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Table 4. Continued

Fold change
Gene
Affi ID abbreviation ~ CB 1 CB2 PB1 PB2  Gene name
203329_at PTPRM 0-36 0-62 1-3 193 Protein tyrosine phosphatase, receptor type, M
204731 _at TGFBR3 0-78 0-55 122 2:04 Transforming growth factor, beta receptor III (betaglycan, 300 kDa)
Transcription . :
203129_s_at KIF5C 0-67 0-09 1-33 343 Kinesin family member 5C
213906_at MYBL1 075 051 1:25 363 V-myb myeloblastosis viral oncogene homologue (avian)-like 1
209815_at PTCH 0-59 0-27 141 4-17 Patched homologue (Drosophila)
213891 _s_at TCF4 0-74 065 2:06 1-26 Transcription factor 4
238520_at TRERFI 0-70 0:77 1-23 2-30 Transcriptional regulating factor 1
203603_s_at ZFHX1B 074 061 126 3.63 Zinc finger homobox 1b
213218 _at ZNF187 0-74 0-69 1-26 176 Zinc finger protein 187
221123 _x_at ZNEF395 038 071 1:63 129 Zinc finger protein 395
15 p 1.5 ¢
IFNy | GM-SCF

Relative mRNA level

Relative. mRNA level

significantly higher in PB-derived CD4" T cells in compati-
son with equivalent CB-derived- CD4" T cells at 1 week
(P.< 0:05) but not at 2- weeks (Fig. 6).

‘Discussion

Although it is"generally believed that there are functional
differences between CB and PB lymphocytes, the details are
obscure. For instance, Azuma et al."”’ reported that the
phenotype-and function of expanded CB lymphocytes were
essentially equivalent to those of expanded PB lymphocytes
when ‘evaluated :in in vitro experiments. In the present
: -sstudy, -however;: we have shown: that CB-derived CD4t

("

Figure 2. Quantitative polymerase. chain reac-
tion (PCR) analysis of the genes related to the T
helper type 1 (Thl) and Th2 phenotypes. The
expression of the genes indicated was examined
by real-time' teverse transcriptase (RT)-PCR
using the same: sample specimens as'in Fig 1.
Data are normalized to the mRNA level in PB 1
which is arbitrarily set to 1. The signal intensity
was normalized using that' of ‘a control: house-
keeping ' gene ‘[the human ' glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene]. Data
are relative values with the standard deviation
(SD) for triplicate wells.

T cells revealed a distinct expression profile of genes
important- for the function of particular: T-cell subsets
compared with PB-derived CD4"* T cells.

CD4* T cells can be’ classified into distinct subsets,
including effector' CD4" cells ‘and Tregs, according to
their  functional characteristics as well as differentiation
profiles."*'® Typically, effector CD4* T cells have been
further divided into two distinct lineages on the basis of
their cytokine production profiles, namely Thl and Th2.
Thl cells producing cytokines such as IL-2, IFN-y and
GM-CSF have evolved to. enhance the eradication of
intracellular  pathogens and are thought to be potent
activators’ of: cell-mediated immunity. In  contrast, Th2

©:2009 Blackwell Publishing Ltd; iImmunology, 128, 405-419
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Figare 3. Quantitative polymerase chain reac- 15
tion: (PCR) analysis of the forkhead box pro-
tein 3 gene (FOXP3) and the genes related to 5
the secretion of interleukin  (IL)-17. The g
expression of the genes indicated was examined z
as in Fig 2. Data are normalized to the mRNA E
level in peripheral blood sample 1 {(PB 1) as in g o5
Fig.2. The signal “intensity was normalized @
using that of a control housekeeping. gene [the
human glyceraldeliyde-3-phosphate dehydroge-

nase (GAPDH) gene]. Data are relative values
with the standard deviation for triplicate wells.
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Figure 4. Quantitative polymerase chain reaction. (PCR) analysis' of
the forkhead box protein 3 gene (FOXP3) in additional samples.
Additional peripheral blood (PB) and cord blood (CB) samples were
prepared and RNAs were extracted at 1 and 2 weeks. The expression
of the FOXP3 gene was examined as in Fig. 2. Data are normalized
to the mRNA level in the sample of PB 3 at 1 week, which is arbi-
trarily set to 1. Thesignal intensity was normalized using that of a
control: housekeeping gene (the human f-actin gene). Data are rela-
tive values with the standard deviation for triplicate wells. The data
were analysed statistically and FOXP3 gene expression in CB-derived
CD4* T cells was found to be significantly higher in comparison
with equivalent PB-derived CD4" T cells at both 1 week (P < 0.05)
-and 2-weeks (P <-0-05).

“ © 2009 Blackwell-Publishing Ltd; Immunology, 128, 405-419
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cells secreting cytokines such as IL-4, IL-5, IL-6, IL-9 and
1L-13 have evolved to enhance the elimination of parasitic
infections and are thought to. be potent activators of
B-cell immunoglobulin E-production; eosinophil recruit-
ment, and mucosal expulsion. Thi-type responses to self
or commensal floral antigens can promote tissue destriic-
tion and chronic inflammation, whereds 'dysregulated
Th2-type responses can cause allergy and asthma. The
development of Th1 is specified by the transcription fac-
tor T-bet (also known ‘as Tbx-21)- and  master regulators
of Th2 differentiation aré GATA-3 and c-maf.

As shown in Fig. 2 and Table 2, the gene expression
profiles of CB- and PB-derived CD4" T cells revealed no
significant differences regarding cytokines related to the
definition of Thi and Th2, with the exceptions of IFN-%
and GM-CSF. The mRNA levels of IFN-v and GM-CSF
tended to be higher in CB-derived: CD4" T cells than in
PB-derived CD4" T cells. The mRNA expression of the
transcription - factors: T-bet, GATA=3 and c-maf, which
regulate Thl and' Th2 cell: differentiation, did not differ
significantly between CB- and PB-derived CD4' T cells.

In addition to Thl and Th2 cells, IL-17 (also known
as IL-17A)-producing: T lymphocytes have been recently
shown to comprise a distinct third subset of T helper
cells, termed ‘Th17 cells, in the mouse immune system.
Th17: cells exhibit pro-inflammatory characteristics and
act ‘as major. contributors to autoimmune  disease. A
number of experiments using animal models support a
significant role for IL-17 in the response to  allo-
grafts.''®!” There is as yet no direct evidence for the
existence of discrete Thi7 cells in humans, although
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PBigure 5. Protein expression of forkhead box protein 3 (Foxp3) in dctivated CD4* T cells. The protein expression of Foxp3 in same sample
specimens as in Fig, 4 was examined by flow cytometry. The CD4 versus Foxp3: cytogram of the population gated with CD3" and CD4" in each

sample is presented.

helper T cells secreting IL-17 have clearly been detecied

in the human immune system.'® Several studies have
shown. a correlation between allograft rejection and
IL-17. For example, 1L-17 levels are elevated in human
renal allografts during  subclinical - rejection and  there
are detectable mRNA levels in the urinary mononuclear
cell sediments of these patients.'””® In human lung
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organ - transplantation, IL-17 levels have also been
reported to be elevated during acute rejection.’’ Inter-
estingly, ‘in this study, most of the PB-derived CD4"
T-cell. samples expressed higher levels of IL-17 mRNA
than the CB-derived CD4’ T-cell samples, suggesting
that PB-derived CD4" T ‘cells frequently include potent
IL-17-secreting T cells.

© 2009 Blackwell Publishing: Ltd, Immunology; 128, 405-419
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Figiire 6, ‘Quantitative polymerase’ chain reaction (PCR) analysis of

interlenkin - (IL)-17 - in -additional 'samples. The expression ‘of the
IL-17 gene in the same sample specimens as in Fig. 4 was examined
and presented as in Fig 2. The data were analysed statistically and
IL-17 gene expression in peripheral blood (PB)-derived CD4" T cells
was'found fo be significantly higher in' comparison with equivalent
CB-derived CD4" T cells at 1 week (P < 0-05) but not at 2 weeks.

Th17 cells expand independently of T-bet or STAT-1.
Ivanov et al.*? have shown that the orphan nuclear receptor
RORyt is the key transcription factor orchestrating the
differentiation of  the effector lineage. . RORyt induces
transcription of the gene encoding 1L-17 in naive CD4"
T helper cells and is required for its expression in response
to JL-6 and transforming growth factor (TGF)-f; the
cytokines known to induce IL-17 expression. 1L-23 is also
involved in Th17 cell differentiation, but naive T cells do
not have the IL-23 receptor and are relatively refractory to.
IL-23 stimulation.”?* Although IL-23 seems to be an
essential survival factor for Thi7 cells, it is not required
during their differentiation. It has been suggested that
IL-23R expression is up-regulated on RORyt" Th17 cells in
an JL-6-dependent manner. 1L-23 may therefore function
subsequent to 1L-6/TGF-f-induced commitment to the
Th17 lineage to promote cell survival and expansion and,
potentially, the continued expression of 11-17 and other
cytokines  that characterize the Thl7 phenotype. As
presented in-Fig. 3, the expression of the RORyt gene was
significantly weaker in CB-derived CD4" T cells, whereas
the expression of genes encoding 11-23 and the 11.-23
receptor did not differ significantly between the CD4*
T cells. Based on the above findings of others, it is possible
that the low-level expression of the RORyt gene in
CB-derived CD4" T cells is responsible for the absence of
IL-17 mRNA. expression in those cells.

