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Figure 5. Longitudinal TCR Repertoire
Analysis in FoxP3* Cell Subpopulations
TCRBV5*CD4* T cells belonging to indicated Treg
or non-Treg cell fractions: were FACS sorted as
a single cell at indicated time points into wells of
PCR plates. By RT-PCR and TCR sequencing,
the frequencies of individual sequences were as-
sessed. Empty slices correspond to sequences
that were found only once in only one subset.
Persistent clones are color highlighted. Slice size
is proportional to the number of 6ccurrences of
the corresponding TCR. sequences. The total
number. of sequences. successfully analyzed in
each subset is indicated:

in the aTreg, but not rTreg, cell popula-
tion. This indicates. that the clones have
preferentially expanded. after differenti-
ating to-aTreg cells, as suggested by the
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controls signaling thresholds in lymphocytes, hence their state of
differentiation and activation (Hermiston et al.; 2003). The three
subpopulations are CD45RA-FoxPa"CD4* activated Treg cells
and CD45RA*FoxP3'°CD4" resting Treg cells, both of which are
potently suppressive in vitro, and cytokine-secreting nonsuppres-
sive CD45RA-FoxP3°CD4* non-Treg cells.

The distinction of FoxP3* subpopulations revealed the differ-
entiation pathways of Treg cell subpopulations. First, most of
FoxP3" aTreg cells originate from rTreg cells as shown in vitro
and in- vivo, although some FoxP3" Treg cells may arise from
FoxP3 CD4' non-Treg cells (Vukmanovic-Stejic et al., 2006).
Second; a large proportion of FoxP3" aTreg cells is highly prolif-
erative in vivo and appears to be recently activated, although
most rTreg cells are in a resting state. Once rTreg cells are stim-
ulated, they upregulate FoxP3 expression, differentiate to aTreg
cells, and proliferate. In addition to these results obtained by
direct ex vivo analysis of the subpopulations and by their transfer
to NOG mice, our longitudinal study of the repertoire of a partic-
ular TCR VB subfamily in a single individual provides further
evidence that the conversion of rTreg to aTreg cells physiologi-
cally occurs in vivo. In our current analysis, dominant clones
found in the rTreg cell population were found 18 months later
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high rate of Ki-67 " cells in the aTreg cell
population. The presence of such domi-
nant T cell clones: over a long period of
time is a key feature of the aTreg cell pop-
ulation (C.P. and G.G:, unpublished data).
This also indicates that the TCR repertoire
of Treg cells adaptively: changes: with
clonal expansion especially inaTreg cells.
Considering' that aTreg cells rapidly. die
in vitro. and that the immune system is
constantly . challenged.:: by ~exogenous
and ‘endogenous antigens;- it is highly
likely: that the maintenance of the pool of
aTreg cells is the consequence of a tight
balance between the constant develop-
ment of aTreg cells from activated- and
proliferating rTreg. cells: and their death
after exerting suppression. Further, aTreg
cells control rTreg cell expansion in a feedback manner, contrib-
uting to the maintenarnce of the balance: FoxP3" aTreg cells thus
appear to be terminally differentiated Treg cells; yet it remains to
be determined whether the alreg cell ‘population contains
a memory type long-living Treg cells. Given that aTreg cells die
rapidly and that rTreg cells are highly proliferative upon stimula-
tion, attempts to expand Treg celis ex vivo for cell therapy should
be focused on rireg cells as proposed by others (Hoffmann
et al., 2006). It needs to be determined whether rTreg cells are
constantly produced by the thymus, or whether they have
a high renewal capacity in the periphery, or both.

Our study has clearly shown that human FoxP3'CD4" T cells
contain cytokine-secreting nonsuppressive effector T cells that
display low expression of FoxP3. These nonsuppressive Fox:
P3°CD45RA CD4* T cells (Fr. lll) may correspond to recently
described activation-induced FoxP3-expressing cells that tran-
siently express FoxP3 in vitro {Allan et al., 2007; Gavin et al.,
2006; Tran et al., 2007; Wang et al., 2007). Supporting: this
notion, although the 5’ flanking region of the FOXP3 gene in Fox-
P3'°CD45RBA-CD4* T cells is highly demethylated, the STAT5-
responsive region is poorly demethylated, suggesting that they
may. be: unstable in maintaining FoxP3 expression through
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Figure 6. Variations in FoxP3' Cell Subpopulations under Physiological and Disease Conditions
{A) Flow cytometry of PBMCs gated on CD4" T cells isolated from cord blood. A representative of four samples.
(B} Expression of CD45RA and FoxP3 by gated CD31" or CD31~ CD4" T cells. Numbers indicate percentage in each quadrant. Arepresentative of four indepen-

dent experiments:

(C) Flow cytometry of PBMCs gated on CD4" T cells isolated from a 29-year-old healthy adult, an 88-year-old donor, and two patients with active sarcoidosis or

active SLE. Percentage of each quadrant in each staining combination is shown.

