We noticed in microarray analysis that RORC, the human or-
tholog of murine RORyt, a major transcription factor for Th17
cell differentiation {lvanov et al., 2006), was highly upregulated
in both Fr. Il and il and much less in Fr. I. Indeed, FoxP3'®
memory-like non-Tregs (Fr. lll) were the highest producers of
IL-17 among CD4* T cells. These results support recent findings
in mice that FoxP3-RORyt double-positive CD4" T cells can
convert into either Treg cells or Th17 cells (Yang et al., 2008a;
Zhou et al., 2008). AHR was recently shown in mice to be critical
for the differentiation of naive T cells to Th17 versus FoxP3* Treg
cells (Quintana et al., 2008; Veldhoen et al., 2008). Our finding of
upregulated AHR repressor in aTreg cells therefore suggests
that differentiation of FoxP37CD4* T cells to aTreg cells might
be regulated through the modulation of AHR activity by AHR
repressor. Further study is required to determine how the
expression amount of FoxP3 in each FoxP3" subpopulation
contributes to the function of each subset (e.g., suppression
and IL-17 production) through interaction with other molecules
including RORC.

This study has revealed several key features of Treg cell-
mediated suppression in vitro. First, challenging the commonly
accepted notion that Treg cells are anergic in vitro, human
Treg cells proliferate and die, although the degree of their prolif-
eration is much lower than that of non-Treg cells when Treg cells
and non-Treg cells are separately stimulated and compared.
Further, the hypoproliferation observed with CD25"CD4*
T cells can be attributed, in part, to the suppression of rTreg
cell proliferation by aTreg cells and also to the death of the latter.
These findings mean that thymidine uptake by whole cocultured
cells in Treg cell assay may not be accurate to monitor responder
cell proliferation in the presence of Treg cells. Second, CTLA-4
expression in aTreg cells, but not in rTreg cells, suggests that
aTreg cells are the main effectors of suppression as shown by
the fact that Treg cell-specific deficiency impairs Treg cell
suppressive function in vivo and in vitro in mice (Wing et al.,
2008). Further, FoxP3* Treg cells out-compete naive T cells in
in vitro aggregation around dendritic cells and downregulate
their expression of CD80 and CD86 in a CTLA-4-dependent
fashion (Onishi et al., 2008). It is likely in humans that, upon acti-
vation, rTreg cells differentiate to aTreg cells and exert suppres-
sion in vitro through these mechanisms. As another possibility,
rTreg and aTreg cells might use different suppressive mecha-
nisms by secreting different immunosuppressive cytokines
such as IL-10 and TGF- (ito et al., 2008). Our microarray anal-
ysis indeed indicates that aTreg cells are more active in IL-10
transcription but less active in TGF-p transcription than rTreg
cells. Further study is required to determine whether Treg cells
use multiple suppressive mechanisms depending on their differ-
entiation status (Sakaguchi et al., 2008).

Finally, supporting physiological and clinical relevance of dis-
tinguishing subpopulations of FoxP3* T cells, rTreg and aTreg
cells can be clearly identified with different proportions in cord
blood of healthy newborns, PBL of aged individuals, and patients
with SLE or sarcoidosis. In cord blood, we unexpectedly found
a small but always detectable population of CD45RAKi-
67*FoxP3MCD4™ T cells that corresponded to adult aTreg cells.
This finding suggests that even in fetuses, natural rTreg cells
are constantly activated by endogenous self antigens and exog-
enous antigens derived from maternal circulation. An opposite
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trend exists in aged donors, who had high proportions of aTreg
cells and low but still detectable proportions of rTreg cells.
Because of thymus involution observed in aged individuals,
one can speculate that, like conventional naive CD4* T cells
(Vrisekoop et al., 2008), rTreg cells can be generated in the
periphery in aged individuals to compensate for decreased
thymic production of Treg cells; alternatively, but not exclusively,
aTreg cells may homeostatically expand to counterbalance the
lack of rTreg cells in the periphery. Under pathological condi-
tions, a high prevalence of aTreg cells and a decrease in the
rTreg cell population in sarcoidosis suggests that rTreg cells
may be swiftly converted into aTreg cells immediately after
having emigrated from the thymus or having been peripherally
generated. In contrast, in active SLE, the number of aTreg cells
decreased while that of rTreg cells remained normal or in-
creased, with a notable increase in FoxP3'°CD4* non-Treg cells.
This also confirms the FoxP3'°CD45RA™ memory/effector-like
non-Treg cell subset as a discrete population among FoxP3*
CD4* T cells. Further functional analysis is required to interpret
these anomalies and variations in disease states (Taflin et al.,
2009). Yet, analysis of Treg cell function by dissecting FoxP3*
cells into three subpopulations is instrumental for understanding
pathophysiology of immunological diseases.

In conclusion, we propose a definition of human FoxP3* Treg
cell subsets based on in vitro and in vivo features of FoxP3-
expressing CD4* T cells. Functional and numerical analysis of
each subset will help to understand and control immune
responses in normal and disease states.

EXPERIMENTAL PROCEDURES

Human Samples

Blood samples were obtained from young healthy adult volunteers (18-40
years old), from aged control donors (79-90 years old), and from active
sarcoidosis or active SLE patients and cord blood samples from full-term
neonates who had no hereditary disorders, hematologic abnormalities, or
infectious complications. Aged donors had no acute or chronic inflammatory
or infectious disease, ongoing thrombosis, or neoplasia. Diagnosis of active
SLE and sarcoidosis were made according to previously described criteria
(Miyara et al., 2005, 2006). All patients were newly diagnosed and not medi-
cated with steroid or immunosuppressant. The study was done according to
the Helsinki declaration with the approval from the human ethics committee
of the Institute for Frontier Medical Sciences, Kyoto University and from Com-
ité Consultatif de Protection des Personnes dans la Recherche Biomédicale of
Pitié-Salpétriere Hospital, Paris. Human peripheral blood PBMGC were
prepared by Ficoll gradient centrifugation. Lymphocyte subpopulations was
isolated by a MoFLo cell sorter (Dako) after positive magnetic cell separation
of CD4"* T cells by CD4* T cell MACS beads (Miltenyi Biotec). Purity of isolated
cells was always >95% (Figure S1). Autologous CD14* and CD19" cells posi-
tively selected by mixed MACS and irradiated (50 Gy) were used as accessory
celis.

Mice

NOG mice described previously (Hiramatsu et al., 2003) were injected intrave-
nously with 3.5-5 x 107 hurman PBMCs. The mice were maintained in our
animal facility and treated in accordance with the guidelines of Kyoto Univer-
sity.