©:2009: Blackwell-Pablishing Ltd; Immunology, 128, 405-419

Tregs are another functional subset of T cells having
anti-inflammatory properties and can cause quiescence of
autoimmune diseases and prolongation of transplant
function. In vitro, Tregs have the ability to inhibit the
proliferation and production of cytokines by responder
(CD4™ CD25~ and CD8") T cells subjected to polyclonal
stimuli, as well as to down-regulate the responses of CD8"
T cells, NK cells and CD4" cells to specific antigens.”*?¢
These predicates translate in vivo to a great number of
functions other. than. the maintenance -of tolerance to
self-components (prevention ' of . autoimmune . disease),
such as the ability to prevent transplant rejection. Indeed,
donor-specific. Tregs. can prevent  allograft rejection in
some models of murine transplant tolerance through a
predominant effect on indirect alloresponses.

Foxp3 is thought to be responsible for the development
of the Treg population and can act as a phenotypic marker
of this fraction.”” Tregs constitutively express CTLA-4 and
there are suggestions that signalling through this: pathway
may. be important for their function, as: antibodies to
CTLA-4 can inhibit Treg-mediated suppression.”® As
shown above, most of the CB-derived CD4" T cells were
found to ‘express. either the FOXP3 gene or the Foxp3
protein at higher levels compared with PB-derived CD4"
T cells, suggesting that CB-derived CD4". T cells frequently
include a potent Treg population.

As described above, IL-17 mRNA was more detectable
in PB-derived CD4" cells while FOXP3 mRNA expression
was higher in' CB-derived CD4" cells. Post-transcriptional
regulation; as well as differences in mRNA and protein
turnover rates; can cause discrepancies between mRNA
and protein expression and thus the differences observed
in the mRNA expression do not necessary directly indi-
cate those in. protein expression.29 Indeed; we observed
some discréepancy between the levels of mRNA and pro-
tein: with regard to Foxp3 expression in CB-derived CD4"
T cells, as' presented - above. Nevertheless, changes in
mRNA expression are mediated by the alteration of tran-
scriptional regulation, and thus should indicate the differ-
entiation ability of the cells. Therefore, our data indicate
that CB-derived CD4* T cells tend frequently to include
potent Tregs, while PB-derived CD4" T cells tend to
include potent 1L-17-secreting cells. As described above,
DLI with donor CB-derived activated CDA" T cells is cur-
rently becoming established as a routine therapeutic strat-
egy in Japan. It has been proposed that the skewing of
responses towards Th17 or Thi cells and away from Tregs
may be responsible for the development and/or progres-
sion of autoimmune diseases or acute transplant rejection;
and it may thus also be speculated that CB-derived CD4"
T cells are more appropriate for DLI than PB-derived
CD4" T cells.

However, our data also indicate the presence of indi-
vidual, donor-dependent variations in the characteristics
of activated CD4" T cells derived from CB and PB. More-
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over, activated CD4™ T cells do not consist of a single
population and should include several distinct functional
subsets of CD4" T cells. Therefore, it is important to dlar-
ify the characteristics of activated CD4" T cells in each
preparation to predict the therapeutic effect of DLI in
each clinical case.

In summary; our findings demonstrate a difference in
gene expression between activated CD4" T cells derived
froni CB and those derived from PB. The higher level of
FOXP3 gene expression and the lower level of IL-17 gene
expression in CB-derived CD4"™ T-cells may indicate that
these cells have potential ‘as immunomodulators in- DL
therapy. Further ‘detailed analysis should reveal the advan-
tages of activated CD4" T cells from CB in DLL
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Abstract A nationwide survey was conducted for iden-
tifying ataxia-telangiectasia (AT) patients in Japan. Eighty-
nine patients were diagnosed between 1971 and 2006.
Detailed clinical and laboratory data of 64 patients
including ~ affected - siblings were collected.  Analyses
focused on malignancy, therapy-related toxicity, infection,
and hematological/immunological parameters. The pheno-
typic variability of AT was assessed by comparing 26
affected siblings from 13 families. Malignancy developed
in 22% of the cases and was associated with a high rate of
severe  therapy-related complications: chemotherapy-rela-
ted cardiac toxicity in 2 children, and severe hemotrhagic
cystitis requiring surgery in 2’ patients. The frequency of
serions. viral infections correlated with: the T cell count.
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Hypogammaglobulinemia with hyper-IgM (HIGM) was
recorded in 5 patients, and 3 patients developed pan-
hypogammaglobulinémia. Differences in immunological
parameters were noted in siblings. Four patients showed an
HIGM phenotype, in contrast to their siblings with normal
IgG and IgM levels. The patients with HIGM phenotype
showed reduced levels of TRECs and CD27"CD20™"
memory B cells. The. findings suggest that hitherto
unidentified modifier genes or exogenous environmental
factors can influence the overall immune responses. Our
data along with future prospective study will lead to better
understanding - of  the hematological/immunological phe-
notypes and to better care of the patients.

Keywords Ataxia-telangiectasia - Phenotypic variations -
Hyper-IgM - Modifier genes - Affected siblings

1 Intreduction

This:is the first survey with regard to ataxia-telangiectasia
(AT) carried out in Japan.

AT s a rare genetic disorder having multiple manifes-
tations. It is characterized by early-onset of progressive
neurodegeneration; oculocutaneous telangiectasia, various
immunodeficiencies leading to a predisposition to' infec-
tion, high risk of developing lymphoreticular malignancy,
and increased sensitivity to ionizing radiation. Character-
istic laboratory and diagnostic findings include cerebellar
atrophy, high ‘serum alpha-fetoprotein' (AFP) level, and
chromosomal - translocations  involving ' immunoglobulin
and T cell receptor genes [1-5].

Clinical heterogeneity is observed within the disorder
[1, 3, 5-8]. Neurological symptoms include cerebellar
ataxia, oculomotor apraxia; disarthria, and choreoathetosis,
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which range from classical form with steady progression to
milder forms with milder phenotype or slower progression.

Predisposition to infection because of impaired immu-
nity is noted; however, it is variable [1, 4, 6]. Lower
respiratory infections increase with age, partly as a con-
sequence of food aspiration caused by deterioration of
neurological functions.

The immune defect is rarely progressive and is variable
among AT patients [1, 8, 9]. The common humoral
abnormalities are decreased levels of IgA, IgE, and IgG2.
The most notable defect in T cell immunity is lymphope-
nia, especially in the CD4 T cell population; however, 30%
of patients do not show immunodeficiency [8].

Following cloning of a gene responsible for AT,
diagnosis of AT could be confirmed by measuring ATM
protein, ATM kinase activity, or by sequencing the ataxia-
telangiectasia mutated (ATM) gene [2, 10, 11]. ATM plays
a controlling role in (1) recognition and repair of DNA
damage by interaction with H2AX, Mrel1/Rad50/NBS1,
and SCM1; (2) cell cycle arrest by phosphorylation of
various molecules, including Breal, Chk2, and E2F1; and
(3) cellular apoptosis via MDM?2 and the p53 pathway
[3, 12~14].

Despite progress in identification of the molecular basis
of ATM function, little research evidence is ‘available
concerning the pathogenesis of AT or therapies that might
aid the AT patients [15-18]. This reflects the relative rarity
of this disorder, and: thus: the paucity of data from large
patient cohorts. Particularly, the severe adverse effects of
chemotherapeutic agents leading to increased DNA dam-
age in AT patients with malignancies need further scrutiny.

This' prompted us to.conduct a nationwide survey in
Japan with regard to AT, and to collect data on the clinical
signs/symptoms, long-term follow-up laboratory data, and
complications of treatment. Basic immunological studies
were performed on patients currently alive. We reassessed
the disease survival rate and compared the data from
affected siblings to determine the phenotypic variability
between patients with similar genotypes and environments.
We describe here therapy-related toxicity, hematological/
immunological changes, and phenotypic diversity in the
affected siblings.

2 Methods

2.1 Patients and questionnaire

In September 2005, a preliminary questionnaire soliciting
information about AT patients was sent to 1,223 depart-
ments of 665 medical hospitals/institutes in Japan. A more

extensive questionnaire was conducted for 92 potential AT
patients. Eighty-nine patients were enrolled in this analysis

@ Springer

after elimination of non-AT patients and overlapping
information; and detailed information was obtained from
the remaining 64 patients. The data were provided after
obtaining informed consent from the patients currently
alive or their parents.

AT diagnosis of patients was conducted at their
respective institutes and reconfirmed at our institute by
assessing the clinical symptoms, laboratory findings, and
carrying out genetic analysis, protein expression analysis,
or both in some cases. The study included 28 sibling cases,
of which 26 patients from 13 families were subjected to
comparative analysis.