(D) Percentages of each FoxP3* subset among €D4* T cells inindicated numbers of patients with active sarcoidosis, active SLE; aged donors (between 79and 90
years old}, and healthy donors (between 18 and 40 years old). Red horizontal bars represent mean percentage. Statistical comparisons were performed by

nonparametric Mann=Whitney U test. NS, not significant:

STATS signaling. The notion is also supported by recent reports
showing that activation-induced: FoxP3'Cb4' T cells have
FOXP3 DNA significantly less demethylated than bona fide
Treg cells (Baron et al.,; 2007; Janson et al., 2008). In addition,
although CD127 is a convenient marker for isolating FoxP3* cells

as CD25"CD127'°CD4" T cells (Liu et al.; 2006; Seddiki et al.,
20086}, it is of note that they also include FoxP3* non-Treg cells.
We therefore propose that the combination of CD25 and
CD45RA is so far the best markers for purifying human FoxP3™*
Treg cells as rTreg and aTreg cells.

Immunity 30, 899-911, June 19, 2009 ©2009 Elsevier Inc. - 907




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. L. Indeed, FoxP3"
memory-like non-Tregs: (Fr..ll). were the highest producers of
1L-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., 2008g;
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 FoxP3~CD4* 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 ch2s5"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
cellsin 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
alreg 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,
Treg and aTreg cells might use different suppressive mecha-
nisms by secreting different immunosuppressive  cytokines
such as 1L-10 and TGE-B (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 rfreg
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 CD45RA®Ki-
67FoxP3"CD4* 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, withra 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
(Mivara et al., 2005, 2006). All patients were newly diagnosed and not medi-
cated with steroid or immunosuppressant. The study was done according to
the Heilsinki declaration with the approval from the human ethics committee
of the Institute for Frontier Medical Sciences, Kyoto University and from Com-
ité Consuiltatif de Protection des Personnes dans la Recherche Biomédicale of
Pitié-Salpétriere  Hospital,: Paris. Human peripheral. blood PBMC were
prepared by Ficoll gradient centrifugation. Lymphocyte subpoptlations was
isolated by a MoFLo cell sorter (Dako) after positive magnetic cell separation
of CD4’ T celis 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
cells,

Mice

NOG mice described previously {(Hiramatsu et al., 2003) were injected intrave-
nously: with 3.5-5' x 107 human 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 invitro 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 Couliter), 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 datection of
FoxP3 with anti-hFoxP3 {PE orAlexa Fluor 647, clone 236A/E7 [e-Bioscience}
or.clone 259D [BD biosciences]) and of Ki-67 antigen with Ki-67 antibody (FITC
ar 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/mi PMA and 1 1M fonomycin 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 FACSCatibur {Bector Dickinson) were analyzed with
WinMDI 2.9 software (http://facs scripps.edu/software.htmi). Statistical com-
parisons were performed with the nonparametric Mann-Whitney U test.

Cell Culture and Suppression Assay

RPMI 1640 medium supplemented with 10% fetal bovine serum; 100 [U/mi
penicillin, and 100 pg/ml streptomycin (Sigma; St. Louis, MO) was used for
T celi culture. Celis were labeled with 1 pM CFSE (Dojindo and invitrogen). In
suppression: assays; unless: otherwise indicated, 1 x 10% CFSE-labeled
responder CD25 - CD45RATCDA4! T cells were cocultured with 1. x 10% unla-
beled cells as d for.their suppressive capagity and 1 x.10° irradiated
autologous accessory.cells and were stimulated with 0.5 pg/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 cellsata 110 1.ratio by the humber of proliferating responder cells
when cultured-alone; and multiplied by 100:

FOXP3 Gene DNA Methylation

The genomic DNA from purified human CD4* T cell subsets was extracted by the
Blood & Tissue Genormic DNA Extraction System (Viogene). Geriomic 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 sequericed by the BigDye
Terminator kit (ver. 3.1; Applied: Biosystems) and the ABI automated DNA
sequencer (Applied Biosystems). Primers used: Fxpro-met F1, 5-TTTTT

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, Q)AGEN). In each reaction, hypoxanthine phosphoribosyitransfer-
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'- CAGCACATTCCCAGAGTTCC-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-CTAACCAGCACCACTTCC-3'; AHR_F,5-AACAGATGAGGAAGGAA
CAGAGC-3'; AHR!R,5-GAGTGGATGTGGTAGCAGAGTC-3, AHRR: F,5-AA
GGCTGCTGTTGGAGTC-3; "AHRR_R,5'< TGGATGTAGTCATAAATGTITCTG
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.

SUPPLEMENTAL DATA

Supplemental Data include ten figures and two tables and can be found with
this' article online  at. http://www.cell.com/immunity/supplemental/S1074-
7613(09)00202-7.
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GTGGTGAGGGGAAGAAATTATATT-3, Fxpro-met R2, 5'-TACCATCTCCTC
CAATAAAACCCACATC-3; . Fxintmet F8, S5-TTTGGGTTAAGTITGTTGTAG
GATAGGGTAGTTAG-3'; Fxint-met_R7, 5'-AAATCTACATCTAAACCCTATTAT
CACAACCCC-3".