Flow Cytometry

Freshly obtained or in vitro cultured lymphocytes and human lymphocytes iso-
lated from NOG mouse spleens were stained with anti-hCD4 (-PerCP-Cy5.5
from BD biosciences or ~APC from R&D Systems), anti-hCD25 (-PE or -PE-
Cy5 from BD), anti-hCD45R0 (-PE from Beckman Coulter and PE-Cy7 from
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BD), anti-hCD45RA (-PE-Cy7 from BD or -FITC from Beckman Coulter), anti-
ICOS (-FITC from e-Bioscience), anti-HLA-DR (-PE from BD biosciences),
anti-CD31 (-APC from e-Bioscience), anti-hCD127 (-PE from Beckman Coulter
and -PE-Cy5 from e-bioscience), and 7-AAD (Dako). Intracellular detection of
FoxP3 with anti-hFoxP3 {PE or Alexa Fluor 647, clone 236A/E7 {e-Bioscience]
or clone 259D [BD biosciences]) and of Ki-67 antigen with Ki-67 antibody (FITC
or PE from BD) was performed on fixed and permeabilized cells via Cytofix/
Cytoperm (e-Bioscience). For detection of intracellular cytokine production,
CD4* T cells were stimulated with 20 ng/ml PMA and 1 pM ionomycin in the
presence of Golgi-Stop (BD Biosciences) for 5 hr and then stained with anti-
hFoxP3-PE, Ki-67-FITC, anti-IL2-APC (BD Biosciences), anti-IFN-y-APC
(BD), or anti-IL-17-Alexa Fluor 647 (e-Bioscience) after fixation and permeabi-
lization. Data acquired by FACSCalibur (Becton Dickinson) were analyzed with
WinMDI 2.9 software (http://facs.scripps.edu/software.html). Statistical com-
parisons were performed with the nonparametric Mann-Whitney U test.

Cell Culture and Suppression Assay

RPM! 1640 medium supplemented with 10% fetal bovine serum, 100 IU/m}
penicillin, and 100 pug/ml streptomycin (Sigma, St. Louis, MO} was used for
T cell culture. Cells were labeled with 1 pM CFSE (Dojindo and Invitrogen). In
suppression assays, unless otherwise indicated, 1 x 10* GFSE-labeled
responder CD25~CD45RA™CDA4* T cells were cocultured with 1 x 10* unla-
beled cells assessed for their suppressive capacity and 1 x 10° irradiated
autologous accessory cells and were stimulated with 0.5 ug/mL plate-bound
anti-CD3 (OKT3 mAb) in 96-well round-bottom plate in supplemented RPMI
medium. Proliferation of CFSE-labeled cells was assessed by flow cytometry
after 84-90 hr of culture. Percent suppression was calculated by dividing the
number of proliferating CFSE-diluting responder cells in the presence of
suppressor cells at a 1 to 1 ratio by the number of proliferating responder cells
when cultured alone, and multiplied by 100.

FOXP3 Gene DNA Methytation

The genomic DNA from purified human CD4* T cell subsets was extracted by the
Blood & Tissue Genomic DNA Extraction System (Viogene). Genomic DNA from
purified cells was bisulfite converted by the EpiTect Bisulfite Kit (QIAGEN) ac-
cording to the manufacturer's instructions. DNA was then subjected to PCR
with primers for amplification of specific targets in bisulfite-treated DNA. The
PCR products obtained were cloned into the pGEM-T Easy vector (Promega)
and 20 individual clones from each sample were cycle sequenced by the BigDye
Terminator kit (ver. 3.1; Applied Biosystems) and the ABI autormated DNA
sequencer (Applied Biosystems). Primers used: Fxpro-met F1, §-TTTTT
GTGGTGAGGGGAAGAAATTATATT-3; Fxpro-met_R2, 5'-TACCATCTCCTC
CAATAAAACCCACATC-3'; Fxint-met_F8, &'-TTTGGGTTAAGTTTGTTGTAG
GATAGGGTAGTTAG-3'; Fxint-met_R7, 5'-AAATCTACATCTAAACCCTATTAT
CACAACCCC-3'.

Single Cell Sorting, RT-PCR, and V35 Sequence Analysis
PBLs were stained with anti-human CD4-FITC, anti-human CD25-PC7 (BD
Biosciences), and anti-human BV5.1, BV5.2, BV5.3-PPE (Beckman Coulter).
Single cells were sorted with the FACS Vantage (Becton Dickinson) into
96-well PCR plates (Abgene, Epsom). Single-cell RT-PCR conditions were
as previously described {Miyara et al., 2006). In the first PCR round, BVSext
(5'~-GATCAAAACGAGAGGACAGC-3) and BC (5'-CGGGCTGCTCCTTGAG
GGGCTGCG-3') were used. Reactions were subjected after 5 min at 94°C to
8 cycles (94°C for 30 s, 60°C for 40 s, 72°C for 50 s), 32 cycles (94°C for
30 s, 55°C for 40 s, 72°C for 50 s), and a final elongation at 72°C for 5 min.
In a second PCR round, nested primers BV5 (5'-AGCTCTGAGCTGAATGT
GAACGCC-3'} and BC-int (5'-GCGGGTCYGTGCTGACCC-3') were used.
PCR was performed as in the first step.

Products were subjected to automated sequencing (ABI 3100, Applied
Biosystems).

Specific questions regarding this repertoire analysis should be sent to
guy.gorochov@upmoc.ir.

Microarray and Real-Time PCR

RNA was extracted from FACS-sorted CD4* T cells according to their amounts
of CD25 and CD45RA and analyzed by Affymetrix Human Genome U133 Plus
2.0 Arrays,

Real-time PCR was performed with a SYBR green assay on the LightCycler
480 system (Roche). Total RNA extracted from FACS-sorted T cells was
reverse transcribed according to the manufacturer's instructions (RNeasy
Micro kit, QIAGEN). In each reaction, hypoxanthine phosphoribosyltransfer-
ase-1 (HPRT-1) was amplified as a housekeeping gene to calculate a standard
curve and to correct for variations in target sample quantities. Relative copy
numbers were calculated for each sample from the standard curve after
normalization to HPRT-1 by the instrument software. Primers used: FOXP3_F,
5'- CAGCACATTCCCAGAGTTCGC-3; FOXP3_R,5'-TGAGCGTGGCGTAGGT
GAAAG-3'; RORA_F,5'- TCACCAACGGCGAGACTTC-3'; RORA_R,5'-GGCA
AACTCCACCACATACTG-3'; RORC_F,5-CGCTCCAACATCTTCTCC-3'; RO
RC_R,5'-CTAACCAGCACCACTTCGC-3"; AHR_F,5-AACAGATGAGGAAGGAA
CAGAGC-%; AHR_R,5'-GAGTGGATGTGGTAGCAGAGTC-3'; AHRR_F,5'- AA
GGCTGCTGTTGGAGTC-3; AHRR_R,5'- TGGATGTAGTCATAAATGTTCTG
G-3'; HPRT-1_F,5'-GCTGAGGATTTGGAAAGGGTG-3'; HPRT-1_R,5'-TGAG
CACACAGAGGGCTACAATG-3,

ACCESSION NUMBERS

Microarray data are available from the National Center for Biotechnology infor-
mation Gene Expression Omnibus (GEO) under accession number GSE15659.
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Impaired CD4 and CD8 Effector Function and Decreased
Memory T Cell Populations in ICOS-Deficient Patients

Naomi Takahashi,* Kenji Matsumoto,” Hirohisa Saite,” 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 been 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 Thl, 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 nuclear 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 impaired 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-y response, and loss of Itch expression upon
activation in the female patient, who had auteimmunity. 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 Immunology, 2009, 182: 5515-5527.

embers of the CD28 family play an important role in

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 TCOS-ICOS-L interaction
is important for productive T-B cell coactivation, CD40-mediated
Ig class switch recombination, and development of Th2 immune
responses (1, 15-17). Induction of the Thl cytokine IFN-y is rel-
atively unaffected and in some studies augmented; other studies
have documented the importance of ICOS in Thi 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
(TEMSs) 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 TCOS-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 I diabetes mellitus, experimental myositis,
autoimmune 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, IFN-v, 1L-2, TL-4, IL-10, or IL-13. Normal surface
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expression of CD69, CD40L (CD154), CD25, and OX40 (CD134)
was observed on their T cells following stimulation (31). A later
study provided evidence of defects in 1L-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 effects 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 (TP), and psoriasis.