2.2 Western blotting

In order to prepare cellular extracts for anti-ATM immu-
noblotting, the T cells from the AT patients were expanded
in the presence of recombinant -2 (700 TU/mL.; Proleu-
kin, Chiron; ‘Amsterdam, Netherland) 'in a flask ‘with
immobilized ' anti-CD3 mAb:OKT3" (5 pg/mL, Janssen-
Kyowa, Tokyo, Japan). Western blotting with anti-ATM
antibody was performed as previously described {19, 20].

Mutational analysis was performed: as described previ-
ously [21, 22] and will be reported in a separate paper. The
analyses were approved by the ethics committee of our
university, and written informed' consent was obtained
from the patients and/or their parents.

2.3 Immunological characterization

Surface immunophenotyping was performed: as previously
described [23-25]. Data for T cell-receptor excision circles
(TRECs): were calculated. using peripheral ‘mononuclear
cells as described previously [26]. The quality of the
extracted. DNA was confirmed by the measurement of
GAPDH, and TRECs level was expressed as copy number/
HgDNA.

2.4 Statistical analysis

The probability of survival was estimated by the product-
limit method. Student’s t test was applied for statistical
analysis between the two groups.

3 Results

3.1 Diagnosis and survival

The median age at diagnosis was 6.7 years (range 0.9—
24.5 years), and the median age of survival was 26.0 years

(Fig. 1). Twenty-nine patients had died before the study
began, at a median age of 19.7 years (range 5.8-31.8 years).
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Fig. 1 Survival rates of "46 ataxia-telangiectasia’ (AT) patients.
Survival rates of 46 patients as calculated by Kaplan-Meier method.
The median survival was 26 years

The most frequently documented cause of death was
infection (18 patients), and 5 of 18 patients died of infection
during chemotherapy for malignancy. In the remaining 11
patients; 3. patients died of malignancy, 5 patients’ from
various other causes, and 3 from unknown etiology:

The median age of the patients currently alive was
15.0. years (range 4-28.6 years). The median age of onset
of telangiectasia  was recorded as 6.7 years: (range 1.8-
13.5 years). Clinical characteristics ‘of the patients are
displayed in Table 1.

3.2 Neurological symptoms

Neurological symptoms are summarized in Table 1. Tre-
mor, oculomotor apraxia, and chorea were observed in 68,
59, and 27% of the patients, respectively. Thirty of 45
patients were wheelchair-bound at the median age of
8.0 years (range 2.5-16.4 years).

3.3 Malignancies

Detailed information was obtained from 12 patients with
malignancy. Of these patients, 6 had acute lymphoblastic
leukemia (ALL; 4 T-ALL and 2 Precursor-B-ALL), 4 had
non-Hodgkin lymphoma, 1 had Langerhans: cell histiocy-
tosis, and 1 developed cholangiocarcinoma. Two patients
achieved long-term complete remission, 3 died of tumor
progression, 4 died of bacterial infections during chemo-
therapy, and 1 died of cytomegalovirus (CMV) infection
during . the period of chemotherapy-related immunodefi-
ciency. One patient died as a result of infection before
starting therapy, and 1 patient died because of cardiac
failure due to chemotherapy.

Altogether two patients with T-ALL suffered from the
left cardiac failure caused by chemotherapy that included
anthracycline. During maintenance therapy with metho-
trexate and 6-mercaptoprine, 1 patient with precursor-
B-ALL developed inflammation of multiple lymph nodes
with NK-cell cytosis which rapidly developed into multiple

Table 1 Patient characteristics

Male/female 40/40

Sibling cases/patients without a sibling 28/52
Maternal breast cancer 2.2% (1/46)
Age at diagnosis (age, years): median (range) 6.7 (0.9-24.5)
Alive/deceased 28/29

Median age of survival: median (range) 26.0 (5.8-31.8)
Onset of telangiectasia (age, years): median (range) 6.7 (1.8-13.5)
Neurological symptoms

Onset of ataxia (age, years): median (range) 15 (0.5-5.6)
Ataxia 100% (80/80)
Apraxia 59% (26/44)
Chorea 27% (12/44)
Infections (number)
Bacterial infection 29
Severe viral infection 11
Malignancy 22% (17/76)
Acute leukemia 6
Lymphoma 4
Langerhans cell histiocytosis 1
Cholangiocarcinoma 1
Unknown 5
Glucose intolerance 17% (8/46)

Growth retardation (height <2.0 SD at >6 years). .. 86% (19/22)
Hypothyroidism 0%

Other clinical symptoms

Hemorrhagic cystitis (post-chemotherapy)
Cardiac failure (post-chemotherapy)
Acute nephritis/renal failure

Heart failure

Paroxysmal supraventricular tachycardia
TP

o et B IND

Eighty-nine patients were enrolled in this analysis; and detailed
information was obtained in 64 patients. Positive in the total numbers
of the reply is indicated in parenthesis when % is calculated. Total
number in each reply does not add up to 89 or to 64, since not all the
question items were answered

organ failure. Although the definitive diagnosis was not
made, this was probably due to EBV-associated NK-cell
lineage proliferative disorder.

Hemorrhagic cystitis requiring surgical intervention was
noted in 2 patients. One patient with idiopathic thrombo-
cytopenic purpura (ITP) refractory to . gammaglobulin
treatment and steroid therapy, received intravenous cyclo-
phosphamide. ‘Although the patient maintained a platelet
level =50,000/mm>, massive hemorrhage in the bladder
developed 3 years after completing cyclophosphamide
therapy. This patient also suffered from acute nephritis
accompanied by acute renal failure before developing ITP
[27]. The second patient received a cyclophosphamide-
containing regimen for the  treatment of ALL; and
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developed massive hemorrhage during maintenance ther-
apy with methotrexate and 6-mercaptopurine. Cytoscopy
revealed varicose veins in the bladder of both of the
patients.

3.4 Infections

Twenty-nine patients had bacterial infections mainly of the
sinus or the lower respiratory tract. Eleven patients had
severe or persistent viral infections, of which 3 suffered
from chronic Epstein-Barr virus (EBV) infection, 2 from
severe recurrent varicella-zoster virus (VZV) infection, 2
from severe measles pneumonia, 1 from herpes simplex
virus “(HSV) encephalitis, and 1 from systemic CMV
infection after a treatment course for T-ALL. CD37T cell
counts were known in 7 patients and were less than 450/
mm’ in 5 patients. T cell-lymphopenia did not result from
chemotherapy for malignancy. One of the patients had
EBV infection after completion of therapy for malignant
lymphoma.

Anti-EBV titers were documented. in 19 patients. Five
had anti-EBV titers indicative of persistently active EBV
infection: elevated VCA IgG (>1,280x) and EA-DR IgG
(>40x). Of the 5 patients, 4 showed negative anti-EBNA
antibody (<10x) and 1 had a normal EBNA response (40x).

None of the patients in this cohort had fungal infections
caused by agents such as Candida; Aspergillus, or Pneu-
mocystis jerovicii, or protozoal infections.

35 Hemétological and immunological data

Serum AFP: level was elevated in 43 of the 44 patients
tested. The median serum  concentration of AFP was
372 ng/mL (range 71-1,518).

Average neutrophil count, lymphocyte count, hemo-
globin levels, and platelet levels were 5,620/mm3 . 1610/
mm?, 13.0 g/dL, and 40.2 x 10%/mm’, respectively. Data
on lymphocyte subsets were recorded in 29 patients.
CD3*T cell count was <1,000/mm” in 24 patients and was
decreased (>2 SD below the mean for age) in 66% of
patients. CD4'T cells, CD8'T cells, and CD20'B cells
were decreased in 76, 39, and 78% of patients, respec-
tively. Distribution of each subset is shown in Fig. 2. The
TRECs were measured in mononuclear cells of 12 patients,
and were significantly lower than those in age-matched
controls (Fig. 3) in concordance with previously reported
data [9, 28]. There was no correlation between the CD3'T
cell counts and the TRECs levels (data not shown).

Five of ten patients with <450/mm> CD3 lymphocytes,
whereas 2 out of 19 patients with >450/mm> CD3*T cells
developed severe viral infection (p < 0.05).

