %2 test was used to compare patients who
did and did not develop IFI. Analysis of mortality was
performed using the Kaplan-Meier method, with differ-
ences compared by log-rank test. Stepwise multivariate
regression analysis was performed to explore the inde-
pendent effect of variables that showed a significant effect
in univariate analysis. Statistical analyses were performed
using SPSS 1II for Windows (release 11.0.1J, SPSS Japan
Inc).

© 2008 Lippincott Williams & Wilkins

RESULTS

Incidence of IF

The cumulative incidence of IFI in this study was
6.9% (23/334) (Table 1). The 23 cases comprised 4 of
proven IFI (4/334: 1.2%), 10 of probable IFI (10/334:
3.0%), and 9 of possible IFT (9/334: 2.7%). IFI occurred
in 11 patients with AML and 11 patients with a history of
SCT. The infected lesions were Iung in 14 patients, liver in
5 patients, brain in 3 patients, fungemia in 2 patients,
kidney in 1 patient, and endophthalmitis in 1 patient.
Candida albicans (patient 15) and Candida krusei (patient
21), respectively, were detected in the blood culture of the
patients with fungemia. In patients with proven IFI,
hyphae were detected by pulmonary histopathologic
examination on necropsy in 1 patient (patient 8) and
detected in a brain abscess in another patient (patient 22).
In the 5 patients with probable IFI, galactomannan
antigen was detected in blood samples. The number of
hospitalizations every year according to disease and the
number of cases of IFI are shown in Table 2. After 2004,
16 patients developed IFI, which accounted for 69.5%
of the total number of cases. Two patients were thought
to have breakthrough infection. One patient was case 21.
She was administered fluconazole as prophylaxis.
However, she had fungemia with Candida krusei. Another
patient was case 22. She had been taken voriconazole as
prophylaxis. However, she had lesion by Mucor.

Risk Factors for IFI

Univariate analysis showed that age at diagnosis
more than 10 years old, relapse of original disease, long-
term administration of broad-spectrum antibiotics, and
AML were risk factors for IFI with chemotherapy and
SCT (Table 3). In patients with IFI, the median age at
diagnosis was significantly higher than that of patients
who did not develop IFI; most patients with IFI were
over 10 years old. The median age at diagnosis was 12.1
years old in patients with IFI, and the median age at onset
of IFI was 14 years old. All patients with IFI received
long-term antibiotic therapy and this factor was most
associated with IFI. However, excluding this factor, AML
was most strongly associated with IFI in a multivariate
analysis (Table 4).

Outcome After IFi

Regarding antifungal drugs, micafungin, flucona-
zole, voriconazole, amphotericin B, itraconazole, mico-
nazole, liposomal amphotericin B, and 5-fluorouracil
were administered to 16, 13, 8, 7, 6, 3, 2, and 1 patients,
respectively. Used terms of antifungal drugs were from 3
days to 14 months. However, antifungal therapy was
effective in only 12 of the 23 patients with IFI. Seven of
these 12 patients are still alive, but the other patients died
after relapse and nonfungal interstitial pneumonitis (IP).
Used term of antifungal drugs was not associated with
prognosis. The mortality of IFI was 48.2%, excluding
patients with relapse and IP, and was especially high in
the 14 patients with a lung lesion: 71.4% (10/14) of these
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TABLE 2. Number of Newly Diagnosed Inpatients According to Disease

ALL AML AA NB Wilms Tumor Other Malignancy Nonmalignancy Total SCT 1F1
1996 5(5) 44 3(3) 00 0(0) 3(3) 0 (0) 15 (15) 0 0
1997 70 6 (7 4 (6) 39 12 8 (10) 0(0) 29 (40) 13 1
1998 2(11 7(8) 4(7) 1(2) 1(2) 8 (10) 2(2) 25 (42) 9 0
1999 7 5(6) 34 o 2(3) 8 (13) 1(1) 26 (35) 13 3
2000 11 (13) o 69 4 (6) 2(5) 6 (8) 0(0) 29 (42) 11 1
2001 14 (21) 233 4 (6) 1 (1) 12) 11 (15) 1Q1) 34 (49) 13 0
2002 10 (17) 7() 4(7) 4 (6) 2(4) 7 (15) 1(2) 35 (58) 13 3
2003 10 (22) 6 (8) 00 5 1(2) 89 1 31 (53) 10 0
2004 11 (17) 59 5 (6) s@an 3(3) 7(13) 3(4) 39 (63) 16 6
2005 10 (19) 6 (1) 33 4 (11) 1(3) 5(15) 1(1) 30 (63) 17 4
2006 12 (18) 34 44 2(5 3(9) 15 (22) 2(2) 41 (64) 20 S
Total 99 (161) 51 (68) 40 (55) 29 (58) 17 (35) 86 (133) 12 (14) 334 (524) 135 23

The total number of inpatients is shown in parentheses.

AA indicates aplastic anemia; ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; IF, invasive fungal infection; NB, neuroblastoma; SCT, stem

cell transplantation.

patients died due to IFL. Fifty-nine pediatric patients died
in our institution over 10 years of the study period and
IFI was the direct cause of death in 18.6% (11/59) of these
patients.

DISCUSSION
Here, we reveal the clinical feature of IFI in
pediatric patients with hematologic and malignant
diseases in a single center in Japan. Our results show

TABLE 3. Risk Factors for Invasive Fungal Infection Based on
Univariate Analysis

IFI (n = 23) No IFI (n = 311) P

Sex
Male 13 185 0.828
Female 10 126

Age at admission
Median 12.1 (0-18.4) 5.0 (0-29.6) < 0.001

<10y 9 223 0.002
> 10y 14 88

Disease
Malignant 21 262 0.550
Nonmalignant 2 49

AML
Yes 11 40 <0.001
No 12 271

History of SCT
Yes 11 123 0.510
No 12 188

Year
-2001 5 117 0.178
2002- 18 194

Condition of disease
Relapse il 50 0.001
No relapse 12 261

Long-term administration of broad-spectrum antibiotics (> 1wk)
Yes 23 245 0.011
No 0 66

Long-term administration of steroid (> 1wk, > 1 mg/kg)
Yes 14 166 0.523
No -9 145

AML indicates acute myelogenous leukemia; IFI, invasive fungal infection;
SCT, stem-cell transplantation.

that the cumulative incidence of proven, probable, or
possible IFI in pediatric patients undergoing chemother-
apy, immunosuppressive therapy, and SCT was 6.9%,
and the rate of proven and probable IFI was 4.2%. Rosen
et al!! reported the incidence of TFI in pediatric oncology
patients to be 4.9%, with a rise in this incidence of 0.89%
per year, giving the rate of 7.8% in 2001. We found a
similar year-by-year increase in IFI in our hospital. This
would be related to increasing treatment intensity and the
development of diagnostic procedures such as serologic
diagnosis, which allows increasingly accurate assessment
of the cause of disecase. We introduced prophylactic
intravenous micafungin after April 2005 in patients with
SCT, and fluconazole as prophylaxis after April 2006.
However, no patient who was administered micafungin as
prophylaxis in transplantation, had IFL.13

All patients with IFI received long-term broad-
spectrum antibiotic therapy. It is known that long-term
administration of the antibiotics cause the bacterium
alternation and to cause IFI. Surprisingly, 11 out of 23
IFI patients were found with AML. Treatment strategies
in many pediatric AML study groups have similarities,
including risk-group directed treatment, the use of similar
drugs (cytarabine, anthracycline, and etoposide), and
blockwise therapy.'* We used the AML99 and AML98
pilot protocols for patients with AML.!> These protocols
include etoposide, cytarabine, and mitoxantrone as
induction therapy and their use has brought about
an improvement in survival rate; however, the period of
bone marrow suppression is long and infection can occur

TABLE 4. Multivariate Analysis of Risk Factors for Invasive
Fungal Infection

Factor Hazard Ratio P CI

AML Yes 11.460 0.001 1.969-12.701

Age at > 10y 8.463 0.004 1.573-10.223
admission

Relapse Yes 6.872 0.009 1.368-8.754

AML indicates acute myelogenous leukemia; CI, confidence interval.