In this study, we focused on the T cell immune function of these
ICOS-deficient patients. Detailed analysis demonstrated a reduc-
tion in memory T cells and a major subtype of Tregs; impaired
polarization into Thl, 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 autoimmunity in these
patients using quantitative mRNA analysis.

Materials and Methods

Patients and controls

Patients were diagnosed with common variable immunodeficiency, accord-
ing to the BEuropean Society for Immunodeficiencies criteria (www.
esid.org). Twelve healthy volunteers (6 male, 6 female) aged between 26
and 48 years were recruited. 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
mother 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 1COS
sequences obtained from GenBank database (accession numbers
AC103880, AC009965, and AB023135). All PCR products were se-
quenced using BigDye terminator v3.1 and an ABT Prism 3130 Genetic
Analyzer (Applied Biosystems): the sequence dala 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 TTT 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 (PC5)-conjugated Abs: FoxP3 (236A/E7) from Abcam; IgGl isotype
controls, CD3 FITC, CD3 PE (SK7), CD4 PE (SK3), CD8 FITC, CD8 PE
(SK1), CD25 FITC (M-A251), IL-4 PE (3010.211), IFN-y PE (25723.11),
4-1BB PE (4B4-1), 0X40 PE (ACT35), and IL-10 PE (JES3-10F1) from
BD Pharmingen; CD3 FITC (UCHT1), CD4 PC5 (13B8.2), CD8 ECD
(SFCI21Thy2D3), CD8 FITC (B9.11), CD19 ECD, CD19 PE (J4.119),
CD20 FITC (B9ES), CD25 PC5 (B1.49.1), CD28 FITC, CD28 purified
(CD28.2), CD45RA FITC (ALB11 and 2H4), CD45RO PE, ECD
(UCHL1), CD62L ECD (DREG56), CD69 PE (TP1.55.3), CTLA4 PE
(BNI3), streptavidin FITC, streptavidin PCS, and TCR V§ Repertoire kit
from Beckman Coulter (CA); CD27 PE (M-T271) and [gD from Dako-
Cytomation; CD45RO PE (UCHLI1), 1L-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-«xB (RANK) PE
(9A725) from Tingenex; CD25 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 were 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 1 pg/ml) with plate-bound anti-CD3 mAb or 50 ng/mi
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. IL-2 (Lymphotec) was used at 700 IU/ml with plate-bound anti-
CD3 when assessing ICOS 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 intraceltular
cytokine detection, PBMCs were stimulated with PMA and ionomycin in
the presence 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
CTLA-4 cxpression. 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 mAb or 50
ng/ml PMA, and 200 nM ionomycin). The supernatants were collected
after 24 h and analyzed using ELISA for IL-17, IL-12p40, 1L-22, and
TGF-B1 (R&D Systems); IL-21 (eBioscience); and human Th1/Th2 cyto-
kines (IFN-v, IL-2, IL-4, IL-5, TL-6, TL-10, TNF-«, and TNF-B) using a
FlowCytomix kit (Bender MedSystems), according to the manufacturer’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 11
reverse anscriptase (Invitrogen). Real-time quantitative PCR was per-
formed using a 7300 Real-Time PCR system (Applied Biosystems) using
an assay-on-demand Tagman probe and primers (Hs00174383 tor /LI7A,
Hs00243522 for RANKL, Hs00203958 for FOXP3, Hs00226053 for
RNF128, Hs00909784 for CBLB, Hs00395208 for ITCH, Hs00172872 for
EOMES, Hs00193519 for MAF, Hs00231122 for GATA3, Hs00894392
for TBX21, Hs01076112 for RORC, Hs99999901 for /&S, and Hs99999905
for GAPDH), according to the manufacturer’s instructions. Relative ex-
pression levels of these genes were normalized according to GAPDH or
18S 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 http://www.ncbi.nlm.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 pulmonary abscess following appendec-
tomy, she was diagnosed with common variable immunodefi-
ciency according to the European Society for Immunodeficiencies
criteria (at the age of 34), and i.v. Tg treatment was started to
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FIGURE 1.

Diagnosis of ICOS deficiency. A, Pedigree of the ICOS deficiency patients. Filled symbols represent affected family members (I1.2, patient

15 TL.3, 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 (I1.1), and a healthy control (HC) were cultured on an anti-CD3 mAb-coated plate in the presence of IL-2 and stained with anti-ICOS mAb (solid
line) or control nAb (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 /COS from HC, the mother of the patients, and 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/IL-2-stimulated PBMCs from patient 1 (#1) and patient 2 (#2), and HC was amplified by RT-PCR with
specific primers. The PCR product was analyzed by agarose gel electrophoresis. MWS, m.w. standard.

maintain the trough IgG level of >4 g/I.. In the following years,
she developed psoriasis-like cutaneous 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 serum CRP level. Diagnosis ot IBD was made upon bi-
opsy of the colon, and both IBD 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
1gG (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
supplementation.

A summary of the immunological data of patients 1 and 2, the
clder sister, and ICOS deficiency patients reported to date (33)
is given in Table I. Patient 1 had a slightly reduced B cell count,
whereas patient 2 had a normal B cell count. In both siblings,
however, CD27 1gD ™ -switched memory B cells were virtually

absent in the peripheral blood samples (Table I). The serum
samples contained no detectable specific IgG Abs against mea-
sles, mumps, or rubella viruses despite a previous record of
vaccine 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 IL-2 (data not shown),
but lacked surface ICOS expression (Fig. 1B). Activated T cells
from the mother (1.2) and elder sister (I.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 aa 121
(F95fsX121) in the patients (Fig. 1, C and D).

Sequencing analysis of the /COS gene in the elder sister and
mother demonstrated a heterozygous mutation (Fig. 1C). 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 transcript, suggesting the absence of nonsense-mediated
RNA decay (Fig. 1E).

Decreased memory T cells in ICOS-deficient patients

A previous report on human ICOS-deficient patients showed a nor-
mal distribution of naive, memory, and effector T cells (31, 33,
39). However, 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-
wols (12.1 and 6.6% for patients | and 2, respectively, and 24.5
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Table 1. Summary of immunological data®

Patient | Patient 2 Previously Reported ICOS-Deficient Patients (range) .1 (hetero) Normal Range
Lymphocytes (/fmm®) 1,400 * 200 1,900 = 200 353-4,153 1,400 1,200-2,800
Immunophenotype of
PBMCs (%)

CD3 80.5*+5.0 724 £20 70.4-95.6 71.7 58-84

CD4 595 x50 55.6 £ 3.0 23.1-59.2 50.5 25-58

CD8 241 £ 40 19.1 =30 16.6-64.0 225 1846

CD16 7.8 *02 112%£290 - 4.5 6-25

CD19 2106 48 05 0.6-21.2 9.7 3-20

CD197CD27*(%Bc) 0.2 0.8 2.0-12.6 114 8-35

CD19%CD27*1gD ™ (%Bc) 0 04 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

IgG (mg/dL) 315 611 1,025 900-1,600

1gG1 = 322 2.8-181 -

1gG2 - 365 10-71.7 -

1gG3 - 19.5 4~449 -

1gG4 - <30 0-7 -

1gM (mg/dL) 56 456 20-180 t43 40-250

IgA (mg/dL) 46 103 6-58 137 100-250

IgE (IU/L) <5 <5 17.5-38 ND <173

“ Immunological data of patients 1 and 2 are summarized. Lymphocyte counts and immunophenotyping of PBMCs were performed on more than three separate occasions;
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 are also shown. %Be: % in B cells.

and 28.9% for controls 1 and 2, respectively). This reduction was Gated CD4 memory T cells from PBMCs were further analyzed
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FIGURE 2. Decrease in memory T cells in ICOS-deficient patients. PBMCs trom 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, CD43RO. CCR7, and CD62L (o assess memory T cell subsets
(A-F). A and D, Representative CD4/CD4SRO (A) and CD8/CD45R0 (D) dot blots. Values shown in upper and lower right quadrants indicate pereentages
of the cells among total PBMCs. B and E, TCMs (CCR77CD62L") and TEMs (CCR77CD62L7) 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 CD8 T cells (F). A [J with error bar represents the mean * SD values of the indicated subsets from five healthy controls. Mean percentage
for the respective subsets from (wo independent experiments is shown for the patients.
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CCR77CD62L."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 C).