Immunoglobulin levels were evaluated in 50 patients
(Fig. 4). Four patients (8%) showed elevated IgM level
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Fig. 2 Lymphocyte counts of patients with AT. Total lymphocytes,
CD3*, CD4", CD8" (a) and CD20" cell. counts (h) are shown.
Horizontal bar shows median value of the cell counts. Normal ranges
(5th-95th percentiles) for patients aged 10 years to adults aré shown
on the right side of each column
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Fig. 3. Quantification of T cell receptor excision circles (TRECs) in
AT patients.  Closed diamonds show . TRECs in normal  healthy
subjects. Closed circles are TRECs measured in AT patients. Solid
lines connect data for affected siblings

(>450 mg/dL) with normal or elevated IgG level (1,050-
2,513 mg/dL). Three patients showed normal IgA level,
and 1 patient showed absence of IgA. Whether they had
polyclonal or monoclonal gammopathy is not known. IgG
level was <500 mg/dL in 8 patients. Reduced serum levels
of IgG and IgM were recorded in 3 patients on more than 2
separate occasions. Two of the 3 patients developed
hematological malignancy thereafter. Serum IgA level was
below 50 mg/dL in 17 patients (34%), of which 10 patients
had isolated IgA. deficiency.
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Fig. 4 Serum IgG, IgM,; and IgA levels of AT patients. Horizontal
bar shows median value. Normal ranges (5th-95th percentiles). for
patients aged: 10 years to adults are shown on the right side of each
column

Decreased IgG levels (0-220 mg/dL) with hyper-IgM
(380-4,000 mg/dL) (HIGM) were noted in 5 of 8 patients
with: low IgG. Lymphocyte subsets were examined in 3
patients with the HIGM phenotype (IgM: 790, 3,800, and
4,000 mg/dL). They showed decreased B cell counts (10;
52, and 82 cellsymm’). The CD271CD20"population,
recorded in 2 out of 3 HIGM patients, showed decreased
memory B cell fraction (<15% of CD20"B cells). The

. TRECs. level was particularly low, with <100 copies/
1gDNA in both patients.

3.6: Comparison of phenotypes in affected siblings

Phenotypic description and laboratory data from 13 pairs of
affected siblings were collected at comparable age when-
ever possible. Sequencing and Western blot analyses were
performed in 6 families. ATM mutations were different in
all families (manuscript ~in preparation), and ATM
expression was virtually absent (<2% of normal ATM
‘level) in all the cases. The results of anti-ATM Western
blot for representative patients are shown in Fig. 5.

Some neurological and endocrinological findings were
concordant in AT siblings. Chorea was noted in 5 patients.
Two sibling pairs were concordant. In another family, only
a younger brother showed chorea. Diabetes mellitus was
“detected in 5 siblings in 3 families.

1 Patient C
Normal
PatientD
PatientE

| PatientA
Patient B

AmbE.

DNA-PKes §

Ku70/80

B-actin

Fig. 5. Western  blot analysis for ATM. Protein extracted from
activated T cells from normal subjects and from clinically diagnosed
AT patients (Patient A; B, C, D, and E) were subjected to Western
blot analysis for ATM. The blots were also probed with antibodies to
DNA-PKcs, Ku70/80, and to f-actin

Differences were noted in some associated symptoms
and laboratory data (Table 2). Serum AFP level was more
than three times higher in the elder sibling in 2 sibling
pairs, higher in the younger sibling in 2 families, and
almost at the same level in 6 sibling pairs: In 2 siblings, the
elder brother had acute nephritis, ITP, hemorrhagic cystitis,
and was obese, with an elevated serum triglyceride level
(>400 mg/dL), whereas a younger brother was emaciated
with a low triglyceride level (<30 mg/dL) with none of the
disorders of his brother.

A large variation was noted in hematological and
immunological parameters (Table 2). In 3 families, the
lymphocyte count was consistently more than three times
higher in one sibling than the other sibling (>2,000/mm>).
Decreased IgG/IgA with hyper-IgM was recorded in
4 patients. HIGM was detected before the age of 2 years
in 3 patients, and was recorded at the age of 10 years in
1 patient, whereas it was not observed in their siblings:
IgG/lgM/IgA levels were normal in 3 patients, and
1 patient showed only decreased IgA. Except for 3 patients
with HIGM, 3 patients had low serum IgA levels, while the
IgA levels of their siblings were normal or elevated.

No significant differences were observed in the cD3t,
CD4*, CD8™, or CD20 counts in the sibling pairs. TRECs
were measured in 6 siblings from 3 families. Slight dif-
ferences were observed in TRECs values; however; this
could be because of the age difference.

Common features of AT patients with HIGM phenotype
were low memory B cell count and low TRECs level. The
CD277CD20 memory B cell/CD27 CD20 naive B cell
ratio was 0.2/1.5% in 1 patient with HIGM, while that of
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Table 2 Multiparameter analysis of affected siblings

Patient Age Ly Pit AFP T-chol TG 1eG IsM IgA IgE Died
(years) (mm’) (x10°mm’) (og/mL) (mg/dL) (mg/dl) (mg/dL) ~ (mg/dl) (mg/dL) (ng/mL) (age)
Normal range 1,300-5,300 100-400 <10 150-220 50-150 800-1,600 50-280 100-400 0-380
1EB 83 3,280 323 n.t nt. nt. 220 436 0 nt. 105
1YB 8.0 1,740 395 135 147 nt. 1,000 150 238 68 150
2ES 200 2,130 380 525 187 nt. 1,464 360 140 280 20.0
2YS 96 3,240 nt. 690 160 nt. - 1,008 215 328 68 20°
3EB 119 . 4,060 334 1,090 177 nt. 1,130 224 0.8 0 204
3YB 15 1,185 nt. 273 nt. nt. 1,240 274 0.8 0 1
4ES 13.7 1,950 329 529 223 nt. 1,502 239 30 nt. 150
4 Y§* 192 - 1590 417 524 164 100 1,860 278 749 <1 282
5TwB 273...-1,530 426 nt 186 nt. n.t nt. n.t: .t 28.6.(A)
5 TwB 2732060 .. 492 n.t nt nt nt nt. nt. nt 28.6 (A)
6 EB 16.8 1,260 423 316 nt nt 1,950 266 163 7IUMmL: 226 (A)
6.YB 108 1,130 504 nt nt nt. 1,690 256 2 <4 TU/mL 16,6
7 ES? 11.7- 1,250 620 949 167 195 852 257 369 <1 128 (A)
7 YB* 52 1,180 422 226 209 67 1,095 300 24 «1 6.3 (A)
8 ES 240 1,780 465 420 nt. nt. 700 250 179 nit: 190
8.YB 19.0: 1,300 it 1,518 - nt Bt 55 12200213 <20 26.5:(A)
9 EB* 196 1,320 324 838 171 100 1,144 104 111 14 21.0(A)
9 YB® 17.2 1,500 533 632 144 150 793 89 329 0.9 18:6 (A)
10ES 1182700 429 560186 66 1120 224 128 n.t 28.1
10 YS 9.8 690 490 560 209 121 1,150 168 80 nt 317
11'ES 40 2,280 212 100 143 95 1,703 190 64 <30 58
11 ys 34 460 149 93 125 104 136 3,932 75 <1 40 @A)
12 EB? 10.6 74,820 75 296 117 499 50 4,000 10 1 11.6 (A)
12 YB* 89 1,070 251 357 133 22 1,070 191 346 3 9.7 (A)
13 ES 244 730 454 292 175 88 <5 790 <5 <5 2.7
13 Ys* 229 - 1,250 374 1,662 197 97 991 263 191 nt, 23.0 (A)

Ly lymphocytes, TG triglyceride, EB elder brother; ES elder sister, YB younger brother, YS younger sister, TwB twin brother, n.t. not tested,

A alive
* Mutation in' ATM gene was confirmed

® The age of the patient at his/her last visit. Bold indicates data where difference among siblings was noted

his brother was 2.1/4.4%. Decrease in the memory B cell
fraction was noted in another patient with HIGM (0.9/
10.9%). . Unfortunately, lymphocyte immunophenotyping
of the patient’s elder sister could not be recorded becatise
of her early death from leukemia.

4 Discussion

Toxicity of antineoplastic agents was highlighted as an
important - issue for treating malignancy in AT ‘patients.
Two. patients in our cohort developed left cardiac failure
after an  anthracycline-containing ~therapeutic regimen.
Hemorrhagic cystitis was observed in 2 patients. Anecdotal
reports suggest that telangiectasia can occur in the bladder
wall; however, symptoms resulting from telangiectasia
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have only been recently reported in one case who had a
history of nephritis and ITP [27, 29]. Our data show that
this was not because of peculiarity of the reported patient.
The cystitis was most likely related to late toxicity of
cyclophosphamide. Although hemorthagic cystitis is the
common adverse effect of high-dose cyclophosphamide, it
occurs in less than 5% of patients receiving the conven-
tional dose. Severe cyclophosphamide-related cystitis that
requires surgical intervention is rare. Hematuria might
begin immediately or occur several years following treat-
ment [30-32]. Therefore, the physicians should be aware of
the late side effects of cyclophosphamide administered to
AT patients.

Half of the AT patients developing malignancy died of
infection or therapy-related toxicity, while 7 of 10 AT
patients developed lymphoid malignancy after the age of
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9 years, 2 developed B cell malignancy before the age of
6 years (at 4 and 5.7), when diagnosis of AT was not yet
established. Both patients died of therapy-related toxicity.
To improve early diagnosis of AT, routine measurement of
AFP is strongly recommended on diagnosis of B cell
malignancy in ataxic children. This would help in finding
AT patients who have developed ALL and would require
dose modification upon the treatment. Supervision by an
oncologist familiar with the specific problems encountered
by AT patients would also be beneficial for treatment of
malignancy in AT patients.