Single Cell Sorting, RT-PCR, and VB5 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, BV5ext
(5-GATCAAAACGAGAGGACAGC-3) and BC (5-CGGGCTGCTCCTIGAG
GGGCTGCG-3') were used. Reactions were subjected after 5 min at 94°Cto
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-GCGGGTCYGTGCTGACGC-3') were used.
PCR was performed as in the first step.

Products ‘were subjected to automated sequericing (4Bl 3100, Applied
Biosystems).

Specific questions. regarding: this  repertoire: analysis: should: be sent to
guy.gorochov@upmc.fr.

Microarray and Real-Time PCR

RNA was extracted from FACS-sorted CD4" T cells according to their amounts
of CD25 and CD45RA arid analyzed by Affymetrix Human Genome U133 Plus
2.0:Arrays.
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Identification of Severe Combined Immunodeficiency by T-Cell Receptor
Excision Circles Quantification Using Neonatal Guthrie Cards

Yoichi Morinishi, MD, PhD, Kohstike Imai, MD, PhD, Noriko Nakagawa, MD, Hiroki Sato; MHSc, Katsuyuki Horiuchi, MD, PhD,
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Masahiro Tsuchida, MD, PhD, Tomohiro Morio, MD, PhD, Yoji Sasahara, MD, PhD, Satoru Kumaki, MD, PhD,

Keiko Ishigaki, MD, PhD, Makoto Yoshida, MD, PhD, Tomonari Urabe, MD, Norimoto Kobayashi, MD, PhD, Yuri Okimoto, MD,
PhD, Janine Reichenbach, MD, PhD, Yoshiko Hashii, MD, PhD, Yoichiro Tsuji, MD, PhD, Kazuhiro Kogawa, MD, PhD,
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Tadashi Ariga, MD,.PhD, and Shigeaki Nonoyama, MD, PhD

Objective To assess the feasibility of T-cell receptor excision circles (TRECs) quantification for neonatal mass
screening of severe combined immunodeficiency (SCID).

Study design Real-time PCR based quantification of TRECs for. 471 heaithy control patients and 18 patients
with SCID with various genetic abnormalities ((L2RG, JAK3, ADA, LIG4, RAG1) were performed, including patients
with maternal T-cell engraftment (n = 4) and leaky T cells (n=3).

Results TRECs were detectable in all normal neonatal Guthrie cards (n = 326) at the levels of 10* to 10° copies/ug
DNA. In contrast, TRECs were extremely low in all neonatal Guthrie cards (n = 15) and peripheral blood (n = 14) from
patients with SCID, including those with- maternal T-cell engraftment or leaky T cells with hypomorphic RAG1
mutations or LIG4 deficiency. There were no false-positive or negative results in this study.

Conclusion TRECs quantification can be used as a neonatal mass
screening for patients with SCID. (J Pediatr 2009;155:829-33).
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CD45R0+ Guthrie cards PB Pre-HSCT
/
Age at Age at CD4+CD3 ~ Maternal TRECs TRECs
onset of SCID Lymphocytes C€D3+ CD3+ CD19+ + lymphocyte (/ug (/ng
Patient Sex Genotype symptoms .. diagnosis {/pb) (%), . {ul) (%) (%) engraftment DNA) DNA) Age

1 M. IL2RG 3mo 3mo 720 0.0 0. - 86.0 - <10 = -

2 M IL2RG - 0'mo 780 0.0 0 - 94.0 - <10 <10 0y, 0no

3 M- IL2RG - 0'mo 920 0.0 0 - 91.0 - <10 <10:. Oy, 0mo

4 M - IL2RG 4 mo 5:mo 2550 0.2 5.. NA 99.4 - <10 <10.. 0y,5mo

5 M~ IL2RG 10 mo 10 mo 1035 0.0 0 - 94.7 - <10 <10 0y, 10mo

6 M IL2RG 4 mo 5mo 3560 0.0 Qe 95.8 < <10 <102 0y; 5mo

7 M. ILZ2RG - 0 mo 966 0.7 7 953 77.5 - <10 <10. 0y,0mo

8 M JAK3 4mo 4'mo 3810 0.0 0= 870 - <10 - -

9 Fo JAK3 2:mo 5'mo 2495 0.0 0 - 89.8 = <10 <107 0y, 6mo
10 M ADA 1 mo 4 mo 90 40.0.. 36 995 44 - <10 <10 0y,2mo
1 M ADA 1mo 2m 100 6.8 789.9 0.9 - 6.2 x 102 <10 0y, 1mo
12 M IL2RG 8 mo 8 mo 3250 40.8 1326 898 65.5 T+ NK+ - <10 1y
13 M IL2RG - 0 mo 950 4.2 40 NA 68.6 T+ <10 - -