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 TCOS™E"™" Tregs preferentially
produce TL-10 (41). Tn 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-
pression 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).

CTLA4 CTLA-4

Recent studies have shown that human CD4*CD25 FoxP3*
Tregs comprise two subsets, as follows: IL-10-producing ICOS™
CD45RO*CTLA-4* Tregs and TGF-B-producing ICOS~
CD45RA™YCTLA-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*"* or 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 costintulatory and inhibitory
receptors on ICOS™~ T cells. PBMCs from controls and patients
were stimulated with PMA/ionophore (data not shown) or anti-CD3/
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FIGURE 4. Induction of costimulatory and inhibitory molecules in ICOS-deficient patients. A, Induced expression of CD40L, OX40, and 4-1BB.

PBMCs from healthy controls (HC) and ICOS-deficient patients (#1 and #2) were stimulated with plate-bound anti-CD3 mAb and anti-CD28 mAb for 48 h
and analyzed for CD40L, 0X40, and 4-1BB expression by FACS. CD6Y expression was monitored as an indicator of cell activation. Numbers indicate
percentages of the cell population positive for the indicated Ags among CD4 T cells. A contour plot from one representative control of seven HC is shown
for each subset. A dotted line indicates a control staining with isotype-matched Ab. B, Summary of frequencies of CD40L, OX40, and 4-1BB in CD4 T
cells stimulated as in A from HC (n = 7) and patients 1 and 2. FACS analysis was performed twice for the patients, and average percentages were plotted.
Error bar indicates SD. C, Induction of CTLA-4, BTLA, and PD-1. PBMCs were stimulated with plate-bound anti-CD3 mAb and anti-CD28 mAb for 48 h.
Cells were stained with Abs to CTLA-4, BTLA, and PD-1 together with anti-CD4 mAb or anti-CD8 mAb. Numbers indicate percentages of cell population
positive for indicated Ags among CD4 or CD8 T cells. FACS analysis from one representative control of seven HC is shown for each subset. A dotted
line indicates a control staining with isotype-matched Ab. D, Pooled data from HC (n = 7) and patients (1 and 2). Percentages of CTLA-4%, BTLA™Y,
and PD1¥ CD4 T cells among CD4 T cells and that of PD-17 CD8 T cells among CD8 T cells from HC and TCOS-deficient patients (1 and 2) after
CD3/CD28 stimulation are shown. The FACS analysis was conducted three times for the patients, and average percentages were plotted. Error bar

indicates SD.

anti-CD?28, and the cells were examined at the end of incubation for
the expression of TNF/TNFR family proteins (TNFRI (CD120a),
TNFRII (CD120b), CD40L, 0X40, and 4-1BB) and of CD28 family
proteins (CTLA-4, BTLA, and PD1 (CD279)).

The analysis revealed that CD40L expression was induced nor-
mally in the patients” CD4 T cells, indicating that the hyper-IgM
phenotype observed in patient 2 was not due to defective induction
of CD40L.

T cells were fully activated in the patients at the end of CD3/
CD28 stimulation, as evidenced by CD69 Ag expression. The lev-
els of OX40, 4-1BB, TNFRI, and TNFRII were normal on the
surface of the T cells in the ICOS-deficient patients (Fig. 4, A and
B, and data not shown).

Baseline CD28 expression in CD4 T cells was similar to that of
healthy subjects (data not shown). In contrast, the frequency of
CTLA-4" CD4 T cells after CD3/CD28 costimulation was mark-
edly reduced in the patients (Fig. 4C). Combined data from seven
age-matched controls showed that CTLA-4 was induced in 47.4 =
4.9% of CD4 T cells. In contrast, induction was observed in 30.1
and 24.6% of CD4 T cells in patients 1 and 2, respectively (Fig. 4,
C and D). Morcover, as seen in the representative plot in Fig. 4C,
the expression level of CTLA-4 in the CTLA-4™ population was
also diminished in the patients.

Induction of BTLA, another inhibitory receptor with similarities
to CTLA-4 (5), was then estimated. The average percentage of
BTLA™ CD4 T cells was slightly lower in the patients (22.0% for
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FIGURE 5. Tmpaired cytokine production in ICOS-deficient patients. A, Purified CD4 T cells were stimulated with plate-bound anti-CD3 mAb and

anti-CD28 mAb for 24 h or in a medium, and the levels of cytokines in the supernatants were measured by ELISA, FlowCytomix, or both. Error bars for
healthy controls (HC. n = 7) indicate SD. Experiments were repeated at least twice for the patients, and mean concentrations were plotted. B, Purified CD8
T cells were stimulated as in A, and the levels of IFN-y in the supernatants were measured by FlowCytomix. [, HC; E, paticnt 1; B, patient 2. Ervor bars
for HC (n = 5) indicate SD. Experiments were repeated twice for the patients, and mean concentrations were plotted. C, IL-17A mRNA expression. The
level of TL-17A mRNA was measured in anti-CD3/anti-CD28-stimulated CD4" T cells by real-time PCR. Relative mRNA level of TL-17A was calculated
using GAPDH expression as a reference, and the mean expression level for HC (n = 5) was adjusted to 1.0. Error bar indicates SD. IL-17A mRNA
expression for the patients was measured three times, and is expressed as mean = SEM.

patient 1; 21.4% for patient 2) compared with controls (34.0 =
8.7%, n = 7) (Fig. 4, C and D).

In the patients, the frequency of CD4 T cells bearing PD1, a
molecule that plays a critical role in the induction and/or mainte-
nance of T cell tolerance (1), was similar to that in controls (Fig.
4, € and D). The percentages of PD1* CD8 T cells, which
function as inhibitory T cells (43), were slightly reduced only in
patient 2 (29.0%) compared with controls (49.8 * 9.0%, n = 7).

Impaired production of cviokines in ICOS-deficient patients

We next assessed the production of a panel of cytokines by a
FlowCytomix bead-based multiplex assay, ELISA, or both, after
incubation of CD4 T cells purified to >95% with costimulation of
the TCR-CD3 complex via CD28§.

In contrast to previous data obtained in other cases of human
ICOS deficiency, the production of TFN-y (Thl cytokine) and IL-4
and IL-5 (Th2 cytokines) was significantly reduced (Fig. 54) in the
patients than in controls (31, 33). Secretion of IL-10 and IL-17 was
impaired in the ICOS-deficient patients, in agreement with the pre-
vious report (33). To confirm the Th17 defect in the patients, a
real-time PCR analysis was used to quantify IL-17A mRNA in-
duction. The results, shown in Fig. 5C, demonstrate a significant
decrease in relative IL-17A mRNA expression in ICOS-deficient T
cells. Furthermore, induction of other cytokines, such as IL-6,
1L-12 p40, TNF-a, and TNF-B, in CD4 T cells was impaired to
various degrees in the patients (Fig. 5A4).