© 2008 Lippincott Williams & Wilkins
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easily. In the 11 IFI patients with AML, IFI occurred
after SCT in 4 patients, at the time of reinduction therapy
in 4 patients, and during consolidation therapy in 3
patients. The relapse rate was relatively high in patients
with AML, compared with those with acute lymphoblas-
tic leukemia; therefore, many AML patients have an
indication for SCT and this may be one of the reasons
why IFT occurred more frequently in patients with AML.
Lehrnbecher et al'® reported that the majority of children
with AML receives at least 1 episode of antifungal
therapy in AML-BFM 93 study.

On the other hand, age above 10 years on admission
was another risk factor for IFI in our study. Age at
occurrence of AML was also relatively high and this may
also explain the higher occurrence of IFI in these patients.
Previous studies have suggested that age is a risk factor
for IFT in children '%!! and we have reported that age is
an independent risk factor not only for IFI in AML but
also for patients after SCT.!3 In the current study, older
patients did not receive more intensive chemotherapy;
therefore, AML is a risk factor for IFI that is independent
of age, as shown by multivariate analysis. It is unclear
why age is a risk factor for IFI, but this finding may
reflect the importance of host colonization by environ-
mental fungi as an important step in development of
invasive disease, with younger patients having had less
exposure time to fungal spores in the environment.!” In
addition, injury to the mucous membrane by chemother-
apy occurs more easily in older children; as fungi invade
from the mucous membrane of the intestine, this may
account for higher age as a risk factor for IFL.!8

In our patients, the mortality of IFI was 48.2%,
excluding patients with relapse and IP, and was especially
high in patients with a fungal lung infection, 71.4% of
whom died due to IFL. This may be because the symptoms
of a lung lesion, cough and low-grade fever, may also
be due to other respiratory infections; and furthermore,
Aspergillus, the most common cause of a lung lesion, is
resistant to fluconazole. Many patients received treatment
with multiple antifungal drugs, but the mortality of patients
with IFI was very high. Therefore, early diagnosis of IFI is
extremely important for a patient with prolonged fever,
especially if the patient has AML and is an older child. In
conclusion, our results show that AML and age are risk
factors for IFI in patients with hematologic diseases and
malignancies. We are trying prevention for IFI using
voriconazole in patients with AML. However, cost of
voriconazole is high and it is known that invasive zygomy-
cosis increase in patients with voriconazole prophylaxis.!®
Breakthrough infection is known during use of micafungin
also. However, we might have to think prophylactic usage
of micafungin for patients with high risk of IFL. The
mortality of patients complicated with IFI is very high,
making prophylactic administration of antifungal drugs
and early diagnosis and treatment very important.
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A 5-Year-Old Boy With Unicentric Castleman
Disease Affecting the Mesentery

Utility of Serum IL-6 Level and "8F-FDG PET for Diagnosis
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Summary: Castleman disease (CD) is a rare lymphoproliferative
disorder of unknown etiology. It is quite difficult to diagnose CD
without typical localized signs or symptoms. We present a 5-year-
old boy with unicentric plasma cell CD in the mesentery, which
was too small to be detected by any conventional imaging.
18F_fluorodeoxyglucose positron emission tomography image and
a serum cytokine profile prompted us to perform a curative surgical
excision, confirming his diagnosis. Our case also supported an
important role of interleukin-6 in the pathophysiology of plasma
cell CD.

Key Words: Castleman disease, lymphoproliferative disorder,
8F_FDG PET, mesentery, interleukin-6

(J Pediatr Hematol Oncol 2009;31:693-695)

astleman disease (CD) is a rare disorder of lymph node
hyperplasia with an unknown etiology.! CD is divided
into 2 clinical subtypes: unicentric and multicentric

varieties. Unicentric disease manifests as a solitary mass

that most often affects younger patients. Multicentric
disease has systemic manifestations and is relatively rare
in children. CD can be histologically classified into 2 major
types: the hyaline-vascular type, which accounts for more
than 90% of the cases and is usually asymptomatic and the
less common plasma-cell type, which is almost always
associated with systemic manifestations such as fever,
weight loss, anemia, elevated sedimentation rate, and
polyclonal hypergammaglobulinemia.? Most cases with
hyaline-vascular CD are found by chance, whereas plasma
cell CD may occasionally be the cause of fever from an
unknown origin. Computed tomography (CT) and ultra-
sonography are useful methods to find CD foci. $’Gallium
(Ga) scintigraphy may be a more sensitive tool for the
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detection of CD especially in a case with no localized signs,?
but not all cases always show abnormal uptake.*> We
present here a S5-year-old boy with unicentric plasma
cell CD, whose disease focus could only be detected by
18F_fluorodeoxyglucose positron emission tomography
(*8F-FDG PET) and not by ¢’Ga scintigraphy.

CASE REPORT

A S-year-old Japanese boy was admitted to a general
hospital because of persistent high fever. He had no other
significant symptoms or signs. Laboratory examination of his
peripheral blood showed mild anemia and elevated C-reactive
protein (CRP). All images, including whole body CT scan,
abdominal ultrasonography, and ¢’Ga scintigraphy failed to reveal
any abnormal findings. Despite extensive investigations, the origin
of his fever was still unknown. Owing to his fever and persistent
elevated serum CRP over a long period, steroid therapy was started
for possible systemic juvenile idiopathic arthritis. However, all the
medications including methotrexate, cyclosporine A, and cyclo-
phosphamide failed to normalize his abnormal laboratory findings.
Then he was referred to Hokkaido University Hospital for further
diagnosis. .

Physical examination showed no particular signs such as a
rash, lymphadenopathy, hepatosplenomegaly, or arthritis. Labora-
tory examination of his peripheral blood showed mild anemia
(hemoglobin 11.0g/dL. and mean cell volume 70.1fl), increased
erythrocyte sedimentation rate (57mmj/h), and elevated CRP
(7.92mg/dL). The white blood cell count was 11.9 x 10°/L. and
the platelet count was 332 x 10°/L. The serum level of 1gG, IgA,
and IgM were 654, 94, and 113 mg/dL, respectively. The serum
cytokine levels were as follows: interleukin (IL)-6 24.2 pg/mL
(normal <4.0), IL-1B < 10 pg/mL, interferon-y <0.11U/mL, and
tumor necrosis factor-o < 5.0pg/mL. As steroid treatment was
gradually tapered, CRP became elevated (Fig. 1). CT scan and
§7Ga scintigraphy failed to show any abnormal findings over his
whole body. We therefore tried '®F-FDG PET to detect possible
concealed inflammatory lesions such as vasculitis or CD. ¥ F-FDG
PET clearly illustrated a solitary, isolated lesion in the middle of his
abdomen (Fig. 2A). Therefore, we decided to remove this single
lesion surgically, expecting to get both definite diagnosis and
recovery from his illness. The exploratory laparoscopy revealed a
round and well-defined solid mass located in the root of the
mesentery without any other enlarged lymph nodes (Fig. 2B). The
mass was completely removed and measured 2.7 x 2.0 x 2.0cms
in size. Histopathologic examination of the encapsulated mass
confirmed a diagnosis of plasma cell CD, characterized by the
germinal centers with the sheets of plasma cell and the absence of
any vascular proliferation (Figs. 3A, B). The high expression of
human 1L-6 gene in the excised mass was demonstrated by reverse
transcription-polymerase chain reaction (RT-PCR) (Fig. 3C).
Other proinflammatory cytokine genes were not expressed in the
same specimens. Human herpes virus (HHV)-8 DNA in the mass
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Human Bocavirus in Human Sera’
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Immunofluorescence assays (IFAs) for detection of human bocavirus (HBoV) proteins (VP1, VP2, NP-1, and
NS1) were developed. The VP1 IFA was the most sensitive for detection of IgG antibody and suitable for
screening. IgG antibedies in convalescent-phase sera from HBoV-positive patients were detected by VP1 and

VP2 IFAs. Sensitivities of NP-1 and NS1 IFAs were low.