14 Mo IL2RG 9'mo 10:mo 860 7.0 +60:::99:6 859 T4 NK+ <10 <10::::0.y;:10:mo
15 M- IL2RG 3mo 3mo 300 365110 NA 53.5 T+ <10 - -
16 F LG4 - 0mo 550 387213976 0.3 - - <102y
17 M LG4 1y,6mo" 4y 300 443133252 0.1 E <10 <104y
18 F: 2 RAGT 8mo 1y 9mo 550 531292 916 120 = - gox 10t 2y
N y

NA,; Not available.

developed T cells."**? T-cell receptor excision circles
(TRECs) are small circular DNA fragments formed through
rearrangement of the T-cell receptor (TCR) w-locus and do
not multiply during cell division.”™> Therefore, TRECs
quantification is reportedly useful for determining recent
thymic emigrants. Two reports of a method for neonatal
screening of SCID using TRECs quantification by real-time
PCR have been published.>” Both studies quantified TRECs
of patients with SCID using peripheral blood and found sig-
nificantly lower levels of TRECs than those of control neo-
nates. In addition, Guthrie cards from 2 patients with SCID
retrospectively had undetectable TRECs.® Most control neo-
nates had high amounts of TRECs. However, TRECs were
undetectable in some samples. To increase specificity, 1
study’ proposed a 2-tiered strategy using a combination of
quantified TRECs and 1L-7.

We have evaluated blood from Guthrie cards and periph-
eral blood from control patients and patients with SCID for
detecting TRECs.

_Methods

Peripheral blood samples were obtained from 112 healthy
volunteers (median age, 14 years; range, 0.1 to 51 years).
Thirty-three umbilical cord blood samples (median gesta-
tional age, 38.9 weeks) were collected at the National Defense
Medical College Hospital. Dried blood spots of umbilical
cord blood were obtained by applying 50 4L of residual blood
to the 11-mm circles on filter-paper cards (PKU-S, Toyo-
roshi, Tokyo, Japan). Twenty-six neonatal Guthrie cards
with dried blood spots were donated from surplus routine
samples for newborn mass screening from neonates born at
National Defense Medical College Hospital during this study

830

period (January 2005 to December 2007). In addition, 300
neonatal Guthrie cards, stored at —20°C for less than 5 years
i a neonatal mass screening center at Shimane University,
were analyzed.

Eighteen patients with SCID were analyzed for TRECs
(Table). All patients were genetically diagnosed using geno-
mic DNA sequencing. Mutations’ of either IL2RG (n=11),
JAK3 {n=2), RAGI (n=1), ADA (n=2), or LIG4 (n=2)
were identified in the patients (Table).

Peripheral blood samples of 14 patients before hematopoi-
etic stem cell transplantation were used. In addition, neonatal
Guthrie cards of 15 patients that had been stored in newborn
mass screening centers were obtained.

Maternal T and NK lymphocyte engraftment was diag-
nosed: by fluorescent in situ hybridization (FISH) using
X and Y chromosome-specific probes after purification of
each compartment by specific monoclonal antibodies and
immunomagnetic beads.

The study protocol was approved by the National De-
fense Medical College Institutional Review Board, and in-
formed consent was obtained from the parents of patients
with SCID and healthy control patients; as well as adult
control patients, in accordance with the Declaration of
Helsinki.

Quantification of TRECs by Real-Time PCR
We used 100 pL of whole blood (EDTA anticoagulated pe-
ripheral blood' and heparinized cord blood) or:2 punches
of 6 mm in diameter from Guthrie card to extract genomic
DNA:

Concentrations of DNA from peripheral blood, fresh dried
blood punches from normal neonates (n = 26), and stored
dried ‘blood spots from normal neonates (n=300) were

Morinishi-et al
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Figure 1. Umbilical cord blood (UCB) (n = 33) and peripheral
blood (n=112, 0to 51 years) samples were analyzed. TRECs
in different age groups are shown. TRECs were significantly
higher in umbilical cord blood (6.2 3.2 x 10> copies/ug
DNA) and infants (5.8 +-2.3 x 10° copies/ug DNA) as com-
pared with other age groups of children (3.5 +2.8 x 10°
copies/ug DNA in 2 to 6 years old, 2.0 4+ 1.4 x 10° copies/ug
DNA N7 to 12 years old, 8.2 + 6.3 x 10% copies/ug DNAIn 13

to 18 years old) and adults (3.4 3.6 x 107 copies/ug DNA).

40:6 +2.3 ng/ul, (mean -+ SEM) (range, 13 to 167 ng/ulL),
7-8+2.8 ng/ul (2.9 to 13.0 ng/uL), and 5.3 +0.2 ng/uL
(0.6 to 20.2 ng/uL), respectively.

Quantitative real-time PCR for 0Rec-yJa sjTRECs was
performed using the same primers and 6Rec probes as
reported by Hazenberg et al.'*

As an internal control, RNaseP gene was amplified in each
sample tested using TagMan RNaseP Primer-Probe (VIC
dye) Mix (Applied Biosystems, Foster City, California).