Interestingly, the synthesis of the different cytokines was not
equally affected in the absence of ICOS: the production of IL-2
was within =1 SD of normal values, and the IL-22 response was
similar to that in controls.

To determine whether the observed defects in effector T cell
function can be reproduced by direct activation of intracellular
signaling, we examined the capacity of lymphocytes to produce
cytokines after PMA/ionomycin stimulation. To that end, intracel-
lular IFN-+y, 1L-4, and TL-17 were monitored in PBMCs stimulated
with PMA/Ca ionophore by flow cytometry. Fig. 64 shows that the
CD4 T cells of the patients elicited markedly reduced Thl, Th2,
and Th17 cytokine responses.

To corroborate these results, we measured the level of cytokines
using a FlowCytomix kit in purified CD4 T cells incubated with
PMA and ionomycin for 24 h. A similar trend was noted, as fol-
lows: the production of IFN-y, IL-5, TL-10, TNF-a, and TNF-3
was found to be diminished. The capacity of ICOS™~ CD4 T cells
to produce IL-2 and IL-6, however, was not markedly impaired
(supplemental Fig. 1).?

Because CD45RO™ T cells are the major producers of IFN-vy,
TL-4, and TL-17 (44) (Fig. 64), we considered the possibility that
the impaired cytokine responses were due to the decrease in mem-
ory CD4 T cells in the patients. To test this, we stimulated PBMCs
with PMA/ionomycin and tested for intracellular TFN-v, 1L-4, or
IL-17 in the CD4*CD45RO™ population. Fig. 6, A and B, shows
that memory T cells of the patients produced less IFN-+y than the
controls. In the controls, 30% of CD45RO™ memory T cells pro-
duced IFN-v, whereas in the patients, only ~10% of CD45RO*
memory T cells did so. The synthesis of IL-4 and IL-17 in the
memory T cell fraction was marginally decreased in the patients,

* The online version of Lhis article contains supplemental material.
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FIGURE 6. Defective cytokine production in T cells stimulated with PMA/ionomycin in ICOS-deficient patients. A and C, PBMCs were stimulated with
PMA and ionomycin for 5 (IL-17) or 8 h (IFN-vy and IL-4). Cells were stained for intracellular IFN-v, IL-4, and IL-17 together with Abs to CD4 and
CD45RO or CD45RA. The same experiment was conducted in CD8 T cells for intracellular detection of IFN-v. Intracellular staining of each cytokine in
CD4 and CD4"CD45SRO™ T cells (A) and in CD8 and CD8* CD45RO™ T cells (C) is shown. A representative FACS analysis is illustrated for one of four
healthy controls (HC) (for CD4), one of five HC (for CD8), and the patients. B and D. Pooled data on IFN-+y-producing cells among PBMCs, CD4 T cells,
CD4*CD45RO cells, CD4*CD45RA™ cells, CD8 T cells, and CD8"CD45RO™ cells, in HC (1 = 4) and patients 1 and 2. (1, HC; E, patient 1; B, patient
2. Error bar for HC indicates SD. The mean percentage obtained from two separate analyses is shown for the patients.

and the decline was not as clear as that observed in IFN-vy pro-
duction (Fig. 6A4).

Importantly, the inability to produce IFN-+y does not seem to be
restricted to CD4 T cells, because a marked reduction in the IFN-vy
response was also evident in the CD4-negative population. To as-
sess effector function of CD8 T cells, we directly measured intra-
cellular IFN-y in CD8 T cells and a CD8*CD45RO™ population
upon stimulation with PMA/ionomycin. The results displayed in
Fig. 6, C and D, revealed impaired IFN--y production from CD8 T
cells and memory CD8 T cells from the patients. The production
of IFN-vy was also significantly reduced in CD8 T cells stimulated
through CD3 and CD28 in the patients (Fig. 5B).

Mechanism of defective cytokine production in patients: reduced
induction of master regulators of Thl, Th2, and Thi7 lineage
commitment

We next investigated the mechanisms underlying the T cell unre-
sponsiveness in the patients. One potential explanation is that their
T cells did not proliferate well or were prone to apoptosis, or both,
in the absence of ICOS expression. To examine this possibility, the
proportion of cells that underwent PMA/ionophore-induced cell
death was assessed by annexin V/7-AAD staining. The results
showed that in the patients, this proportion was similar to or rather
lower than that in controls. The proliferative capacity of 1COS™/~
T cells, as assessed by CFSE staining, showed that their T cells
proliferated normally or even more vigorously in response to CD3/
CD28 cosignal, with significantly more cells with multiple divi-
sions, relative to controls (supplemental Fig. 2).°

Although less likely, the absence of the ICOS-ICOS-L interac-
tion during CD3/CD28 costimulation of CD4 T cells may have
contributed to impaired cytokine production in the patients. To test
the possible contribution of the ICOS signal in cytokine produc-
tion, we stimulated purified CD4 T cells from healthy controls

(n = 5) through CD3/CD28 with or without anti-ICOS-L blocking
AD (45), and measured the level of cytokines in the supernatants.
Supplemental Fig. 3, A-C,* shows that the effect of ICOS blocking
is negligible in this cytokine production assay.

Another explanation for the defective production of effector cy-
tokines is that there were fundamental flaws in their development
into effector T cell subsets. We therefore investigated the expres-
sion of master transcription regulators of Thl, Th2, and Th17 lin-
eage commitments by quantitative real-time PCR.

Purified CD4 T cells were stimulated with PMA/ionomycin for
4 h or anti-CD3/CD28 for 24 h, and the mRNA expression level of
T-bet (for the Thl lineage) (46), GATA3 and MAF (for the Th2
lineage) (47, 48), and RORC/ROR-¢t (for the Th17 lineage) (49)
was quantified using GAPDH expression as a control, and ex-
pressed as relative expression (RE) adjusted for the baseline ex-
pression level of healthy controls (n = 4), taken as 1.0. We ob-
served reduced PMA/ionophore-driven T-bet induction in
ICOS™/~ CD4 T cells in the patients, and defective induction was
more pronounced in patient 2 (Fig. 7A). Compared with controls
(RE, 162 * 5.3), CD3/CD28-induced T-bet expression was de-
creased in patient 1 (RE, 7.2), whereas the reduction was less
marked in patient 2 (RE, 12.4) (Fig. 7B).

GATA-3 induction was detectable after PMA/ionophore stimu-
lation. In the patients, induction of GATA-3 above the baseline
level was virtually absent in CD4 T cells (RE, 1.3 for patient 1, and
1.0 for patient 2) (Fig. 7A4). The RE values of MAF in CD4 T cells
in response to PMA/ionomycin and TCR/CD28 in controls were
33 &= 1.4 and 44 *+ 1.0, respectively. In contrast, stimulation-
induced MAF expression was virtually absent in both patients (Fig.
7, A and B).