Human bocavirus (HBoV), belonging to the family Parvo-
viridae, subfamily Parvoviringe, and genus Bocavirus, was
cloned by molecular screening of pooled human respiratory
tract samples in 2005 (2). Until the identification of HBoV,
human parvovirus B19 (subfamily Parvovirinae, genus Erythro-
virus) had been the only known human pathogen in the family
Parvoviridae (42). HBoV has been detected in patients with
respiratory tract infections in many countries by PCR or real-
time PCR, the rate of HBoV detection ranging from 1.5 to
19% (1, 3-5, 8, 9, 13, 14, 24, 26-28, 30, 31, 33, 35-39, 41).
However, the causative role of HBoV in respiratory tract in-
fection remains unclear. In fact, HBoV is codetected with
other respiratory viruses in many cases of lower respiratory
tract infection (1, 3, 8, 9, 13, 14, 20, 30, 34, 39, 41).

Real-time PCR for HBoV has been used to analyze the
pathophysiology of HBoV infections. High loads of HBoV in
nasopharyngeal samples, mainly in the absence of other viral
agents, have been found in some studies, suggesting a causative
role in acute respiratory tract infections (1, 17). Another study
showed that the load of HBoV in nasopharyngeal samples
from patients with bronchiolitis was significantly higher than
that in patients with the diagnosis of febrile seizures (34).

Seroepidemiological study is also an important tool for di-
agnosis of and research on HBoV infection. Antibodies against
HBoV in serum are raised after HBoV infection, suggesting
that HBoV infection evokes a systemic immune response (11,
18, 19, 23). Recently, we developed an immunofluorescence
assay (IFA) to measure titers of specific antibodies against
HBoV VP1, which is one of the structural proteins of HBoV
(11). HBoV encodes two structural proteins (VP1 and VP2)
and two nonstructural proteins (NP-1 and NS1) (2). The re-
combinant structural proteins (VP1 and VP2) of B19 have
been used for the detection of IgG and IgM antibodies against
B19 (6, 22). More recently, the nonstructural protein (NS1) of
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B19 was shown to play a significant role in serodiagnosis of
acute infection, thereby supplementing the role played by B19
structural proteins as diagnostic antigens (10, 12, 15). The
purpose of this study was to compare the efficiencies of IFAs
using individual proteins of HBoV.

A baculovirus expression kit (Bac-to-Bac system) was used
to prepare histidine (His)-tagged VP1, VP2, NP-1, and NS1
proteins for expression in a baculovirus-insect cell system in
accordance with the instructions of the manufacturer (Invitro-
gen, Carlsbad, CA). The genomic DNA corresponding to VP1,
VP2, NP-1, and NS1 proteins of HBoV from strain JPBS05-52
(GenBank accession numbers EF035488, EU984096, and
EU984097) was amplified by PCR with the following primers:
HBoV VP1 start (5'-ATC GTC TCG CAT GAG TAA AGA
AAG TGG CAA-3"), HBoV VP2 start (5'-ATC GTC TCG
CAT GTC TGA CA CTG ACA TTC A-3'), HBoV VP1 and
VP2 end (5'-GCC TCG AGT TAC AAT GGG TGC ACA
CGG C-3'), HBoV NP-1 start (5'-ATC GTC TCG CAT GAG
CTC AGG GAA TAT GAA-3'), HBoV NP-1 end (5'-GCC
TCG AGT TAA TTG GAG GCA TCT GCT T-3'), HBoV
NS1 start (5'-ATC CAT GGC TTT CAATCC TCC T-3'), and
HBoV NS1 end (5'-CGC TCG AGT TAC TTA CIT GGT
G-3') (the restriction sites in the primers used for cloning are
underlined). The following procedures for making baculovi-
ruses were described previously (11). Trichoplusia ni (Tn5)
cells in T25 flasks were infected with recombinant baculovi-
ruses expressing His-tagged VP1, VP2, NP-1, and NS1 proteins
of HBoV and with mock baculovirus at a multiplicity of infec-
tion of 10 virus particles per cell and were resuspended in 250
ul of phosphate-buffered saline (PBS). The procedures for
Western blot analysis were described previously (11). The re-
sults of Western blot analysis are shown in Fig. 1A. The pre-
dicted molecular sizes of His-VP1, His-VP2, His-NP-1, and
His-NS1 fusion proteins of HBoV were 78.1, 63.4, 29.0, and
75.0 kDa, respectively, which were consistent with the molec-
ular sizes of these proteins determined by Western blotting
using anti-six-histidine tag monoclonal antibody.

IFAs using Tn5 cells infected with recombinant baculovi-
ruses expressing VP1, VP2, NP-1, and NS1 proteins of HBoV
were developed as described previously (11, 16). A total of 205
serum samples were randomly obtained from outpatients or
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ABSTRACT

X-linked agammaglobulinemia (XLA) is a primary immunodeficiency disease caused by mutations in the
gene coding for Bruton's tyrosine kinase (Btk). Most XLA patients have severely reduced or absent peripheral
blood B cells and serum immunoglobulins, since the expression or function of Btk, critical for the maturation
of B cell lineages at pro-B and pre-B cell stages, is deficient, Early and accurate diagnosis of XLA is important,
since the affected patients suffer from severe and recurrent infections unless they receive intravenous
immunoglobulin (IVIG) replacement therapy. However, the diagnosis of XLA is not always easy because
some patients have detectable (~2%) B cells in the peripheral blood and have significant levels of serum
immunoglobulins, In this study, we report on a patient who was diagnosed with XLA at the age of 10 years,
The diagnosis was delayed due to near-normal levels of serum immunoglobulins, although he presented
with severe and recurrent bacterial infections since the age of 1 year, He was demonstrated to have a novel
non-invariant splice-site mutation in intron 10 (IVS10 — 11C— A) of the Btk gene, which was not detected
by the standard PCR-based mutation analysis, This mutation resulted in no detectable Btk expression. This
case suggests that patients suffering from severe or recurrent bacterial infection should be suspected to have
XLA even though they may have significant levels of serurn immunoglobulins, Furthermore, significant levels

of serum immunoglobulins in XLA patients do not necessarily mean less severe phenotype.

© 2010 Elsevier Inc, All rights reserved.

Introduction

X-linked agammaglobulinemia (XLA) is a primary immunodefi-
ciency disease first described by Bruton in 1952 [1]. It is characterized
by marked reduction in serum levels of all immunoglobulin isotypes,
defective B cell development at pro-B and pre-B cell stages [2,3]
and severely decreased numbers of circulating B cells. Affected males
have susceptibility to severe bacterial infections unless they receive
appropriate therapy, including intravenous immunoglobulin (IVIG)
replacement therapy. Since the gene responsible for XLA was iden-
tified as coding for a cytoplasmic tyrosine kinase named Bruton's
tyrosine kinase (Btk), various mutations have been reported [4-7].
However, the direct detection of Btk mutations by sequence analysis is
time-consuming as a diagnostic procedure. Furthermore, some XLA
patients have detectable (~2%) B cells in the peripheral blood and/or
show significant levels of serum IgG (~800 mg/dl), which makes the
diagnosis of XLA difficult, Flow cytometric analysis of Btk expression

(FCM-Btk) is one of the simple and useful methods for the diagnosis of °

XLA [7]. In this study, we report on a patient who was given the
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diagnosis of XLA at the relatively advanced age of 10 years. The delay
in diagnosis was apparently due to the presence of near-normal levels
of serum immunoglobulins, although he presented with severe and
recurrent infections since the age of 1 year, He was demonstrated to
have a novel non-invariant splice-site mutation in intron 10 (V510 —
11C— A) of the Btk gene, which was not detected by the standard
PCR-based mutation analysis. Although splice-site mutations some-
times result in partial (“leaky”) expression of Btk, this mutation
resulted in no detectable Btk expression.