Severe viral infection has not been a hallmark of AT
children in previous surveys, despite their defective anti-
body response and impaired cellular immunity [8]. Of the
11 patients with severe viral infections, 7 had infections
caused by herpesvirus species (3 EBV, 2 VZV, 1 CMV,
and 1 HSV). Reduced CD37T cell counts with the absence
of lymphopenia or hypogammaglobulinemia were noted in
5 patients, suggesting that those with T-lymphopenia are
susceptible to herpesvirus infection:

It is of interest that 5 AT patients showed abnormal anti-
EBV titers indicative of persistently active. EBV infection,
among whom 3 patients also displayed clinical symptoms
of EBV infection. Further prospective large-scale: study. is
warranted to investigate immunity against the herpesvirus
species in AT children [33].

HIGM phenotype indicative of defective class switch
recombination (CSR) has been documented in AT patients;
however, it is considered to be infrequent, and its incidence
was hitherto unknown. ATM protein is involved in CSR
[34-38]. The CSR junctions in B cells from AT patients
show a dependence on microhomologies and are devoid of
normally occurring mutations around the breakpoint. In our
study, AT patients showed deficiencies of serum IgA (in

60% of the patients), IgE (in 80%), IgG (in 26%), and IgG2.

(in 80%).

In a previous study, 8% of AT patients developed dys-
gammaglobulinemia with gammopathy. In our study, 8
patients (16%) showed decreased serum IgG and IgA/E
levels. Panhypogammaglobulinemia was documented in 3
patients. It should be noted that 2 of 3 patients with pan-
hypogammaglobulinemia . developed lymphoid malig-
nancy. Five patients in our study (10%) showed the HIGM
phenotype, and 3 of them showed markedly elevated serum
IgM with low IgG level (<200 mg/dL). In fact, 1 patient
was initially diagnosed with female HIGM syndrome with
mild ataxia. Recent study has shown the immunological
phenotype could be reminiscent of hyper-IgM syndrome in
patients with AT [27, 39]; and our study has shown the
hyper-IgM phenotype is not rare in the patients.

Further immunological data were available for 4 of 5
AT patients with HIGM. Some aspects of their data are
informative for considering possible mechanisms of the

CSR defect. First, HIGM was observed at early childhood
before development of bacterial/viral infection. Second, 4
AT patients with HIGM had siblings with AT, and they
showed normal IgG/M levels. Third, TRECs in 2 HIGM-
AT vpatients were especially low with <100 TRECs/
ngDNA. These data indicate that the HIGM phenotype was
not determined solely by ATM mutation type or by the
expression level of ATM protein, but possibly by overall
recombination activity with other modifier genes or with
environmental factors other than infections. Moreover, 12
sibling pairs showed ‘substantially - different IgA levels.
More detailed analysis of AT children with hypogamma-
globulinemia will lead to better understanding of ‘the
involvement of ATM in V(D)J recombination and in CSR.

Finally, we evaluated whether the phenotypic variations
were due to the mutation type or the age difference by
comparing the phenotypes and laboratory data between the
sibling pairs with the same ATM mutations. The data were
accumulated at a similar age whenever possible.

Our study demonstrated some similarity and difference
in the clinical phenotypes and a wide variety in ‘the
immunological parameters of the sibling pairs. Thus, it is
not likely that the variations were due to age difference or
ATM mutation type. The diverse phenotypes and immu-
nological data of the sibling cases suggest a modifier
gene(s) and environmental factor(s), or both also serve as
important determinants of the patients” phenotypes.

Our data demonstrate that median age at diagnosis,
onset of telangiectasia, and longevity were similar to those
of previous reports [4, 5, 7]. The most common cause of
death was infection, particularly lower respiratory infection
at older ages. The proportion of AT patients who developed
chorea, malignancy, diabetes mellitus, or short stature was
not different from data previously reported.

This paper described the results of the first nationwide
survey of AT patients in Japan. Despite the limitations
associated with a retrospective study, our data shed light on
important issues in AT patients. These data will lead to
better patient care as well as understanding of pathogenesis
and diverse phenotypes of AT children.
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Rare cases of possible materno-fetal transmission of cancer have
been recorded over the past 100 years but evidence for‘a shared
cancer clone has been very limited. We provide genetic evidence
for mother to offspring transmission; in utero, of a leukemic cell
clone. Maternal and infant cancer clones shared the same unique
BCR-ABL1 genomic fusion sequence, indicating a shared, single-cell
origin. Microsatellite. markers in the infant cancer were all of
maternal origin. Additionally, the infant, maternally-derived can-
cer cells had a major deletion on one copy of chromosome 6p that
included deletion of HLA alleles that were not inherited by the
infant (i.e., foreign to the infant), suggesting a possible mechanism
for immune evasion.

fetus | fusion gene | leukemia

Rare cases: of melanoma o hemopoietic malignancies in
infanits have been recorded that may have been of maternal
origin (1). Genetic evidence for a shared, materno-fetal clone of
cancer cells has, however, to date, been sparse and based upon
limited karotype information (1). Unambiguous attribution of
transmission of a cancer clone should be achievable by genetic
fingerprinting, the most striking precedent for which is canine
transmissible venereal sarcoma (CTVS) in which multiple cases
worldwide derive from a single clone (2). Leukemia fusion genes,
generated by chromosome translocations, have patient-specific
or idiosyncratic genomic sequences at the fusion breakpoints and
are frequently early or initiating events (3). They therefore
provide stable, specific, and sensitive clonal markers and can
unambiguously identify a single-cell origin in different individ-
uals as documented with monozygotic twins with concordant
leukemia (4). We report here equivalent genetic scrutiny of a
case of concordant maternal and infant ALL/lymphoma with the
BCR-ABL1 fusion gene.

Results

The Mother. The Japanese mother was 28 years old at her child’s
delivery. No hematological abnormalitics had been identified
during the pregnancy, and the birth was uncomplicated. Thirty-
six days after the delivery; the mother experienced vaginal
bleeding. On day 39, she developed fever, and on day 43,

- bleeding became uncontrollable. Blood showed leukocytosis

(206,800/pL) with 97% lymphoblasts, anemia (hemoglobin level:
3.5g/dL), and thrombocytopenia (platelet count: 0.2 X 10%/uL).
Bone marrow aspiration revealed peroxidase-negative lympho-

-blasts (99.6% of nucleated cells), which were positive for CD10),

CD19, CD20, €D34, TdT, and CD79a. Chromosomal G-banding

- showed 46,XX,t (9, 22)(q34;q11), and 3.2 X 10° copies/ugRNA

of p190-type BCR-ABLI mRNA were detected by RT-PCR. She

7> was diagnosed as having B-cell precursor Ph-+ ALL (see SI Text
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the Infant. The 11-month-old female offspring of the above
mother was admitted to hospital with right cheek swelling. MRI
revéaled a mass in'the cheek (Fig. S14) and a pleural effusion
of the lung: There was no lymph node swelling or organomegaly.
She was born with normal delivery at 40 weeks, 5 days gestation.
There was no history of prenatal abnormalities including intra-
uterine growth retardation, and she showed normal growth and
development until admission.

taboratory Findings on Infant Samples. Laboratory analyses of the
maternal and infant samples was carried out with full ethical
approval in accordance with the Declaration of Helsinki (Local
ethics approval # CCR2285) and with informed consent of the
family (father). Biopsy of the primary jaw tumor showed the
presence of small round blue cell tumor with large nucleus/
cytoplasm ratio, which diffusely proliferated with partial hyalin-
ization of stroma. A large antibody panel was used to distinguish
a sarcoma from lymphoma. LCA; CD10, CD20, CD79a, TdT,
CD?34, and MIC2 were positive by immunohistochemical stain-
ing, and CD3, CD5, CD56, desmin, HHF35, S100, GFAP,
chromogranin, and synaptophysin were all negative. No cytoge-
netic analysis was performed but subsequent FISH analysis
revealed positivity for the BCR-ABL 1 gene (Fig. S1B).

Cells (48.2%) in the pleural fluid were positive for CD10,
CD19, CD34, and HLA-DR and p190-type BCR-ABLI chimeric
mRNA was detected (9.5 X 10¢ copies/ugRNA) by quantitative
RT-PCR (Q-PCR).