Statistical Analysis
An exponential regression model was used to quantify the re-
lationship between age and TRECs levels (per ug DNA and
per RNaseP). Goodness-of-fit of the model was evaluated
by R%. The Dunnett multiple comparison test was conducted
to test the differences of each age group (0to 1,2 to 6, 7 to 12,
13 to 18 years and adults) versus umbilical cord blood com-
parisons serving as a control group (Figure 1). RNaseP and
TRECs levels of patients with SCID and control patients
were compared by an unpaired Student ¢ test (if the variance
was equal) or Welch ¢ test (if the variance was different).
All statistical analyses were performed using GraphPad
Prism Version 4.00 (GraphPad Software, San Diego, Califor-
nia). P'< .05 denotes a statistically significant difference.

TRECs were detectable in all DNA samples from whole blood
of normal control patients, including umbilical cord blood
(n =33), healthy infants (0"to 1 year old, n=12); children
(2 to 18 years old, n=63), and adults (n=37). TRECs in
whole blood were found to decline with increasing age
(r=0.851). TRECs of umbilical cord blood were significantly
higher than those of children and adults but were not signif-
icantly different from those of infants (Figure 1). We found
a strong correlation between TRECs copies/ug DNA and
TRECs/RNaseP ratio (r=0.979).

TRECs of peripheral blood samples from all 14 patients
with SCID before hematopoietic stem cell transplantation
were below detectable levels (<10 copies/ug DNA) with the
exception of 1 (P18, see below), in contrast to high levels
of control iinfants (5.8 40.7 X 103/ug DNA, n=12)
(P < .0001) (Figure 2; A):

Next, we analyzed TRECs: of dried blood spots from
normal ‘control ‘neonatés using - simulated - Guthrie cards
from cord blood (n=31), neonatal Guthrie cards obtained
during this study period (January 2005 to December 2007)
(n'=26), and those stored in a neonatal mass screening center
for less than 5 years (n = 300). TRECs were detectable in all
dried blood spots: in cord blood (1.3 +0.1 x 10* copies/ug
DNA; . mean &= SEM), - . in‘neonatal . Guthrie  cards
(23402 %10 copies/ug DNA), and in stored neonatal
Guthrie cards (3.6 & 0.2 x 10> copies/ug DNA).

To: determine whether this method can identify patients
with SCID, we quantified TRECs using 15 stored neonatal Gu-
thrie cards from patients with SCID (patients 1 through 11, 13
through 15, and patient 17), RNaseP levels were high in all neo-
natal Guthrie cards from patients with SCID (1.8 4 0.3 x 10°
copies/ug DNA, n = 15), which were similar to control levels
(2.3 +£0.1 x 10° copies/ug DNA, n = 26) (P = .184), indicat-
ing an appropriate amount of genomic DNA was extracted
from the neonatal Guthrie cards (Figure 2, B). In contrast,
TRECs were below detection levels in all patients (P < .0001)
except 1 (patient 11). This patient with SCID had compound
heterozygous mutations of ADA (GIn119Stop/Arg34Ser). He
had detectable but significantly lower levels of TRECs
(6.2 x 10° copies/ug DNA) than those of control neonates
(2.34 0.2 x 10* copies/ug DNA, n = 26) (Figure 2, B). At 1
month of age, the TRECs from the peripheral blood of patient
11 were below detectable levels (Table and Figure 2, A).

These results indicate that neonatal mass screening of
SCID by quantitative real-time PCR for TRECs using neona-
tal Guthrie cards is feasible.

We analyzed TRECs in 4 patients with SCID with maternal
T-cell engraftment (patients 12 through 15, CD3" cells: 40 to
1326/uL). We found that all patients had undetectable levels
of TRECs in neonatal Guthrie cards (patients 13 through 15)
and peripheral blood (patients 12 and 14). Patient 12 had
a normal lymphocyte count (3250/uL) on admission as
well as a significant number of T, B, and NK cells (Table).
His peripheral blood TRECs level was below the detection

Identification of Severe Combined Immunodeficiency by T-Cell Receptor Excision Circles Quantification 831
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Figure 2.. A, RNaseP levels in peripheralblood from patients with SCID (2.1 £ 0.2 x 10% copies/uug DNA, n = 14) were comparable
with those from control infants (2:2.40.2 x 10% copies/ug DNA, n = 12) (P =..725). Peripheral blood TRECs from all typical patients
with SCID were undetectable (<10 copies/ug DNA) as compared with the high copy number of peripheral blood TRECs from
control neonates (5.8 + 0.7 x 10% copies/ug DNA, n = 12} (P < .0001). Patient 18, with hypomorphic RAG1 mutations, had de-
tectable but extremely fow TRECs in peripherai blood (8.0'x 10" copies/ig DNA). B, RNaseP levels in neonatal Guthrie cards from
patients with SCID (1.8 0.3 x 10° copies/ug DNA, n = 15) were comparable with those from control neonates (2.3 +0.1 x 10°
copies/ug DNA, n'=26) (P = .184). TRECs of Guthrie cards from 14 of 15 patients with SCID during the early neonatal period were
undetectable (<10 copies/ug DNA). An ADA-deficient patient (ADA™, patient 11) had detectable but significantly low TRECs

levels (6.2 x 102 copies/ug DNA) compared with control neonates (2.3 - 0.2 x 10 copies/ug DNA, n = 26).
Zi

levels despite the presence of peripheral T cells. FISH analysis
revealed that all circulating CD3" cells (1326/uL) were
derived from his mother. Similarly, TRECs of other patients
{patients 13 through 15) were also undetectable despite the
maternal T celis (Table).