Materials and methods
Subjects

Samples of three unrelated XLA patients confirmed by Btk mutations
were used as Btk-deficient controls, The patient, WL, had suffered from
recurrent episodes of acute otitis media, sinusitis, lymphadenitis with
abscess, and colitis since the age of 1year. He also had repetitive
episodes of high fever with marked leukocytosis and elevation of
CRP (~20 mg/dl). Every time, he was suspected to have bacterial
septicemia or meningitis and was treated with intravenous antibiotics
effectively, although focus of infection was not identified. He had no
family history of severe infections or immunodeficiency. His recent




2 K. Maekawa et al. / Blood Cells, Molecules, and Diseases xxx (2010} xxx-xxx

Table 1

Primers used for Btk RT-PCR and intron 10 PCR studies.

" Primets for Btk RT-PCR. Sequence : o - Tm . Corresponding
.1 ~ (%C) exon (s)
f‘Forward, ’ - :

| BIkiF 5 gac tgt cct tcc tct ctg ga 3 54

1
5% ctt caa gaa geg cct gt tet 3 5 2
5. cat tga 3ag attcccttatccc-3’ 51 4
5 atg ggc tgc caa att ttg gag 3 6

- 8

serum immunoglobulin levels were: 1gG 400-800 mg/dl (normal range:
608-1572 mg/dl), IgA of 4-5 mg/dl (normal range; 33-236 mg/dl), and
1gM of 64-102 mg/dl (normal range: 52-242 mg/d!), However, he failed
‘to develop specific IgG antibodies against all the immunizations he
received (rubella, measles and mumps), and had no antibodies against
Epstein-Barr virus (EBV) and Cytomegalovirus (CMV). He had not
received further laboratory studies because of near-normal levels of

immunoglobulins, The proportion of his peripheral blocd lymphocytes
that were CD19+ cells (B cells) at the age of 8 years and 10 years was
significantly reduced to be 0.6% and 0.2%, respectively, He was referred
to our hospital for further evaluation of B cell deficiency at the age of
10 years.

Flow cytometric analysis of intracellular Btk expression (FCM-Btk) in
monocytes "

We performed FCM-Btk, originally established by Futatani et al. [7),
basically following the WASP detection protocol established for the
diagnosis of Wiskott-Aldrich syndrome [8], Briefly, heparinized blood
samples were collected from a patient and a normal individual under
the same conditions, Peripheral blood mononuclear cells (PBMC)
isolated by standard Ficoll-Hypaque gradient centrifugation methods
were washed with phosphate-buffered saline (PBS) containing 1% fetal
bovine serum. Cell pellets were resuspended with 100 pl of Cytofix/
Cytoperm solution (BD Biosciences, San Diego, CA) and incubated at4 °C
for 20 min. After three washes with Perm/Wash solution, they were
incubated with 1 pg/ml of anti-Btk antibody (48-2H) [9] or MOPC21
mouse IgG1 control (Sigma, Saint Louis, MO) at 4 °C for 30 min and
washed three times. They were then reacted with 1 pg/mi of fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgGl (Southern
Biotechnology Associates, Birmingham, AL) at 4 °C for 30 min and
washed three times, Samples were then analyzed on a FACSCalibur (BD
Biosciences). A total of 20,000 events of monocytes, which were gated
based on forward and side scatter, were analyzed.

PCR, RT-PCR, and Btk sequence analysis

SepaGene (Sanko Junyaku, Tokyo, Japan) and TRIzol Reagent
(Invitrogen, Carlsbad, CA) were used for the isolation of DNA and total
RNA from PBMC, respectively. Btk exons, adjacent intronic regions,
and a putative promoter region were amplified by PCR with primers
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Fig. 1. Flow cytometric analysis of intracellular Btk expression (FCM-Btk) in monocytes g: isotypic control, B anti-Btk antibody (48-2H). A: FCM-Btk result of a normal control
(Control) and a known XLA patient (XLA patient 1). B: FCM-Btk result of a normal control (Control) and the patient, W.1.
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described by Vorechovsky et al. {10}, For the analysis of the whole
sequence of intron 10, we performed PCR with a combination of
Intron 10F1 and Intron 10R1 primers and a combination of Intron
10F2 and Intron 10R1 primers (Table 1), Intron 11 full sequences were
studied with a combination of exon 10 forward and exon 11 reverse
primers described by Vorechovsky et al. [10]. RT-PCR was performed
using the primers described in Table 1 after the preparation of
complementary DNA (cDNA) from total RNA using 1st Strand cDNA
Kit (GE Healthcare Buckinghamshire, UK). The primer BtkNoF was
designed to match the exon 10-exon 11 junction to specifically
amplify only wild-type transcripts (Table 1), PCR and RT-PCR
products isolated by Gel-purification kit (Invitrogen) were then
directly sequenced using BigDye Terminator Cycle Sequencing Kits
v1.1 (Applied Biosystems, Carlsbad, CA). “Splice Site Prediction by
Neural Network” (www.fruitfly.org/seq_tools/splice.html) was used
for the prediction of splice sites,

Western blot analysis of Btk expression

PBMC pellets from normal controls and XLA patients were
resuspended in cytoplasmic extract buffer containing 0.5% Nonidet
P-40, 250 mM NaCl, 10 mM HEPES pH 7.9, 0.1 mM EDTA, 1mM
NasVO4, 1 mM NaF, pH 8.0 with the addition of the recommended
volume of dissolved protease inhibitor cocktail tablets (Roche, Basel,
Switzerland). After incubation on ice for 15 min, the supernatant after
centrifugation at maximum speed for 5min at 4°C was saved as
cytoplasmic extract. Protein concentration was measured by Protein
Assay (Bio-Rad, Hercules, CA). Thirty micrograms of cytoplasmic
extract after addition of SDS sample buffer was separated by 8%
polyacrylamide gels and transferred to Hybond-P PVDF membranes
(GE Healthcare). Two anti-Btk monoclonal antibodies were used: 48-
2H [9] and 8E5.A10.E5 {11] corresponding to SH3 and PH domains of
Btk, respectively. Anti-actin antibody (AC40) was purchased from
Sigma. All the primary antibodies were used at the final concentration
of 1 pg/ml. Horseradish peroxidase (HRP)-conjugated anti-mouse 1gG
secondary antibodies (GE Healthcare) were used at 1:2000 dilution.
The blots were then visualized by ECL plus (GE Healthcare),

A A
BtkSF-BtkSR
GAPDH
exon 11 exon 10
B AAACCTCCTTCTTTCCCICTCTTGCTTT

Control

. o e

CACCCCTTGAGGGTCCICTCTTGCTTT

exon 12

exon 10
Fig. 2. RT-PCR analysis of Btk followed by sequence analysis. A: Samples of a control (C},
the patient, W.L, and water (W) after RT-PCR with Btk5F and Btk5R primers were
separated on agarose gel. The housekeeping gene GAPDH was used as a positive control

for the presence of mRNA in the samples. B: Direct sequence analysis of RT-PCR
products from a contro! (Control) and W.I. Reverse sequence was shown.

exon 11 ] intron 10

TCTTTCCCljctgaaacaacg aaaaa

Control \ \

i

“

Fig. 3. Direct sequence analysis of samples from a normal control (Control) and W.1.
after PCR with Intron 10F2 and Intron 10R1 primers. Reverse sequence was shown.