We also observed that the expression levels of RORC in ICOS-
deficient CD4 T cells stimulated with CD3/CD28 or PMA/iono-
mycin were diminished more than 2-fold (Fig. 7, A and B).
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Despite poor IFN-y production by CD8 T cells, we did not
observe low T-bet induction in purified CD8 T cells when stimu-
lated by PMA/ionomycin or by anti-CD3/anti-CD28 mAb (Fig.
7C). We then tested the expression of EOMES, a paralog of T-bet
and a transcription factor required for CD8 effector function (50,
51). Although induction was negligible, there was a trend toward
lower baseline expression of EOMES (0.23 and 0.69 for patients 1
and 2, respectively).

Expression of the E3 ubiquitin ligases that contribute to T cell
anergy

Several lines of evidence indicate that E3 ubiquitin ligases (Grail,
Cbl-b, and Itch) play important roles in the induction and mainte-
nance of T cell tolerance (52~55). T cell stimulation without co-
stimulation leads to up-regulation of these ligases (56). High ex-
pression of these E3 ubiquitin ligases is related to the absence of
the expression of the effector-specific transcription factors (56, 57).
There has been little research on the ligases in human systems.
Because anti-CD3 stimulation did not induce appreciable up-reg-
ulation of the ligases, we examined the mRNA level of these mol-
ecules at baseline and after PMA/ionophore stimulation using a
sensitive real-time PCR assay.

As shown in Fig. 8, baseline expression of the E3 ubiquitin
ligases, with the exception of Grail, was detected in the controls
and patients. The mRNA levels of Cbl-b and AlIP4/lich in the
steady state were significantly elevated in patient 2 (2.5 and 4.3)
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medium €CD3/CD28

MAF
& 4
4 4

“medium CD3/CD28

RORC (RORyt)

ol

medium CD3/CD28

compared with controls (1.0 = 0.4 and 1.0 &= 0.6, n = 4) and
patient 1 (1.0 and 1.3).

PMA/ionophore induced up-regulation of Cbl-b and Itch, but
not Grail, in normal subjects, whereas the induction of Cbi-b and
Itch mRNA above the baseline level was negligible in patient 2
(Fig. 8).

Of particular note was a paradoxical down-regulation of Itch, a
regulator of NF-«B activation, upon PMA/ionophore stimulation,
which was reproducibly observed only in patient 1.

RANKL induction was augmented in patient 2 with
autoimmunity

Patient 1 had an autoimmune manifestation and immunodefi-
ciency, whereas patient 2 had mild psoriasis-like cutaneous lesions
and mild skin infections. We therefore attempted to uncover dif-
ferences in T cell functions between two patients.

To explore the dissimilarities in their immune functions, we
assessed mRNA expression levels in negatively selected, >97%
pure CD4 T cells by comprehensive mRNA expression analysis
using a GeneChip before and after stimulation through CD3/CD28.

The expression of most mRNAs from CD4 T cells poststimu-
lation showed a remarkably high correlation between patients 1
and 2. However, we identiied >100 genes that were ditferently
expressed between the patients, and sought to identify the gene(s)
that may explain the phenotypic difference from these genes.
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FIGURE 8. A, Expression levels of E3 ubiquitin ligases. Cbl-b and Itch
mRNA levels were measured by real-time RT-PCR, as indicated in Fig. 5.
Purified CD4 T cells from healthy controls (HC; n = 4) and patients (1 and
2) were activated with PMA/ionomycin or incubated in the medium only
for 4 h. mRNA levels for Cbl-b and Itch were quantified in duplicate with
18S rRNA as a reference, and baseline expression in HC was adjusted to
1.0. Error bars indicate SD for HC and SEM for patients. Expression of
Grail (RNF128) was not detectable before or after stimulation in this assay
(data not shown). B, Level of RANKL mRNA expression. CD4 T cells
from HC (n = 7) and patients (1 and 2) were stimulated with anti-CD3/
anti-CD28 mAb, and RANKL mRNA expression was measured. Expres-
sion was quantified with 18S RNA as a reference, and the mean expression
level of HC was adjusted to 1.0, [, HC; E, patient 1; &, patient 2. Error
bars indicate SD for controls and SEM for patients. P/I: PMA/ionomycin.

Among them, TNFSF11 (RANKL) showed >2-fold higher ex-
pression in patient 1 after stimulation. In addition, RANKL ex-
pression was >50% higher in patient | than in the controls.

Because RANKL was identified as a candidate key molecule
involved in the pathogenesis of RA (58, 59), we quantified
RANKL mRNA in CD3/CD28-stimulated CD4 T cells by real-
time PCR. The result shown in Fig. 8B demonstrates that com-
pared with healthy controls, RANKL induction was higher in pa-
tient 1, but lower in patient 2.

Discussion

In this study, we describe broad defects in T cell function in two
siblings with a novel deficiency of human ICOS, Most of the ab-
normalities presented in this study have not been reported in hu-
mans, and some have not been reported in the murine model of
ICOS deficiency.

The marked decline in two T cell subpopulations, memory CD4
T cells and CTLA-4"CD45RO™ Tregs, can be explained, at least
in part, by a recent observation that the ICOS-ICOS-L interaction
plays an important role in the expansion and survival of these
effector T cells (23, 60).

With regard to CD4 memory T cells, we observed significant
reductions in the numbers of both TCMs and TEMs in the steady
state, which were not observed in the previously reported cases of
human ICOS deficiency (31-33). A reduction in the number of
TEMs, but not of TCMs, was demonstrated in ICOS knockout
mice by Burmeister et al. (23). TEMs were decreased up to 4-fold
in the steady state; the decrease was more pronounced in older
mice. TEMs and TCMs display significant and intermediate ICOS
expression, respectively (23). Through detailed research on expan-
sion, differentiation, and survival of effector T cells in the absence
of ICOS, they suggested that ICOS controls the pool size of ef-
fector T cells. These data suggest that both memory subsets may

T CELL DYSFUNCTION IN NOVEL HUMAN ICOS DEFICIENCY

require ICOS for proliferation and survival in humans. Therefore,
a decline in total memory cells may be observed in ICOS-deficient
mice over a longer observation period and/or after recurrent infec-
tions. Alternatively, it is equally plausible that the ICOS-ICOS-L
interaction plays a pivotal role in commmitment to memory T cells.

CTLA-4"CD45ROYICOSTCD47CD25% Tregs, commonly
observed in adults, were virtually absent in our ICOS-deficient
patients. The reduction was seemingly counterbalanced by an in-
creased number of CTLA-47CD45RO™ Tregs. Although the con-
tribution of ICOS to the expansion and maintenance of Tregs as a
whole has been previously reported (23, 41), our observation ad-
dresses the role of ICOS in the maintenance of an IL.-10-producing
memory subset of Tregs, but not TGF-B-producing CTLA-
47 CD45ROTICOS™ naive Tregs. Supporting this is the observa-
tion that in mice, ICOS™ Tregs display a strict propensity to un-
dergo rapid apoptosis in culture unless signaled by ICOS-L (23).

The decrease in the number of CTLA-4% Tregs may be alter-
natively explained by defective induction of a gene that regulates
Treg development. A recent study in mice has demonstrated that
ROR-yt controls the development of IL-10-producing Tregs that
coexpress ICOS in addition to CCL20 (61). This finding may sug-
gest that the decrease in CTLA-4"CD45RO™FoxP3* Tregs is a
consequence of reduced induction of ROR-yt/RORC, as observed
in the present study.

Another notable T cell defect in our patients was the impaired
capacity of their T cells to mount Thi, Th2, and Th17 responses.
Reduced cytokine production was observed not only when the pa-
tients’ CD4 T cells were activated by costimulatory signals, but
also when they were stimulated by PMA/ionomycin.