These results confirm the findings of Patel et al’ indicating
that TRECs quantification is both effective and reliable for the
screening of SCID even in the presence of maternal T cells.

Patient 18 with hypomorphic RAGI mutations was lym-
phopenic (550/uL) at 21 months of age, but T (53.1%), B
(12.0%), and NK cells (31.2%) were present in peripheral
blood. Both T cells with TCRaf chain ‘and TCRvyd chain
were derived from the patient, as determined by FISH analy-
sis of the sex chromosome.

The peripheral blood TRECs from this patient (8.0 x 10’
copies/ug DNA) (Figure 2, A) was significantly lower than
age-matched control patients (5.243.2 x 10° copies/ug
DNA, n=5). We putified T cells with TCRaf chain by
FACS sotting. T cells with TCRa from patient 18 had very
low TRECs/cells (4.0 x 10 copies/ 107 cells) than those ‘of
age-matched control patients (5.1 x 10” copies/10° cells).

We also analyzed TRECs in 2 LIG4-deficient patients
(patients 16 and 17) who had leaky T cells (Table). Peripheral
blood TRECs were undetectable in both patients (Figure 2, A),
and TRECs in the neonatal Guthrie card were also undetect-
able in patient 17 (Figure 2, B).

These results indicate that TRECs are extremely low in
patients with SCID; even if leaky T cells are present.
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__Discussion

We demonstrated that TRECs were undetectable, or were
significantly lower (10" to 10 copies/ug DNA) than healthy
neonates and infants (10* to 10° copies/ug DNA), in both
neonatal Guthrie cards and peripheral blood = samples
obtained from SCID. All types of SCID tested, including
IL2RG, JAK3, ADA, RAGI, LIG4 deficiencies, were identified
by measuring TRECs. This finding was consistent with the
previous reports that showed the usefulness of TRECs for
the identification of SCID®”® and further indicates that
TRECs can identify SCID. with maternal T cells and SCID
with leaky T cells. In: 2 LIG4-deficient patients with
leaky T cells (€D3+38.7% and 44.3%) and in [ patient
with ‘hypomorphic mutations in RAGI . gene, who had
immunodeficiency and autoimmunity with residual memory
T cells,”>!® TRECs were undetectable. These results indicate
that TRECs is a good marker to identify the defect of
V(D)] recombination, in which LIG4 and RAG1 play essen-
tial roles. We observed progressive loss of TRECs in a patient
with SCID and ADA deficiency (patient 11). This observation
is compatible with the report that the loss of naive T lympho-
cytes occurs after birth in patients with ADA deficiency.'””'®

No false-negative was observed in this study (TRECs were
below normal range in all cases of SCID), although sample
size was too small to determine the exact false-negative
rate.
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Consistently, there were no false-positive (TRECs were all
positive) in the control samples in this study. The previous
studies showed 2.9% and 7.7% of false-positive rates.®’
The primers and probe used in this study '* were different
from previously studies.>” However, both probes were found
to result in equivalent quantities (data not shown): Thus, the
reason of the different false-positive rate between this and the
previous studies is currently undetermined. Mass screening
using larger population will disclose the exact false-positive
and false-negative rate.

The cost to test 1 sample in our study is $5 per sample,
which was reported to be cost-effective.!® We are now trying
to further reduce the cost.

Early diagnosis of SCID can prevent severe and recurrent
infection, which is often fatal and makes stemn cell transplan-
tation difficult. Identification of SCID by newborn screening
by TRECs will improve the prognosis and quality of life of
patients with SCID. =
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Abstract