Results

First of all, we performed flow cytometric analysis of intracellular
Btk protein expression (FCM-Btk) in monocytes from the possible XLA
patient, W.I, who had severe and recurrent infections in spite of
consistently showing near-normal levels of serum IgG. Patient, W.I, as
well as 3 XLA patients confirmed by detection of Btk mutations was
demonstrated to have deficient Btk expression, indicating he has XLA
{Fig. 1 and data not shown), We then proceeded to a molecular study
of Btk gene using the standard PCR-based mutation analysis with
primers as described by Vorechovsky et al. [10]. Unexpectedly, no
mutations were detected in direct sequence analysis of all the exons,
exon-intron boundaries and a putative promoter region of this gene.
However, the study of the Btk mRNA expression by RT-PCR and the
subsequent direct sequence analysis of these products demonstrated
that he had a shorter RT-PCR product with Btk5F (a forward primer in
exon 8) and Btk5R (a reverse primer in exon 13), which resulted from
skipping of exon 11 (Fig. 2). RT-PCR products amplified from other
parts of the mRNA were normal in size and sequences, To identify
the mechanism of exon 11 skipping, we performed direct sequence
analysis of the whole intron 10 and intron 11 as described in Materials
and methods. The results demonstrated that he had wild-type
sequences except a base change in intron 10, 11 bases upstream of
exon 11 (Fig. 3). This base change was found to be included in the
middle of the forward primer used for sequence analysis of the intron
10-exon 11 boundary {10]. His mother showed c+ a signals at this
site (data not shown), indicating that his mother is heterozygous for
this base change. “Splice Site Prediction by Neural Network” analysis
of the sequence of the intron 10-exon 11 junction gave a significantly
lower score for the sequence with the patient's mutation (0.80),
compared with that of wild-type sequence (0.93) (Fig. 4). These

Wild-type sequence

Acoeptor site predictions
Start End Score Intron 10 Exon 11
164 204 0.93 gottetttttCgttgtttcagGGGARAGAAGGAGGTTTCAT
Intron 11 Exon 12
423 463 0.86 actaagcatecact tottcagGGACCCTCAAGGGGTGATAC

W.L sequence (c—a at IVS 10 -11) l

Acceptor site predictions
Start End Socore Intron 10 Exon 11
164 204 0.890 gettetttttagttgtttcagGGGARAGARGGAGGTTTCAT

Intron 11 Exon 12

423 463 0.86 actaagcatccacttct tcagGGACCCTCAAGGGGTGATAC

Fig. 4. The results of predicted splice sites with “Splice Site Prediction by Neural
Network” (http://www fruitfly.org/seq_tools/splice.html) were shown.
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GAPDH

Btk (8E5.A10.E5)

Btk (48-2H)

Actin

Fig. 5. Study of possible leaky expression of normal Btk transcripts and Btk expression. A: Control (C), W.L, and water (W) samples after RT-PCR with BtkNoF and Btk5R primers were
separated on agarose gel. The housekeeping gene GAPDH was used as a positive control for the presence of mRNA in the samples. B; Western blot analysis of Btk expression in PBMC
from two controls (C1 and C2), two XLA patients (XLA2 and XLA3), and the patient, W.1. Actin expression was used as a loading controL

results suggest that the base change of IVS10 —11C—A is a novel
splice-site mutation leading to skipping of exon 11, which was
predicted to cause frameshift and premature termination of protein
translation, 23 codons downstream from the end of exon 10, Since the
mutation is not within the invariant GT or AG splice site (the first two
or the last two base pairs of an intron), it was possible that low levels
of normal Btk message could be transcribed due to a leaky splicing
defect. To study this possibility, we performed RT-PCR with a primer
corresponding to the exon 10-exon 11 junction (BtkNoF) and Btk5R
to specifically amplify only wild-type transcripts. The result, however,
demonstrated that W.I. had no wild-type transcripts of Btk gene
(Fig. 5A). Consistent with this result, Western blot analysis of PBMC
also demonstrated that expression of normal Btk protein was not
detectable with the use of two monoclonal anti-Btk antibodies: 8E5.
A10.E5 and 48-2H (Fig. 5B, Materials and methods). Since his muta-
tion was predicted to affect the mRNA sequence downstream of exon
10, these two antibodies, 8E5.A10.E5 (corresponding to PH domain,
exon 2-5) and 48-2H (corresponding to SH3 domain, exon 8-9)
should detect the truncated Btk protein if it exists. However,
truncated Btk expression was undetectable in his PBMC with these
two antibodies (data not shown).

Discussion

In this study, we report on a patient, W.L.,, who was diagnosed with
XLA at the age of 10 years. In spite of normal or near-normal levels of
serum IgG, he presented severe and recurrent infections since the age
of 1 year. He was demonstrated to have deficient Btk expression in
monocytes which was caused by a novel non-invariant splice-site
mutation in intron 10 (IVS10 —11C—A) of the Btk gene. At first,
sequence analysis of the Btk gene using primers previously reported
[10] demonstrated no mutations in all the exons, exon-intron bound-
aries and a putative promoter region of Btk gene, Based on deficient
Btk expression, we considered the possibilities that he had a splice-
site mutation located outside of the sequences studied or a mutation
in an unknown region regulating Btk expression. RT-PCR studies
revealed a skipping of exon 11 (Fig. 2), indicating a splice-site muta-
tion in intron 10 or 11, Subsequent sequence analysis of the whole
intron 10 and 11 demonstrated that he has a base change in intron 10,
11 bases upstream of exon 11 (Fig. 3), which is a non-invariant site for
splice mutation. This result explains why we could not detect his
mutation by the original PCR-based mutation analysis, because the
mutation was in the middle of the forward primer used for sequence
analysis of the intron 10-exon 11 boundary, not because it was
located outside of the sequences studied. These results suggest that a
combination studies at the DNA, RNA and protein levels are important
to avoid overlooking a mutation of this gene that is responsible for
XLA. Although no strong genotype-phenotype correlation has been
established in XLA patients [12-15], some mutations in Btk, par-
ticularly mutations that allow Btk protein expression are likely to be

associated with less severe phenotype. As for splicing defects, a few
patients with mild disease were shown to have some Btk expression
due to leaky splicing [16-18]. In contrast to these patients, the patient,
W., who presented severe phenotype, was demonstrated to have
absent expression of wild-type Btk both at mRNA and protein levels
(Figs. 1B and 5B). He also had no truncated Btk protein expression due
to skipping of exon 11. Therefore, this study indicated that the splice-
site mutation of 1IVS10 —11C—A could be one of the mutations
causing the severe, typical XLA phenotype. Some XLA patients have
been shown to have significant levels of serum immunoglobulins,
similar to the present case with near-normal IgG and normal IgM. This
might be explained by the presence of small numbers of “leaky”
mature B cells possessing the ability to proliferate, undergo class
switching, and differentiate into antibody-producing cells, through
unknown mechanisms independent of Btk function, as demonstrated
by Nonoyama et al. [19)]. It is not clear. whether there is special
significance to the low IgA level observed in the present case, Con-
sidering that serum IgA level is more likely to be low or undetectable
even in XLA patients with normal or near-normal level of serum IgG
19,16,17,19,21}, IgA production might be more dependent on Btk
function, although other genetic or undefined factors might also
modify it. XLA cases with significant levels of serum immunoglobulins
and older age at diagnosis were generally considered as less severe
phenotype [20,21]. However, at least in the present case, older age at
diagnosis was associated with significant immunoglobulin concentra-
tion, but not with less severe phenotype. This case suggests that
significant levels of serum immunoglobulins could be one of the
factors associated with older age at diagnosis regardless of the
severity of clinical phenotypes. Thus, significant levels of serum
immunoglobulins in XLA patients do not necessarily mean less severe
phenotype. More detailed criteria for classifying severe and less
severe phenotype might be necessary to discuss genotype-phenotype
correlations,
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Abstract