Although the ICOS-ICOS-L interaction was important in vivo in
the generation and/or maintenance of effector memory and central
memory cells, the absence of an ICOS signal through ICOS-L did
not seem to contribute to the T cell effector defects observed in our
ex vivo experiments. First, ICOS-L expression was not induced in
purified T cells upon CD3/CD28 costimulation (supplemental Fig.
3A).* In addition, blocking potential ICOS-ICOS-L interaction in
the controls did not result in decreased cytokine production or in
decreased up-regulation of MAF and RORC (supplemental Fig. 3,
B and 0).2

Additional experiments indicated that there was an abnormality
at the level of transcriptional regulation of Thl, Th2, and Thl7
polarization, and decreased induction of the master regulators T-
bet, GATA-3, MAF, and RORC in the patients. Previous research
on mice has shown that ICOS regulates MAF expression and
GATA-3 induction (62), and our present study points to an addi-
tional role of ICOS in the complete induction of T-bet and RORC.

One major factor contributing to the poor effector T cell re-
sponses in the patients could be the decrease in total memory CD4
T cells. This is particularly likely in the case of IL-4 and IL-17
production, because the memory T cells had only mild defect in
producing IL-4 and IL-17. Although the CD4"CD45RO™ T cells
in the patients displayed a significantly reduced ability to produce
IFN-v, the decreased response may be explained by pronounced
reduction in TEMs in the patients. To determine whether the mem-
ory T cell compartment in our patients is functionally defective or
intact on a per cell basis, we would need further analysis of various
parameters of the T cell effector functions in naive T cells, TCMs,
and TEMs.

Nuricva et al. (56) demonstrated that murine ICOS™™ CD4 T
cells showed defective induction of T-bet, GATA-3, and EOMES
in the absence of CD28 costimulation because of up-regulation of
E3 ubiquitin ligases: Grail, Cbi-b, and Ttch. It is uncertain whether
the augmented baseline expression of E3 ubiquitin ligases is rel-
evant to the observed effector T cell dysfunction, because this was
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confirmed only in patient 2. It is rather unlikely that the different
expression of the E3 ubiquitin ligases contributed to the T cell
defects in the patients because augmented induction of these li-
gases was not detected in the patients.

In contrast to the global impairment in cytokine synthesis, IL-2
production was only marginally affected. Supporting this observa-
tion, induction of transcription factors for IL-2 (c-Jun/c-Fos) was
normal in the patients (data not shown). Similarly, induction of
IL-21 and TGF-$ was also unaffected in the CD4 T cells of the
patients, although their induction was modest under costimulatory
conditions (data not shown). It should be noted that production of
1L-22, a Thi7 cytokine fundamental for the development of pso-
riasis, showed normal induction, and that both the patients had
psoriatic cutancous lesions (63). Although whether IL-17A and
IL-22 are produced by the same Th17 subset is still unclear (64,
65), our data suggest an IL-22-producing CD4 T cell subset is not
functionally impaired in the patients.

Previous studies in mice have shown that ICOS is necessary for
optimal CD8 T cell responses (34). ICOS can directly stimulate
CD8 T cells (35); and ICOS-Ig-treated mice displayed diminished
TFN-vy production by CD8 T cells. Our study has demonstrated that
CD8 memory cells are reduced in ICOS deficiency, and that CD8
T cells in the absence of ICOS can mount a very low IFN-vy re-
sponse, for the first time in humans. ICOS is induced on terminally
differentiated CD28~CD8 effector T cells (11), and thus, may play
a role in maintaining the CD8 subset. Therefore, a decrease in the
number of IFN-y-producing CD8 T cells could be ascribed to the
reduction in CD45RO™ memory CD8 T cells or in CD287CD8 T
cells (data not shown) in our ICOS-deficient patients. IFN-+y pro-
duction is regulated by T-bet and EOMES cooperatively or redun-
dantly in CD8 T cells (50, 51). T-bet induction was normal when
stimulated with PMA/ionomycin or anti-CD3/anti-CD28, whereas
a baseline expression of EOMES was decreased in CD8 T cells in
the patients. Although this may explain the impaired production in
part, further rescarch on the CD8 T cells stimulated with various
common y-chain cytokines would be necessary to assess whether
the transcriptional regulation of CD8 effector functions is impaired
in the absence of ICOS.

In addition to the reduced numbers of effector T cells, which
either potentiate or inhibit T cell responses, the present study dem-
onstrates for the first time an aberrant induction of negative co-
stimulatory molecules on activated T cells in ICOS-deficient pa-
tients. CTLA-4 and BTLA are induced upon activation and
transmit an inhibitory signal to T cells to regulate the balance
between T cell activation, tolerance, and immunopathology (3-5).
Costimulatory and coinhibitory molecules are normally induced in
the absence of ICOS in mice and humans (23, 31). In our patients,
however, induction of CTLA-4 and BTLA following CD3/CD28
signaling was impaired. Although the molecular basis of the de-
fective expression is still not known, this may be ascribed to the
decreased memory T cell subset in the patients. At all events, our
findings imply that an inhibitory signal to suppress activated T
cells could not be appropriately induced in the patients.

Collectively, these data highlight the positive contribution of
ICOS to the maintenance of, or commitment to, effector T cells and
a subset of Tregs, and the induction of negative costimulatory re-
ceptors on activated T cells. The immunodeficiency in our ICOS-
deficient patients, although mild, can be understood by the defects
in their effector T cell functions as well as in T cell-dependent B
cell help, but a reasonable explanation is still required for the de-
velopment of autoimmunity, RA, IBD, IP, and psoriasis in ICOS-
deficient patients.

Most studies have depicted ICOS as a positive costimulator in
the immune reaction. For example, research in ICOS-deficient
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mice suggests that ICOS is critically involved in autoimmune de-
velopment and allogeneic reactions (21, 25-29). There are, how-
ever, some results indicating that abrogation of the ICOS-ICOS-L
interaction aggravates the disease process. For example, in some
initial studies on ICOS-null mice, experimental autoimmune en-
cephalomyelitis was unexpectedly exacerbated and allergen-de-
pendent airway sensitivity was augmented (14, 66, 67). What is the
role of ICOS in autoimmune devélopmcnt?

Burmeister et al. (23) reported that ICOS supports the expansion
and survival of Thl or Th2 responder cells, Th17 cells, and
FoxP3™" regulatory effector cells. They hypothesized that the ab-
sence of ICOS function in a particular mouse model would result
in a phenotype reflecting a deficiency of the dominant effector T
cell type. Thus, blockade of the ICOS-ICOS-L interaction could
mainly affect Treg subsets and lead to the development of auto-
immune disorders.

Our observations in human ICOS deficiency may fit the concept
of ICOS as an agonist molecule. In our ICOS-deficient patients,
defects in T cell function leading to termination of the activated T
cell response may have been dominant.

Another question remains, as we observed a wide range of au-
toimmune discases in patient 1, but not in patient 2. Although
phenotypic variation in siblings with the same mutation is not un-
common in human genetic disorders, there might have been some
contributing factor(s).

First, our analysis showed paradoxical down-regulation of Itch
expression after PMA/ionophore stimulation in patient 1. Because
ITtch induction is important in the control of NF-«B activation (55),
an activation signal in the absence of CD28 costimulation may
have led to continuous inflammation in patient 1.