The Wiskott-Aldrich: syndrome protein (WASP), which is: defective in. Wiskott-Aldrich:syndrome  (WAS)
patients, is an. intracellular protein ‘expressed in non-erythroid: hematopoietic cells. Previously, we have
established methods to detect intracellular WASP: expression in peripheral ‘blood: monontclear cells
(PBMNCs} using flow cytometric. analysis (FCM-WASP) and have revealed that WAS patients showed
absent or very low level intracellular WASP ‘expression in' lymphocytes and monocytes; while a significant
amount of WASP was detected in those of normal individuals. We applied these methods for diagnostic
screening of . WAS patients ‘and. WAS carriers; as. well as to the evaluation of mixed chimera in- WAS
patients:who had previously undergone hematopoietic. stem cell transplantation: During these procedures,
we have noticed:that lymphocytes from normal- control individuals showed dual positive peaks; while their
monocytes invariably showed a single sharp WASP-positive peak. To investigate the basis of the dual posi-
tive peaks (WASP'OWDIONt gng WASPRIONDIShY - e characterized the constituent linage lymphocytes of
these two WASP-positive populations. As a result, we found each WASPYMSh nopulation comprised dif-
ferent linage PBMNCs. Furthermore, we propose’ that the difference between the two WASP-positive
peaks did not result -from any difference in WASP expression in the cells, but rather from a difference in
the ‘structural and functional status of the WASP protein in the cells. It has been shown that WASP may
exist in two forms; an activated or inactivated form. Thus, the structural and functional WASP status or
configuration could be evaluated by flow cytometric analysis:
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The: Wiskott-Aldrich syndrome. protein (WASP) is the
causative - molecule underlying -WAS (1), - WASP - com-
prises 502 amino- acid residues, ‘and is encoded by the
WASP. gene, which is organized into. 12 exons encom-
passing 9 kb gDNA; and'is located on the X-chromo-
some  at Xpll1:23-pl11.22 (2). 'WASP belongs - to the
growing  family: - of - WASP/Scar/WAVE: - cytoplasmic
scaffolding proteins, which are: involved in cytoskeleton
remodeling = and  actin - nucleation/polymerization in

© 2009 John Wiley & Sons A/S
82 {223-230}

responise - to - activation: stimuli (3, 4): Recent  studies
have: revealed that WASP interacts with. a number of
intracellular ‘molecules: and plays key: roles in signal
transduction - and - the regulation of actin-polymerization
(5-9). ‘Furthermore, on the basis: of  crystal structure
studies of the  WASP molecule; it ‘has been shown that
WASP:is involved in an auto-inhibition and activation
mechanism  via - intra-molecular ‘conformation changes

(10).
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Application of FCM for evaluation of WASP function

Loss of function mutations in the WASP genes
causes WAS, and X-linked thrombocytopenia (XLT)
(11, 12), while gain of function mutations in the
WASP gene have shown to cause X-linked neutropenia
(XLN) (13). However, the full extent of the varied
clinical symptoms observed in these patients (14-20)
has not .been. fully elucidated in relation to. WASP
abnormalities.

Previously, 'we "have established ‘methods ‘to " detect
intracellular - WASP “expression in *peripheral blood
mononiclear cells (PBMNCs) by flow cytometric analy-
sis (FCM-WASP) (21).- We have applied the methods to
the screening of  WAS patients; for the ‘identification of
carrier: (22-24), or for the evaluation of ‘WAS patients
after receiving hematopoietic stem cell transplantation
(25) and finally to detection of spontaneous reversion of
WAS “cases: (26). During these pervious FCM-WASP
experiments, we have identified normal control individ-
ual lymphocytes that showed dual positive peaks (WAS-
plov-bright 51 q WASPHigh-brizhty 1y this study, we tried to
characterize the constituent cell lineage members of
these two distinct populations of normal lymphocytes as
detected by FCM-WASP; and investigate the mechanism
underlying the two populations. Here we demonstrate
that the two WASP populations consist of different lin=
age lymphocytes, and the difference between the two
WASPY/Meh [ymphocyte populations seems to. result
from: differences in the functional status of the. WASP
molecule in: the cell.

Materials and methods

Anti-WASP antibodies

Two different anti-WASP. antibodies were used in  this
study. One is 3F3A5 (1.2 mg/mL), unconjugated mouse-
IgG1 monoclonal anti-WASP antibody (11), which was
raised against recombinant 'WASP corresponding - to
amino acids 202-302. We used 3F3AS for FCM-WASP
with fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse. - IgG1 ~antibody  (Southern = Biotechnology
Associates, Birmingham, AL, USA, 1.0 mg/ml) The
second antibody was B-9 (Santa Cruz Biotechnology,
Inc, 200:pg/ml), a phycoerythrin (PE)-conjugated
mouse: monoclonal IgG2a antibody, which was raised
against recombinant -WASP corresponding to amino
acids | 1-250.

FCM-WASP

FCM-WASP was performed as previously described
(21). In brief, PBMNCs were purified using Ficoll-Hyp-
aque; and: both the cell surface and cytoplasm were
stained. For staining cytoplasmic WASP; cells were trea-