‘Humanized mice’ are anticipated to be a valuable tool for studying the human immune system, but
the reconstituted human immune cells have not yet been well characterized. Here, we extensively
investigated the differentiation and functions of human B and T cells in a supra-immunodeficient
mouse strain, NOD/shi-scid/yc™" (NOG) reconstituted with CD34* hematopoietic stem cells obtained
from umbilical cord blood. In these hu-HSC NOG mice, the development of human B cells was
partially blocked, and a significant number of B-cell progenitors accumulated in the spleen. The
mature CD1i 9+|gM*’IgD* human B celis of the hu-HSC NOG mice could produce IgG in vivo and in vitro
by antigenic stimulation. In contrast, although human T cells with an apparently normal phenotype
developed, most of them could neither proliferate nor produce IL-2 in response to antigenic
stimulation by anti-CD3 and anti-CD28 antibodies in vitro. The positive selection of human T cells in
the thymus was sufficiently functional, if not complete, and mainly mediated by mouse class 1,
suggesting that the human T cells lost their function in the periphery. We found that muitiple
mechanisms were involved in the T-cell abnormalities. Collectively, our resuits demonstrate that
further improvements are necessary before humanized mice with a functional human immune system

are achieved.

Introduction

Recently, human immunity research 'has increased in mo-
mentum, owing largely to accumulating evidence that human
immunity can be inferred from animal models. However, the
extent to which these models directly reflect the human im-
mune system ‘is still open to question. For example, genetic
abnormalities often lead to different phenotypes in different
species (i.e. patients with spontaneous mutations in a certain
gene and the corresponding gene-disrupted mice), resulting
in complicated interpretations about the human immune sys-
tem (1-3). In addition, different responses to pharmacologi-
cal reagents developed in animals can result in unexpected
adverse effects when they are used for therapeutic treat-
ments (4). Hence, the development of novel model systems

in which the human immune system can be functionally
studied in a reliable manner without various constraints is
desired not only for understanding human immunity but also
for improving ‘translational’ research.

‘Humanized mice’ have been considered one such model
(5-9). For the past two decades, many studies have attempted
to graft immunodeficient animals with human tissues or cells
(10-12). In particular, the inoculation of human hematopoietic
cells or PBMCs has been frequently performed to examine
whether even a part of the functional human immune system
can be reconstituted. Although various immunadeficient mice,
including athymic nude mice (nu/nu), C.B.-17 scid mice, and
NOD/SCID mice, have been used as recipients (10-12), there
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seem to be major obstacles to the xenotransplantations. For
example, the simple transfer of human PBMCs into such im-
munodeficient animals results in the failure of stable engraft-
ment, the functional impairment of the donor cells and in
some cases the uncontrolled activation of human T cells
against mouse tissues (xenogenic graft versus host disease)
(13, 14). In addition, when human CD34* hematopoietic stem
cells are transferred, the reconstitution of human immune cells
is often incomplete, as revealed by a lack of T-cell develop-
ment in reconstituted NOD/SCID mice (15). Furthermore, the
poor graft survival of human hematopoietic stem cells makes
it difficult to perform long-term experiments (16). These limita-
tions have hampered the research on human immune
systems in humanized mice.

The recent development of a new immunodeficient strain,
however, has opened up the possibility for generating better
xenotransplantation systems (5, 6, 16). Disruption. of the IL-2R
y chain (yc) produces a mouse strain deficient for B, T, NK
and NKT cells since the signalings through yc of multiple
cytokines (IL-2, [L-4, IL-7, IL-15, etc.) are indispensable for
the development of a wide range of immune cell lineages
(17-19). By backcrossing the yc knockout (KO) mice onto
the NOD background, which has low endogenous NK activity,
and introducing the scid mutation, the NOD/Shi-scid-IL-2Ry
{(yc)"™" (NOG) strain was generated (16, 20, 21). As a conse-
quence, NOG mice have almost no functional endogenous
immune system. Using NOG or the similar BALB-RAG2/yc
double-KO mice, several groups have reported a more effi-
cient and stable reconstitution of human hematopoietic cells
than was previously possible, using human CD34* stem cells
from various sources, including bone marrow (BM), umbiical
cord blood or peripheral blood immobilized by granulocyte
colony stimulating factor (16, 20-22). For example, such hu-
manized mice harbor human CD34* stem cells in their BM for
up to 1 year, and the cells can be serially transferred into
new recipients to reconstitute them (16). In addition, appar-
ently normal human B and T cells or their progenitors are
found in the spleen or BM, respectively (16, 20, 21), and ma-
jor subsets of human hematopoietic cells have been success-
fully developed from these mice (22, 23). Hence, these supra-
immunodeficient strains are presently considered the most
suitable for reconstituting quasi-human immune systems.

Nevertheless, it is also clear that there is room for im-
provement in the present humanized mouse technology. For
example, upon exogenous antigenic challenge, humanized
mice (hu-HSC-NOG mice) produce abundant antigen-
specific IgM antibodies, but little antigen-specific igG (21,
22, 24, 25). This predominant igM production suggests that
only a partial reconstitution of the human adaptive immune
system is achieved in the hu-HSC-NOG mice. in the present
study, we sought to identify critical cues for recapitulating
functional human immunity in hu-HSC-NOG- mice, mainly
focusing on the differentiation and functions of the human
B and T cells upon reconstitution.

Methods

CD34* hematopoietic stem cells

The cord blood from full-term deliveries was obtained from
the Miyagi Cord Blood Bank, following the institutional guide-

lines approved by the Tohoku University Committee on
Clinical Investigations. Some CD34* cell samples were
obtained from the RIKEN Bioresource Center Cell Bank (Tsu-
kuba, Japan). Mononuclear celis were isolated from cord
blood by density gradient centrifugation using Lymphocyte
Separation Medium (MP Biomedicals, Solon, OH, USA) after
removing the phagocytes with Silica (Immuno Biological
Laboratories, Takasaki, Japan). The cells were washed and
suspended in PBS containing 5% FCS. CD34* stem cells
were obtained by magnetic cell sorting (MACS) (Miltenyi
Biotech, Bergisch Gladbach, Germany). Briefly, CD34* cells
were labeled with a biotin-conjugated anti-human CD34
mAb (Serotec, Oxford, UK) after FcR blocking and subse-
quently with anti-biotin microbeads. The magnetically la-
beled CD34* cells were purified twice on LS columns. The
usual purity of the CD34* fraction was >95%. The purified
CD34* cells were cryopreserved in Cell Banker (Juji Field,
Tokyo, Japan) at —80°C in a deep freezer until use.

Mice and reconstitution with human stem cells

Six-week-old female NOD/shi-scid/yc™" (NOG) mice were
obtained from the Central Institute for Experimental Animals
(CIEA) and maintained in the animal facility -of Tohoku Uni-
versity School of Medicine under specific pathogen-free
conditions. NOG 1-AB~~ mice or NOG I-AB*~ mice were
obtained by backcrossing B6 I-AB~~ mice (26) kindly gifted
from Mathis and Benoist (Harvard Medical School) onto the
NOG background more than five times with a speed con-
genic technique {(27) in CIEA. All the animal experiments
were properly conducted according to the institutional
guidelines. These mice were irradiated with 120 cGy of
X-rays, and 1 X 10% cord blood CD34* cells, which were re-
suspended with 200 p! PBS, were transferred into them by
intravenous (i.v.) injection later the same day.