Blood count findings on the infant were as follows; WBC
10,100/pL. (segment forms 22%; lymphocytes 72%; monocytes
5%:; eosinophil 1%), hemoglobin level 12.5 g/dL, platelet count
38.4 X 10%uL. No blast cells were detected in the cerebrospinal
fluid, and there was no morphological evidence of tumor infil-
tration in bone marrow. Bone marrow aspirates were negative for
BCR-ABLI chimeric mRNA by Q-PCR. The patient’s neoplastic
cells had the same immunoplienotype and abnormal genotype
(BCR-ABLI fusion) as her mother’s ALL but, in light of the
presentation features, she was diagnosed as having B-cell pre-
cursor lymphoblastic lymphoma stage III by the St. Jude Staging
System (see SI Text for clinical treatment of infant).
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Impaired CD4 and CDS8 Effector Function and Decreased
Memory T Cell Populations in ICOS-Deficient Patients

Naomi Takahashi,* Kenji Matsumoto,” Hirohisa Saito," Toshihiro Nanki,* Nobuyuki Miyasaka,”*
Tetsuji Kobata,® Miyuki Azuma, Sang-Kyou Lee,! Shuki Mizutani,* and Tomohiro Morio'*

Interaction of ICOS with its ligand is essential for germinal center formation, T cell immune responses, and development of
autoimmune diseases. Human ICOS deficiency has heen identified worldwide in nine patients with identical ICOS mutations. In
vitro studies of the patients to date have shown only mild ‘T cell defect. In this study, we report an in-depth analysis of T cell
function in two siblings with novel ICOS. deficiency. The brother displayed mild skin infections and impaired Ig class switching,
whereas the sister had more severe symptoms, including immunodeficiency; rheumatoid arthritis, inflammatory bowel: disease,
interstitial pneumonitis, and psoriasis. Despite normal CD3/CD28-induced proliferation and IL-2 production in vitro; peripheral
blood T cells in both patients showed a decreased percentage of CD4 central and effector memory T cells and impaired production
of Thi, Th2, and Th17 cytokines upon CD3/CD28 costimulation or PMA/ionophore stimulation. The defective polarization into
effector cells was associated with impaired induction of T-bet, GATA3, MAF, and retinoic acid-related orphan nucléar hormone
receptor (RORC). Reduced CTLA-4"CD45RO™ FoxP3" regulatory T cells and diminished induction of inhibitory. cell surface
molecules, including CTLA-4, were also observed in the patients. T cell defect was not restricted to CD4 T cells because reduced
memory T cells and inmipaired IFN-y production were also noted in CD8.T cells. Further analysis of the patients demonstrated
increased induction of receptor activator of NF-«B ligand (RANKL), lack of IFN-¥ response; and loss of Itch expression upon
activation in the female patient, who had autoimmunity. Our study suggests that extensive T cell dysfunction, decreased memory
T cell compartment, and imbalance between effector and regulatory cells in ICOS-deficient patients may underlie their immu-

nodeficiency and/or autoimmunity. - The Journal of Immnunology, 2009, 182: 5515-5527.

embers of the CD28 family play an impottant role in
M the regulation of T cell immune responses (1, 2). Ex-

pression of these molecules and their ligands is tightly
regulated to deliver either costimulatory. or inhibitory signals (2~
5), and their uncoordinated regulation leads to the development of
immunological disorders (6=8).

ICOS (CD278) is a costimulatory member of the CD28 family, and
its expression is induced in CD4 T cells upon activation (9=11). The
ICOS signal is induced by interaction with its partner, the ICOS li-
gand (ICOS-L?; CD275), a molecule highly expressed on B cells and
dendritic cells and weakly on T cells and nonlymphoid cells (1, 12):
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Signaling through ICOS enhances T cell proliferation, secretion of
cytokines, and up-regulation of cell surface molecules (11, 13,:14).
Previous research has showed that the ICOS-ICOS-L. interaction
is important for productive T-B cell coactivation, CD4(-mediated
Ig class switch recombination, and development of Th2 immune
responses (1, 15-17). Induction of the Thl cytokine IFN-7v is rel-
atively unaffected and in some studies angmented; other studies
have documented the importance of ICOS in Th1 responses (15,
16, 18=21). Accumulating evidence indicates that ICOS also reg-

“ulates the generation of Th17 cells, differentiation of FoxP3™ reg-

ulatory T cells (Tregs), and homeostatic survival of invariant NKT
(INKT) cells (22-24). :

Although earlier investigations of ICOS-null mice revealed nor-
mal numbers of naive/memory T cells and normal primary clonal
expansion and survival of memory T cells, more recent investiga-
tion has demonstrated lower numbers of effector memory T cells
(TEMS) in ICOS™/™ mice in the steady state (23). Seemingly con-
tradictory results have been reported on the requirement of ICOS
for T cell differentiation and function.

Most studies have depicted ICOS as a costimulator. Indeed, the
blockade of the ICOS-ICOS-L interaction abrogates the develop-
ment of murine models of autoimmune diseases, as follows: rheu-
matoid arthritis (RA), inflammatory bowel disease (IBD), myas-
thenia gravis, type 1 diabetes mellitus, experimental myositis,
antoimmune carditis, and graft-vs-host disease (25-30).

Previously, human ICOS deficiency has been reported in nine .
patients from four families (31-33). Importantly; the same homol-
ogous genetic deletion of exons 2 and 3 was identified in all pa-
tients, indicating a founder effect in all four families. Analysis of
these patients revealed reduced numbers of memory B cells and
pan-hypoimmunoglobulinemia, but no impairment in the secretion
of TNF-a, IEN-vy, IL-2, TL-4, IL-10, or IL-13. Normal surface
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expression of CD69, CD40L (CD154), CD25, and 0X40 (CD134)
was observed on their T cells following stimulation (31). A later
study provided evidence of defects in IL-10 and IL-17 production
(33); however; no major impairment of T cell function was demon-
strated. Autoimmunity, manifested as autoantibody-mediated neutro-
penia, was observed in"only one patient (33).- Although there have
been reports on the eftects of ICOS on CD8 responses in mice (34,
35), impact of ICOS on CD8 T cells is not yet completely understood.

In this study, we describe the case of two siblings having ICOS
deficiency with a novel mutation in the ICOS gene. Although both
patients' displayed varing degrees of immunodeficiency; only the
sister showed a wide range of autoimmune diseases, including RA,
IBD, interstitial pneumonitis (IP), and psoriasis.

In this study, we focused on the T cell inimune furiction of these
1COS-deficient patients. Detailed analysis demonstrated a reduc-
tion'in ‘memory T cells-and’ a' major subtype of Tregs; impaired
polarization into Th1, Th2, and Th17; and defective induction of
CTLA-4 molecules and other surface inhibitory receptors.

We further assessed activation-induced T cell proliferation and
apoptosis, induction of costimulatory receptor molecules, and ex-
pression of master regulators for effector: T cell subsets, and ex-
plored the mechanisms of T cell defect and antoimmunity in these
patients using quantitative mRNA analysis.

Materials and Methods

Patients and. controls

Patients were diagnosed with common variable immunodeficiency, accord-
ing to the European: Society for Immunodeficiencies  criteria (www.
esid.org). Twelve healthy volunteers (6 male, 6 female) aged between 26
and 48 years were rectuited. The study was approved by the institutional
ethical committee of Tokyo Medical and Dental University, and written
informed: consent was ‘obtained from the patients, the elder sister and
iother of the patients; and healthy controls:

Sequencing and RT-PCR of ICOS

Genomic DNA was extracted from peripheral blood using a DNA blood
mini- kit (Qiagen), according to the manufacturer’s instructions. The
coding sequences of the five exons and the adjacent intron-exon bound-
aries of the ICOS gene were amplified with specific primers (sequences
are available upon request) from genomic DNA on the basis of ICOS
sequences obtained from GenBank database - (accession numbers
AC103880, AC009965, and AB023135). All PCR products were se-
quenced using BigDye terminator v3.1 and an ABI Prism 3130 Genetic
Analyzer (Applied Biosystems); the sequence data were then analyzed
using DNASIS software (Hitachi Software). Total RNA was isolated
from stimulated PBMCs using an RNeasy mini kit (Qiagen) and reverse
transcribed into cDNA using a Superscript 11 first-strand synthesis sys-
tem for RT-PCR {Invitrogen). PCR products were separated by agarose
gel electrophoresis.

Monoclonal Abs

We used the following FITC-; PE-, PE Texas Red (ECD)-, or PE cyanin
5.1 (PCS)-conjugated Abs: FoxP3 (236A/B7) from Abcam; IgG 1 isotype
controls, CD3 FITC, CD3 PE (SK7), CD4 PE (SK3), CD8 FITC, CDS PE
(SK1D), CD25 FITC (M-A251), 1L-4 PE (3010.211), IFN-v PE (25723.11),
4-1BB PE (4B4-1), OX40 PE (ACT35), and 1L.-10 PE (JES3-10F1) from
BD. Pharmingen; CD3 FITC (UCHT!), CD4 PC5 (13B8.2), CD§ ECD
(SFCI21Thy2D3), €CD8 FITC (B9.11), CD19 ECD, CD19 PE (J4.119),
CD20 FITC (B9E9), CD25 PC5 (B1.49.1), CD28 FITC, €D28 purified
(CD28.2), CD45RA FITC (ALBII and 2H4), CD45RO PE, ECD
(UCHLD); CD62L. ECD (DREG56), €D69 PE (TP1.553), CTLA4 PE
(BNI3), streptavidin FITC, streptavidin PC5, and TCR V Repertoire kit
from Beckman Coulter: (CA); CD27 PE (M-T271) and IgD from Dako-
Cytomation; CD45RO PE (UCHL), IL-17 FITC (eBio64DEC17), B and
T lymphocyte attenuator (BTLA) PE (MIH26), programmed death-1
(PD-1) FITC (MIH4), ICOS-L., ICOSL biotin (MIH12), and ICOS FITC
(ISA-3): from  eBioscience; receptor activator of NF-kB (RANK) PE
(9A725) from Imgenex: €D25 PE (4E3) from Miltenyi Biotec; Alexa Fluor
488 -goat anti-mouse - IgG Ab. from Molecular Probes; CCR7. FITC
(150503) from eBioscience; ‘and CD3 purified (OKT3) from Janssen
Pharmaceutical.