Second, although the T cell immune functions and stimulation-
induced mRNA expression pattern of CD4 T cells were strikingly
similar between the siblings, we found that the T cells of patient 1
showed exaggerated induction of RANKL expression and poorer
production of IFN-vy. Previous studies demonstrated that T cells,
which contribute to the development of RA and IBD, were char-
acterized by poor IFN-+y production, production of inflammatory
cytokines including IL-17A and TNF, and RANKL expression
(59). Although IL-17A induction was not increased, the aug-
mented RANKL expression and poor IFN-+y production in T cells
may have contributed to the autoimmune disease progression.
Characterization of RANKL-expressing IL-17A-negative T cells
requires further investigation.

Third, we surmised that a major infectious episode may have
upset the subtle balance between effector T cells and Tregs in our
patients. In fact, patient 1 developed a series of autoimmune dis-
orders after a severe bacterial infection.

Finally, the reason for the apparent discrepancy in T cell func-
tions between the ICOS-deficient patients presented in this study
and the TCOS deficiency described in previous reports (31-33) is
elusive. One possibility that explains the difference in cytokine
production in our patients and ICOS deficiency in previous reports
could be different stimulation condition (dose of mAb and incu-
bation period). However, it is unlikely because effective cytokine
synthesis from the T cells was not observed in our patients even
with an increased dose of anti-CD28 mAb and with longer time
periods (supplemental Fig. 4).* This indicates the presence of other
intrinsic factor(s).

Another possibility is the difference in the mutation site of the
ICOS gene. Our patients harbored a homozygous single-base de-
letion at codon 285 located in the extracellular domain, whereas
other ICOS deficiencies have homozygous deletion in exons 2 and
3 of the ICOS gene (33). In addition to defective ICOS expression,
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this mutation may result in the expression of a 120-aa ICOS pro-
tein that affects immune function, for example, by binding to
ICOS-L on B cells, monocytes, or a subset of T cells. Despite
extensive investigation, however, we have been unable to demon-
strate the expression of a truncated ICOS protein in our patients’
lymphocytes.

In summary, the present study on T cell functions in two novel
ICOS-deficient patients has shown that the interaction between
ICOS and ICOS-L is critical for the development and maintenance
of multiple types of effector cells and Tregs, and that the defects
are at least in part due to diminished memory T cells and/or im-
paired induction of master regulators. Collectively, the results of
our study highlight a major role of ICOS as a coordinator of T cell
immune responses and T cell maintenance.
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Rapid diagnosis of ataxia-telangiectasia by flow cytometric monitoring of DNA

damage-dependent ATM phosphorylation

Leukemia (2009) 23, 409-414; doi:10.1038/leu.2008.195;
published online 17 July 2008

Ataxia-telangiectasia (A-T) is an autosomal recessive disorder
characterized by cerebellar ataxia, telangiectasias, immune
defects and a predisposition to malignancy. The birth frequency
of A-T is estimated to be about 1 in 100000-300000. The
A-T heterozygote frequency is estimated to be 0.5-1%. The
patient shows progressive cerebellar ataxia since infancy.
Telangiectasia typically develops after 3-5 years of age. Sixty
to 80% of patients show immunodeficiency. Twenty to 30% of
patients develop a malignancy, mainly leukemia or lymphoma.
Laboratory finding shows decreased level of serum IgA, 1gG2
and 1gE. Increased level of serum o-fetoprotein is a specific
feature. Peripheral circulating lymphocytes show characteristic
intra-locus rearrangements involving T-cell receptor and/or
immunoglobulin loci. Chromosomal breakage and hypersensi-
tization to ionizing radiation (IR) are a hallmark cell biological
feature of the A-T cell. A-T cells also show improper cell cycle
regulation after IR, which has been known as radioresistant
DNA synthesis.

The responsible gene, ataxia-telangiectasia mutated (ATM),
contains 66 exons spanning approximately 150kb of genomic
DNA at 11g22.3. cDNA contains 10 140bp. The ATM protein
contains 3056 amino acids coded by a 9168-bp open reading
frame."? The ATM gene is also known to be mutated
secondarily in various hematological malignancies, and is
speculated to work as a tumor suppressor gene,3 ATM protein
is one of the members of phosphoinositide 3-kinase-related
kinases. Exposure of cells to genotoxic stresses such as anti-
cancer drugs or irradiation induces DNA double-strand breaks.
The central player in such DNA damage response is ATM.* ATM

is present as a dimer or higher-order multimer in unstressed cells
with the kinase domain bound to the region surrounding serine
{Ser) 1981. Cellular irradiation induces rapid intermolecular
autophosphorylation of Ser 1981 and this phosphorylation event
results in dimer dissociation and initiation of celiular ATM
kinase activity.”

Diagnosis of A-T is based on clinical features combined with
laboratory findings. Several cell biological and molecular
approaches, such as protein truncation assay, yeast-based
protein truncation assay, western blotting, RNA restriction finger
printing assay, and others, have been used to reveal ATM
mutation prior to straightforward genome sequencing.” How-
ever, there is no standard method that could be applied in
clinical diagnosis, genetic counseling or carrier prediction.
Here, we describe a novel method for A-T diagnosis using
measurement of phosphorylation status of ATM by flow
cytometry.

DNA damage response occurring in cells was monitored by
measuring the phosphorylation level of ATM at Ser 1981 using
the flow cytometry technique. Phosphorylation of ATM at Ser
1981 is the hallmark of ATM activation and can be detected
by the anti-phospho-ATM-specific antibody 10H11.E12 (Cell
Signaling, Danvers, MA, USA). Epstein-Barr virus (EBV)-
transformed wild-type lymphoblastoid cell line (LCL-WT) was
irradiated or treated with hydrogen peroxide (H,0,) to induce
DNA damage. Dose-dependent phosphorylation of ATM was
detected 1h after irradiation or H,O, treatment by flow
cytometry. An irradiation dose of 0.5Gy was sufficient to
induce phosphorylation of ATM at Ser 1981 and the level of
phosphorylation increased in a dose-dependent manner
(Figure 1a). Phosphorylation of ATM was seen in cells treated
with 0.1 mm H,0,, and the level of phosphorylation increased
in a dose-dependent manner up to 0.5 mM.
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Figure 1 Continued.

Treatment with H,0, appeared to reach plateau at the doses compared with that in LCL-WT. Phosphorylation after 10 Gy IR
of 0.5 and TmM H,O, based on the equivalent level of and 0.5 mM H,0, treatment was detected in LCL-WT but not in
phosphorylation seen by flow cytometry (Figure 1a). Next, the AT52RM (Figure 1c). These results are compatible with the
time kinetics of ATM phosphorylation status was investigated in interpretation that the phosphorylation detected by flow
10 Gy IR- or 0.5 mMm H;O,-treated cells. ATM phosphorylation cytometry corresponds to ATM phosphorylation. This observa-
was detected 10 min after IR and 15 min after H,0O, treatment, tion prompted us to investigate whether the flow cytometric
and reached its near-maximum level at 60min after IR and monitoring of DNA damage response is applicable for A-T
30min after H,O, treatment (Figure 1b). diagnosis in the clinical setting.

To validate the phosphorylation status demonstrated by flow Peripheral blood mononuclear cells (PBMNCs) were cultured
cytometry in LCL-WT, the same assay was applied to AT52RM, using media with 700 U/ml interleukin-2 ({L-2) and co-cultured
an A-T LCL with null ATM expression by compound hetero- with anti-CD3 antibody, which activates peripheral blood
zygous truncation mutations 7626 C>T/8365 del A, and was T cells (activated T cel)® and provides enough numbers of
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