Antibodies and flow cytometric analysis

The following mAbs were used. Anti-CD3-FITC, anti-CD4-
FITC, anti-CD19-FITC, anti-CD34-FITC, anti-CD45-FITC,
anti-CD62L-FITC, anti-CDE3-FITC, anti-CD4-phycoerythrin
(PE), anti-CD20-PE, anti-CD23-PE, anti-CD44-PE, anti-IgD-
PE, anti-CD4-allophycocyanin (APC), anti-CD20-APC, anti-
CD28-APC, anti-CD38-APC, ani-igM-APC, anti-CD11b-APC,
anti-CD8-PE-Cy7, anti-CD3-biotin, anti-igD-biotin and anti-
CD132-biotin were purchased from BD PharMingen (San
Jose, CA, USA). Anti-CD24-FITC, anti-CD27-PE, anti-CD23-
PE, anti-CD10-PE, anti-CD178-PE, anti-CD95-pacific blue,
anti-CD19-APC Alexa Fluor 750 and e-Fluor 450 Mouse
1gG1, k isotype control were from e-Bioscience (San Diego,
CA, USA). Anti-CD5-PE-Cy7 and anti-CD24-PE-Cy5 were
from Beckman Coulter (Miami, FL, USA). Anti-CD34-biotin
was from Serotec. Anti-TRBV28 (VB3}-biotin was from Ancell
(Bayport, MN, USA). Biotinylated antibodies were visualized
by streptavidin-APC or streptavidin-PE-Cy7 (BD PharMin-
gen). For intracellular staining, anti-human IgM-FITC was

. purchased from Dako {Glostrup, Denmark). PE-labeled anti-

VpreB (HSL96) and V,s (HSL11) were kindly provided by
Karasuyama (28).

To analyze human lymphocytes in the hu-HSC-NOG mice,
multicolor cytometric analysis was performed using a FACS



Calibur or FACS Canto Il (BD Biosciences). To monitor the
reconstitution periodically, peripheral blood was taken from
the retro-orbital venous plexus through heparinized pipettes.
At the time of sacrifice, single-cell suspensions were pre-
pared from the spleen or BM by mincing with metal mesh or
by flushing the tibiae and femurs with PBS containing 2%
FCS using a 27-gauge needle. The cells were stained with
the relevant mAbs for 15 min on ice, then washed with cold
PBS containing 2% FCS and stained with the appropriate
secondary antibodies when necessary. We used Cytofix/
Cytoperm solution (BD Biosciences) for intracellular staining,
according to the manufacturer's instructions. After the final
wash, the cells were subjected to flow cytometric analysis.
The proportion of each lineage was calculated using CELL
Quest or FACS Diva software (BD Biosciences).

ELISA

The concentration of human IgM and IgG in the sera of
reconstituted NOG mice was measured using a human Ig
assay kit (Bethyl, Denver, CO, USA). For the detection of
keyhole limpet hemocyanin (KLH)-specific human IgM and
1gG antibodies, humanized NOG mice were immunized two
or three times once a week with an emulsion of 500 ug of
KLH whole protein (Sigma, St Louis, MO, USA) with CFA
(Difco Laboratories, Sparks, MD, USA) in total 100 pl by in-
tra-peritoneal (i.p.) injection. The sera from the immunized
mice were harvested 1 week after the final immunization.
The specific antibodies against KLH were measured by
a standard ELISA. Briefly, 96-well plates were coated with
10 ug mi~' KLH at 4°C overnight. After washing and block-
ing with PBS containing 1% BSA, the collected serum sam-
ples were loaded. HRP-conjugated anti-human Ig antibody
was used as a secondary antibody. Both anti-lgG-specific
and anti-lgM-specific antibodies were purchased from
Bethyl (Montgomery, TX, USA). o-Phenylenediamine was
used as a substrate for detection. The absorbance at 450
nm was measured by a microplate reader. To dstect pep-
tide-specific g, we used a peptide-coating kit (Takara, Otsu,
Japan), according to the instruction manual.

To detect cytokines in the supernatants, kits for IL-2, IFN-y
or 1L-4 (BD Biosciences) were used according to the instruc-
tion manuals from the manufacturer.

In vitro cultures

The single-cell suspension of spleen cells from hu-HSC-NOG
mice was prepared as described above 16-20 weeks after
reconstitution. Human IgD* mature B cells were isolated by
MACS LS column by using a biotin-conjugated anti-igD
mAb and anti-biotin microbeads. The purity of the isolated
fraction was ~90%. The IgD* cells were cultured in RPMI
medium supplemented with 10% FCS and antibiotics [peni-
cillin G sodium (100 U mi~") and streptomycin sulfate (100
1g mi~}. The cells were stimulated with polyclonal anti-IgM
antibody at 2 pg mi™' (Jackson immunoresearch, West

Grove, PA. USA) or with- Staphylococcus -aureus cowan-

(SAC) at 0.01% (Calbiochem, Gibbstown, NJ, USA) in the
presence or absence of 1 pg mi~! anti-CD40 antibody
(R&D, Minneapolis, MN, USA) with or without a mixture of
100 ng mi~" IL-21 (Peprotech, Rocky Hill, NJ, USA) and 25
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Flg. 1. Reconstitution of NOG mice with human hematopoietic stem
cells. (A) Representative FACS analysis of peripheral biood (PB) cells
from hu-HSC NOG mice 8 weeks after CD34" cell transplantation (n = 6).
Engraftment of human CD45* (hCD45*) cells in the PB in the hu-HSC
NOG is shown {top left panel: controf non-transferred NOG mouse, top
right panel: hu-HSC NOG). Development of the human CD19* B cells
and CD3" T cells in the spleen were analyzed in the hu-HSC NOG
gated on hCD45* cells (bottom panels) (8 weeks after reconstitution,
n = 6). (B) Humoral immune responses in hu-HSC NOG mice. Upon
immunization of the hu-HSC NOG mice (at 16weeks after reconstitution,
n = 4) with KLH/CFA emulsion (500 pg of KLH/CFA, three times), the
sera was collected and examined for the presence of KLH-specific
human IgM (left panel) or IgG (right panel) by ELISA.

U mi~" IL-2 (R&D) in a 96-well plate (2 X 10% in 200 ul per
well) for 7 days. The IgM and IgG levels in the culture super-
natants were determined by ELISA as described above.

For T-cell stimulation, the total spleen cells of hu-HSC NOG
mice were cultured with PHA (1 ug mi~") or a mixture of solu-
ble anti-CD3 (OKT3, 10 pg mi~") (BD PharMingen) and anti-
CD28 (1 pug mi~") (Biolegend, San Diego, CA, USA) antibod-
ies in a 96-well round-bottom plate (1 x 10°% in 200 pl per
well). Human CD4* or CD8"* T cells in the hu-HSC NOG mice
were purified by positive selection by MACS LS column in
combination with anti-human CD4 or CD8 microbeads, re-
spectively. The T cells were stimulated with immobilized anti-
CD3 (10 pg mi~") and CD28 (1 pg mi~") antibodies or mix-
ture of phorbol myristate acetate (50 ng mi~") and ionomycin
(1 #.g m~") in 96-well round-bottom plates (1 X 10° in 200 pl
per well). The T-cell proliferation was measured as the incor-
poration of [®H]thymidine for the last 6 h of a 72-h culture.
Carboxyfluorescein succinimidy! ester (CFSE) labeling was
conducted according to a standard protocol.