T CELL DYSFUNCTION IN NOVEL HUMAN ICOS DEFICIENCY

Cell separation and stimulation

PBMCs were isolated from heparinized blood using Lymphoprep (Axis-
Shield), as described previously (36). CD4 T cells were negatively selected
from the PBMCS using a StemSep’ device (StemCell Technologies). Thus,
the purity of the collected CD4 T cell population was generally >95%.
CD8 T cells wete prepared with the same technique yielding >90% pure
CD8 T cell population. Separated cells were resuspended in RPMI 1640
(WAKO) supplemented with 10% heat-inactivated FBS (Gemini Biologi-
cal Products), and incubated at 10% cells/ml in 24-well plates (Greiner
Bioscience) with or without stimulants. For stimulation, we used anti-
CD28 mAb (at T pg/ml) with plate-bound- anti-CD3 mAb or 50 ng/ml
PMA (Sigma-Aldrich) plus 1 pg/ml ionomycin (Sigma-Aldrich). The cells
were incubated in the medium at 37°C in 5% CO, for the indicated time
periods. 1L-2 (Lymphotec) was used at 700 IU/ml with plate-bound anti-
CD3 when assessing 1COS expression.

Flow cytometric analysis

PBMCs; CD4-T cells, or CD8 T cells were stained: with the indicated Abs
and were analyzed using a FACSCalibur flow. cytometer and CellQuest
software (BD Biosciences) or an EPICS XL flow cytometer and EXPO32
software (Beckman Coulter), as described previously (37). For intracellular
cytokine detection, PBMCs were stimulated with PMA and jonomycin in
the preseiice of GolgiPlug (BD Pharmingen) or brefeldin A (eBioscience)
for.5-8 h at 37°C in 5% CO,. After stimulation, the cells were fixed and
permeabilized using a Cytofix/Cytoperm Plus fixation/permeabilization kit
(BD Pharmingen). The same permeabilization technique was used to detect
CTL A4 expression. A CellTrace CFSE cell proliferation kit (Molecular
Probes) was used for the CFSE assay, and an annexin V FITC/7-AAD kit
(Beckman Coulter) for the apoptosis assay.

Cytokine production: assay

Negatively selected CD4 T cells or CD8 T cells were incubated with or
without stimulants (plate-bound anti-CD3 mAb and anti-CD28 mAbor' 50
ng/inl PMA; and 200 nM ionomycin). The supematants were collected
after 24 h and analyzed using ELISA for IL-17; 1L-12p40, 1122, and
TGF-B1 (R&D Systems); 1L.-21 (eBioscience); and human Th1/Th2 cyto-
kines (JEN-v, IL-2, 1L, 1L-5, 11+6, 11.-10, TNF-c, and TNF-$) using a
FlowCytomix kit (Bender MedSystems), according to the manufacturet’s
instructions. All assays were performed in duplicate.

Real-time quantitative PCR

Total RNA was extracted using an: RNeasy mini kit with DNase (Qiagen)
and reverse transcribed using random hexamer primers and Superscript 111
reverse transcriptase (Invitrogen). Real-time quantitative PCR was per-
formed using a 7300 Real-Time PCR system (Applied Biosystemns) using
an assay-on-demand Tagman probe and primers (Hs00174383 for ILI7A,
Hs00243522 for RANKL, Hs00203958 for FOXP3, Hs00226053  for
RNFI128, Hs00909784 for CBLB, Hs00395208 for ITCH, Hs00172872 for
EOMES. Hs00193519 for MAF, Hs00231122 for GATA3; Hs00894392
for TBX21. Hs01076112 for RORC; Hs99999901 for 18§, and Hs99999905
for GAPDH), according to the manufacturer’s instructions. Relative ex-
pression levels of these genes were normalized according 1o GAPDH ot
185 rRNA expression, using a standard curve method as described by the
manufacturer. All samples and standards were tested in duplicate.

Oligonucleotide microarray assay

Oligonucleotide microarray assay was conducted with total RNA extracted
from a total of 1=3 X 10°CD4 T cells stimulated in anti-CD3-coated plates
in the presence of anti-CD28 mAb or from unstimulated CD4 T cells, as
described previously (38). Data analysis; selection of significant signals;
and comparison of the data from multiple samples were conducted, as
previously described (38). The results have been deposited in the Gene
Expression Omnibus at hitp://www.ncbinlm.nih.gov/geo/(accession num-
ber GSE12875).

Results
Clinical course of patients and diagnosis of ICOS deficiency

The sister; hereafter designated patient 1, was born in 1967. In her
infancy, she had episodes of prolonged viral infection. In 2001,
when she developed a pulmoniry abscess following appendec-
tomy, ‘she was: diagnosed  with common variable immunodefi-
ciericy according to the European Society for Immunodeficiencies
criteria (at the age of 34); and i.v. Ig treatment was started to
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FIGURE' 1. Diagnosis of ICOS deficiency. 4, Pedigree of the ICOS deficiency patients. Filled symbols represent affected family members (11.2, patient
I IL3, patient 2). The patients were products of a consanguineous marriage. B, Expression of ICOS. PBMCs from patients I and 2, their mother (1.2), elder
sister (IL.1), and a healthy control (HC) were cultiuréd on an anti-CD3 mAb-coated plate in the presence of 11.-2 and stained with anti-ICOS mAb (solid
line) or control mAb (dotted line). The graphs are gated on CD3 T cells. Mean fluorescence. intensity of ICOS is shown in each graph. C, Partial sequences
of exon 2 of ICOS from HC, the mother of the patients, aid patient 1. The elder sister of the patients had a heterozygous mutation that was detected in
the mother, and the brother (patient 2) had a homozygous mutation at codon 285, D, Schematic figure showing the wild-type 199-aa ICOS protein and
putative 120-aa mutant ICOS protein obtained from the patients. The shaded area represents the mutant proteins generated by induction of a frameshift at

codon 285. L, L region; HI, hydrophilic region; CO, connecting region; TM, transmembrane region; CY, cytoplasmic region. E, RT-PCR analysis for ICOS
mRNA. ICOS mRNA (1-597) from anti-CD3/I.-2-stimulated PBMCs from patient I (#1) and patient 2 (#2); and HC was amplified by RT-PCR with
specific primers. The PCR produci, was analyzed by agarose gel electrophoresis: MWS, m.w. standard.

maintain the trough IgG level of >4 g/L. In the following years;
she developed psoriasis-like cutarieous lesions and arthritis in mul-
tiple joints, including bilateral shoulder, wrist, knee, metacarpo-
phalangeal,  proximal  interphalangeal, and metatarsophalangeal
joints, RA was diagnosed on the basis of the findings of prolifer-
ative synovitis of ‘multiple finger and toe joints with erosive
changes on x-ray examination. Psoriatic arthritis was ruled out
based on the joints affected and the x-ray findings. In 2003, she
developed-abdominal colic, diarrhea, and IP; and had a constantly
- elevated setum CRP level. Diagnosis of IBD was made upon bi-
opsy of the colon, and hoth JBD and IP. were controlled by pred-
nisolone. She was referred to our hospital in 2006, Methotrexate at
8 mg/week significantly improved not only the articular signs and
symptoms of RA, but also the psoriatic skin changes and IBD; The
dose of prednisolone was successfully tapered from 15 to 8 mg/
day. Since then, she has been on regular Ig supplementation every
2 wk.
The pedigree of the patient is shown in Fig. 1A. The patient
=had two siblings: her sister was healthy with no immunological
abnormalities; whereas her younger brother (hereafter desig-
nated patient 2) developed occasional skin abscesses and mild
~ psoriasis-like cutaneous lesions, and had slightly low levels of
158G (611 mg/dL) when examined at the age of 35..The serum
IgG level stays at the same level to date; and he is not yet on Ig
supplenentation,
A summary of the immunological data of patients 1 and 2, the
elder sister, and ICOS deficiency patients reported to date (33)

absent in the peripheral blood samples (Table I). The serum
samples contained no detectable specific [gG Abs against mea-
sles, mumps, or rubella viruses despite a previous record of
vacceine inoculation (data not shown). The immunological pa-
rameters of patient 2 are unique in that he showed elevated
serum IgM (456 mg/dL). The T cells of the patients displayed
abundant expression of CD69 and HLA-DR when stimulated
via TCRs in the presence of exogenous I1-2 (data not shown),
but lacked sutface ICOS expression (Fig. 1B). Activated T cells
from the mother (1.2) and elder sister (IL:1) displayed normal
ICOS induction.