Reverse transcription-PCR

The expression of mRNA for AID was measured by semi-
quantitative reverse franscription (RT)-PCR. The total RNA
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Fig. 2. Analysis of B cells in hu-HSC NOG. (A) Characterization of human B cells in the peripheral blood (PB) of hu-HSC NOG. A representative
result of staining with anti-igM and anti-CD19 antibodies was shown (16 weeks after reconstitution, n = 6). (B) Representative staining pafterns
with anti-lgD and anti-CD27 antibodies are-shown gated on CD19* B cells from-various sources [i.e. PB-of the hu-HSC NOG (16 weeks after
reconstitution, n = 3), human cord blood or PB of a normal healthy adult]. (C) A representative analysis of splenic CD19* cells in hu-HSC NOG by
various differentiation-related markers. The whole-spleen celis of the hu-HSC NOG mice (8 weeks after reconstitution, n = 4), cord blood-derived



was prepared from cells using Trizol Reagent (Invitrogen,
Carlsbad, CA, USA). The concentration of the total RNA was
measured by NanoDrop 1000 (Nanodrop Technologies),
and the first-strand cDNA was synthesized using Super-
scriptlll (Invitrogen) with an oligo (dT) 20 primer. The cDNA
for AID, RAG1, RAG2, TdT or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was amplified with specific pri-
mers using Ex-Taq polymerase (Takara). The primer sets
were as follows—AID: forward, 5'-gaggcaagaagacactctgg
and reverse, 5'-caaaaggatgcgccgaagetgictggag; RAGT:
forward, 5’-ccagctgittgetiggecatccgt and  reverse, 5'-
ftgggaictcatgecticcaagat; RAG2: forward, 5'-atgiccctg-
cagatggtaaca and reverse, 5'-gccttigtatgagcaagtage; TdT:

forward, 5'-ccaccaattgcigtacaasaga and reverse, 5'-tcgt-

tcatcatitaacacagcett; B-actin: forward, 5’-gctcgicgtcgaca-
acggcic and reverse, 5’-caaacatgatctgggicatctictc and
GAPDH: forward, 5’'-gaaggtgaaggtcggagica and reverse,
5'-ttcacacccatgacgaacat.

After denaturing at 94°C for 5§ min, the cDNA was amplified
by a protocol consisting of 94°C for 30 s, 60°C for 30 s and
72°C for 30 s, for 25 cycles. The PCR products were sepa-
rated on agarose gels and stained with ethidium bromide.

Retroviral vectors

The retroviral vector, pDANsam-IRES-EGFP, based on mu-
rine stem cell virus with enhanced green fluorescent protein
(EGFP) as a marker under an internal ribosomal entry site
(IRES) was kindly provided by Onodera (29). PLAT-F, a pack-
age cell line that produces a pseudotype virus with an
RD114 envelope, was from Kitamura (30) and used to infect
CD34* stem cells. The human bcl-2 or HLA-DRB*0401
genes were inserted into the Notl and BamH! sites of the
pDANsam-IRES-EGFP vector.

B16 T cells specific for an influenza hemagglutinin peptide
(HAz07-319)- were kindly provided by Buckner (31). The T-cell
receptor (TCR) genes (B16 TCR; TRAV4 and TRBVZ28 based
on the International Immunogenetics Information System)
were isolated by standard techniques from the B16 T cells
and cloned into the retroviral vector. TRAV4 was inserted into
the Notl/BamHl sites, while TRBV28 was inserted into the
Ncol/Clal sites after removing the EGFP gene. To infect hu-
man T cells, retrovirus was prepared in the form of a VSV-
pseudotype virus in 293T packaging cells, by piasmid DNA
transfection using a standard calcium phosphate protocol.
After 72 h, the supernatants were recovered and concen-
trated by centrifugation at 8700 r.p.m. for 19 h at 4°C.

Gene delivery into CD34* cells by retrovirus

CD34* cells isolated from cord blood were cultured in
X-VIVO 15 (Cambrex Bioscience, Walkersville, MD, USA),
supplemented with 1% human serum albumin (HSA) (Kaket-
suken, Kumamoto, Japan) and stimulated with a cytokine
cocktail {100 ng mi~" stem cell factor (R&D), 100 ng mi~’
Fit-3 ligand (Fit-3L) (R&D), 100 ng mi~' thrombopoietin and
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100 ng mi™" IL-6 (Peprotech)] in a 24-weli plate (2 x 10°
per well) for 48 h. During the priming of the CD34* cells,
non-tissue culture-treated six-well plates (Becton Dickinson)
were coated with CH-296 recombinant fibronectin fragment
(Retronectin) (20 pg mi~", Takara). The stimulated CD34*
cells were harvested and placed in the CH-296-coated
plates (3 x 10° per well) in the presence of the respective
virus supernatant. The supernatants were diluted 1:2 with
X-VIVO containing 1% HSA, 10 pg mi~' protamine suifate
and the cytokine mixture described above. The cells were
spun at 2000 r.p.m. for 30 min at 37°C. Every 12 h, the me-
dium was replaced with fresh virus supernatant. After 48 h
of culture, the frequency of GFP- and CD34-expressing cells
was examined. About 5 X 10° to 1 X 10° infected cells were
injected i.v. into irradiated NOG mice.

Retroviral infection of hurnan T cells

CD4* T celis were isolated from the PBMCs of normal
healthy donors by MACS, as described above. The infection
of T cells by retrovirus for B16 TCR was conducted as previ-
ously reported (32). Briefly, purified T cells were stimulated
in the presence of recombinant human IL-2 (50 U mi~") on
a 24-well plate that had been previously coated with anti-
CD3 antibody (1 pg mi™), anti-CD28 antibody (1 pg mi~")
and Retronectin (12 ug mi™'). Half of the culture medium
was replaced by fresh medium supplemented with IL-2 ev-
ery 48 h. On days 4 and 5, the T cells were spin-infected
with the concentrated virus (2000 r.p.m., 90 min at 32°C). Af-
ter a further 1 week of culture, the expression of B16 TCR on
the T cells was examined by staining with anti-TRBV28 anti-
bOdy, APC-conjugated HLA-DRB1 *0401/HA307_319
(PKYVKQNTLKLAT) or HLA-DRB1*0401/human CLIPig3-117
(PVSKMRMATPLLMQA) tetramers (kindly provided by Na-
tional Institute of Health tetramer core facility). These T cells
(1 x 10° or 3 X 10°) were transferred into reconstituted NOG
mice by i.v. injection and subsequently i.p. immunized with
HA peptide/CFA emulsion (100 ug HA peptide in total 100 ui).

Resuits

Reconstitution of NOG mice with human CD34" stem cells

In the fully reconstituted NOG mice, a significant amount of
human B and T cells appeared in the peripheral blood and
comprised major fractions in the spleen, as previously
reported (16) (Fig. 1A). Immunization of the hu-HSC NOG
mice with a protein antigen, KLH, with CFA evoked an anti-
gen-specific IgM response, but a negligible antigen-specific
IgG response (Fig. 1B). This finding was also consistent with
previous reports (21, 22, 24, 25).

Analysis of the human B cells in hu-HSC NOG mice: partial
differentiation of the human B cells

To elucidate the mechanisms for the poor IgG response in
the hu-HSC NOG mice, we analyzed the development and

cells or PB from a normal adult were stained with respective antibodies. CD24™MCD38" immature population is highlighted by red contour plot.
(D) The number of immature (CD19*CD24™MCD38M) or mature (CD19*CD24'°CD38") B cells from hu-HSC NOG at different time points after
reconstitution. The means of the cell number of each B-cell population are represented with standard deviation (n = 3 for each group). (E) Partial
differentiation of human B cells in the spleen in hu-HSC NOG mice. The expression patterns of CD24, CD21 or I1gD on CD19*IgM* B cells
(highlighted by blue contour plot) from the hu-HSC NOG mice (8 weeks after reconstitution, n = 4), cord blood or adult PB are shown.