Sequencing of the ICOS gene revealed the homozygous deletion
of T at codon 285, which caused a frameshift in the coding region
of ICOS ‘and introduced a premature stop codon at ax 121
(F95{sX121) in the patients (Fig. 1, € and D).

Sequencing analysis of the ICOS gene in the elder sister and
mother demonstrated a heterozygous mutation (Fig. 1¢). RT-PCR
of ICOS mRNA with specific primers amplifying the entire coding
region of the ICOS gene (1-597) demonstrated the presence of an
ICOS franscript, suggesting the absence of nonsense-mediated
RNA decay (Fig. 1E).

Decreased memory T cells in ICOS-déficient patients

A previous report on human ICOS-deficient patients showed a not-
mal distribution of naive, memory, and effector T cells (31, 33,
39). Howevet, as seen in the representative FACS plots in Fig. 24,

we observed a substantial reduction in CD4*CD45R0O* memory
cells in the patients compared with age- and gender-matched con-
trols (12.1 and 6.6% for patients 1 and 2, respectively, and 24.5

#+is given in Table T.-Patient | had a slightly reduced B cell count,
& ~whereas ;patient 2-had a normal B cell count. In both siblings,
however, CD277 IgD =switched memory B cells were virtually
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Table 1. Summary of immunological data®
Patient 1 Patient 2 Previously Reported ICOS-Deficient Patients (range)  IL1 (hetero) Normal Range
Lymphocytes (/mm?) 1400 = 200 1,900 + 200 353-4,153 1,400 1,200-2,800
Immunophenotype of
PBMCs (%)
CcD3 80.5 £ 5.0 724220 704-95.6 717 58-84
CD4 59550 55.6 £3.0 23.1-59.2 50.5 25-58
CD8 24.1 £ 40 19.1 3.0 16.6=64.0 225 18-46
CDI6 7802 112 =20 = 14.5 6-25
CD19 21206 48 *05 0.6-21.2 9.7 3-20
CD19*CD27*(%Bc) 0.2 0.8 2.0-12.6 114 §-35
CD197CD27*1gD ™ (%Bc) 0 0.4 0.0-1.3 8.6 7-32
Blastogenesis (cpm) :
PHA 56,100 45,600 78,900-95,700 - 20,500-56,800
Con A 45,300 32,500 - - 20,300-65,700
Igs
1gG (mg/dL) 315 611 1,025 900-1,600
1gGl - 322 2.8-181 -
1gG2 - - 365 10-71.7 -
12G3 - 19.5 4-44.9 -
1G4 - <30 07 -
IgM (mg/dL) 56 456 20-180 143 40-250
IgA (mg/dL) 46 103 658 137 100-250
1gE (IU/L) <5 <5 17.5-38 ND <173

2 Immunological data of patients I and 2 are summarized. Lymphocyte counts and immunophenotyping of PBMCs were performed on more than three separate occasions;

and 28.9% for controls 1 and 2, respectively). This reduction was
seemingly counterbalanced by an increased frequency of naive T

cells.

n PBMC
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CR7'CD62L" JlcCRY ChBaL™

these are expressed as mean = SD. Ig levels shown are those obtained at diagnosis (before Ig supplementation). Data from previous reported ICOS deficiency (33) and data from
the elder sister of the patients ace also shown. %Bc: % in B cells.

Gated CD4 memory. T cells from PBMCs were further analyzed
for  CCR7 and CD62L ' expression . to . define - CCR7*-

central: memory. T - cells:: (TCMs) - and

‘FIGURE 2. ' Decrease in memory. T cells in ICOS-deficient patients. PBMCs from healthy controls (HC) and ICOS-deficient patients (1 and 2) were

.- analyzed for the frequency of memory T cells. PBMCs were stained with Abs to CD4 or CD8, CD45RO, CCR7, and CD62L. to assess memory T cell subsets
(A=F). A-and D; Representative CD4/CD45RO (A) and CD8/CD45R0 (D) dot blots. Values shown in upper and lower right quadrants indicate percentages

*.. of the cells among total PBMCs. B and E; TCMs (CCR77CD62L") and TEMs (CCR7 - CD62L ) in the memory CD4.T cell fraction (B) and in the memory
CD8 T cell fraction (E). Values indicate frequencies of TCMs and TEMs in the CD4* CD45RO” population or in the CD8*CD45RO” population.

= Representative FACS:analyses for healthy controls (HC) and patients are shown. C and F, Summary of percentages of TCMs and TEMs among CD4 T
«cells (C) and CDS T cells {F). A [] with error bar represents the mean * SD values of the indicated subsets from five healthy controls. Mean percentage
for the respective subsets from two independent experiments is shown for the patients.
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FIGURE 3. Decrease in CTLA-4* . e " 210
Treg subset: in ICOS-deficient pa- . 1. L= o3 e 3
tients. A, Flow cytometric analysis of ~ &} SR L e sy i X
intracellular ~Foxp3 “expression in 3 "1 1.19 1 b 7 L
+ + : L3 : [ (8]
CD47CD25™ T cells. Numbers in dot = 2 o 47.4
plots are percentages of CD25™- L% % e
Foxp3™ cells among CD4™ T cells. B, . 4 ®
Mean fluorescence intensity (MFI) of i H
FoxP3 in CD4*CD25™ cells. FoxP3 b B b1l iy e

expression in CD47CD25" cells is

shown as a contour plot. MFI of
FoxP3 is shown in the upper right
quadrant. C, Summary of MFL of
FoxP3 in CD4*CD25" cells. D,
Quantitative real-time PCR analysis
for FoxP3 gene expression. mRNA
expression levels in purified CD4 T
cells were calculated with: 18S TRNA
as a reference, and the relative ex-
pression in healthy controls (HC) was
adjusted to 1.0. Error bar indicates SD
for HC and SEM for patients I and 2.
E and F, Expression of CTLA4 Ag
in CD4"CD25" T cells. Numbers in-
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dicate frequencies of CTLA-4" and
CTLA-4" Treg subsets among CD4™
T ceils. PBMCs from five HC were
analyzed by FACS. FACS analysis
was performed three times for the pa-
tients. Representative dot plots. (E)
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and contour plots (¥) are shown. MEL
of CTLA-4 in CD4'CD25" Treg
cells is indicated in the plots (F).
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CCR7 CD62L7 CD45RO" TEMs (40). The analysis showed that
compared with controls, the patients had 2- to 5-fold fewer TCMs.
The reduction in: TEMs was more pronounced, with more than
6-fold fewer TEMs in the patients (Fig. 2, B and ).

A decrease in memory T cells was also observed in CD8 T cells.
We observed a reduction in both TCMs and TEMs in patients
compared with control subjects (n = 5) (Fig. 2, D-F).

Decreased Tregs in ICOS-deficient patients

Most Tregs express ICOS, and ICOSME"" Tregs preferentially
produce IT-10-(41). In addition, recent studies have demonstrated
~the importance of ICOS in proliferation and maintenance of the
pool size of FoxP3 ' Tregs (41). We therefore investigated the

frequency of Treg cells in the two patients by staining their
PBMCs for CD4, CD25, and intracellular FoxP3. Contrary to our
predictions, the patients had a normal proportion of CD4'
CD25%FoxP3 ' Tregs (Fig. 3A). However, we noted that the ex-
préssion level of FoxP3, as reflected by the mean fluorescence
intensity, was diminished in both patients (Fig. 3, B and C). To
- ascertain the low FoxP3 expression obtained in the FACS analysis,
we evaluated the level of FoxP3 mRNA in a real-time PCR assay.
. This showed a marked-reduction in FoxP3 expression in patient 2
»-and a slight decrease in patient 1 compared with the normal sub-
“:jects (n = 7) (Fig. 3D).

Cell counts

kel

CTLA-4

Recent studies have shown that human CD4*CD25" FoxP3™
Tregs comptise two subsets, as follows: IL-10-producing ICOS™
CD45ROTCTLA4"  Tregs and  TGF-B-producing ICOS™
CD45RA " CTLA-4"™* Tregs (42). This prompted us to examine
CTLA-4 and CD45RO expression in the Tregs of ICOS-deficient
patients. Fig. 3, E and F, demonstrates that most CD4"CD25*
Tregs in these patients were of the CTLA-4%"" of CTLA-4 sub-
population and expressed CD45RA. (data not shown), indicating
that the CTLA-4"" subset of Tregs that potentially produces IL-10
was severely decreased.

Defective induction of inhibitory molecules in ICOS-deficient
patients

ICOS-null mice showed defective CD40-mediated Ig class switch-
ing because of lack of effective CD40L (CD154) up-regulation
(15,:16). In contrast, induction of CD40L was normal in the pre-
viously reported cases of human ICOS deficiency (33). Up-regu-
lation of 4-1BB (CD137), BTLA (CD272), and CTLA-4 (CD152)
was normal in ICOS knockout mice (23), as was that of OX40
(CD134) and CTLA-4 in patients with ICOS deficiency in a pre-
vious study (31).

We estimated the expression of these costimulatory and inhibitory
receptors on ICOS™" T cells. PBMCs from controls and patients
were stimulated with PMA/ionophote (data niot shown) or anti-CD3/