224

Nakajima et al,

ted with Cytofix/Cytoperm solution from the CytoStain
kit (Pharmingen, San Diego, CA, USA) at 4°C for
20 min. After two washes with Perm/Wash solution
(Pharmingen), they were incubated with 200x diluted
mouse anti-WASP antibody (3F3AS) or S5x diluted
mouse IgG1l antibody (BectonDickinson; San Jose, CA,
USA) at 4°C for. 30 min. After washing in phosphate-
buffer saline (PBS)-2% fetal: bovine: serum- (P-2), they
were incubated with 100x diluted goat anti-mouse IgGl-
FITC “antibody' (Southern" Biotechnology "Associates) “as
the''secondary antibody again at 4°C: for 30 'min. In
some: experiments; a secornd; 10x diluted different anti-
WASPantibody (B-9) was used: We used 10x diluted
PE-conjugated mouse IgG2-as an isotypic: control anti-
body. For surface/intracellular: dual staining -using the
3F3AS5 antibody, we first stained the cell surface, fol
lowed by washing. twice before: performing intracellular
staining. Antibodies  used  for' surface 'staining were as
follows; 5 uL. - of PE-conjugated 'anti-CD4, 10 ul: of
anti-CD8; and 10 uL of ‘anti-CD 56 (Southern' Biotech-
nology ‘Associates); PE-conjugated 10- uLof anti-CD20
(Beckman Coulter, Fullerton; CA; USA); and 10 uL-of
PE-Cy5-conjugated anti-CD45RA “and 10 uL -of ‘anti-
CD45RO (eBioscience, San Diego, CA, USA). The anti-
bodies or: the cell surface staining were mouse IgG2 to
avoid cross reactivity with the: 100x diluted -goat anti-
mouse IgGI-FITC antibody.: We ‘washed ‘it with P-2
twice ‘and stained - intracellular “WASP: ‘as’ described
above. Stained PBMNCs were analyzed by FACSCali-
bur (BD, San Jose, CA; USA), using CellQuest software
(Becton: Dickinson).

Simultaneous staining with the two anti-WASP
antibodies

After fixation and permeabilization procedure; normal
control  individual lymphocytes were simultaneously
stained with 3F3AS5 and B-9 at 4°C for 30 min; followed
by staining with goat anti-mouse IgGI-FITC, and then;
FECM-WASP was performed. The two. WASP antibodies
were used at the same protein concentration.

CD3+/CD45RA+ and CD3+/CD45RO+ purification

The  two populations of CD3+/CD45RA+  and
CD3+/CD45RO + were purified as follows. Twenty mi-
croliters of CD3, CD45RA or €CD45RO MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) diluted
with 80 ul. of magnetic cell sorting (MACS) buffer (pH
7.2, PBS 0.5% BSA, 2 mm EDTA) were incubated with
each batch of 107 lymphocytes at 4°C for 15 min, and
then, these cells were washed in MACS buffer. After-
wards, the two populations prepared as above were sepa-
rated with Vario MACS (Miltenyi Biotec) and an MS

©:2009 John Wiley: & Sons AZS
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column (Miltenyi Biotec). Each cell population was
checked for purity by flow cytometry.

Western blot analysis

The. CD3+CD45RA + - (WASPPYPr8)  lineages . and
CD34 CD45RO+ - (WASPhigh-brighty cells were respec-
tively dissolved in RIPA. buffer (Sigma; St Louis, MO,
USA) containing protease. inhibitors at 4°C. for 20 min
and: were centrifuged - at: 14 500 g-at 4°C for-20.min. We
completely dissolved the cells in* SD: sample  buffer
(Sigma) and after boiling the samiples, the: cell extract: of
comprising 5 x 10% equivalency was electrophoresed  with
10% " polyacrylamide - gel -and - blotted: .on - a-Hybond-
PPVDFE membrane (Amersham; Buckinghamshire, UK).
We  then  stained the membrane. with 1000x. diluted
3F3AS5 and 250x diluted anti-WIP: antibody: (kindly pro=
vided: by Dr: Ramesh N, Children’s Hospital;: Harvard
University, MA, USA) as a loading control; followed by
1000x . diluted . peroxidase-conjugated: goat - anti-mouse
1gG and 1000x diluted peroxidase-conjugated goat anti-
rabbit IgG, and then used the ECL detection: system
(Amersham; Aylesbury, UK) for the detection of bands.

RT-PCR analysis

Total RNA from CD3+ CD45RA +cells or
CD3+CD45RO #+ cells was extracted using an RNA iso-
lation solvent (RNA .zolTM  Cinna/Biotecx, Houston,
TX, USA). Two micrograms each of total. RNA was
used for: ¢cDNA “synthesis with' the  first-strand ¢cDNA
synthesis: kit (Pharmacia’ LKB Biotechnology, Uppsala,
Sweden) and : then; the same volume of each part of
c¢DNA product was PCR-amplified with a set of primers
(forward:. GAAGACAAGGGCAGAAAGCA, reverse:
GGGTTATCCTTCACGAAGCA). We performed elec-
trophoresis of the PCR products and photographed the
bands stained with ethidium bromide in the gel under
ultraviolet light.

FCM-WASP for CD8+ lymphocytes after in vifro short-
term activation

The change of WASP-positive pattern in CD8 + lympho-
cytes ‘was studied after in vitro short-term “activation.
CD8+  cells were purified in the following = way.
PBMNCs from normal individuals were incubated at
":4°C with each 20 ul of CD4, CD56 and CD20 MicroBe:
ads (Miltenyi Biotec) for 15 min, and cells were obtained
after performing Vario MACS using an LD column and
their: purity was checked and used for the experiment.
After in vifro. short-term activation - with = ionomycin
(25 ng/ml) and PMA (1l pug/mL) at 37°C for 4h;
CD8+ lymphocytes were performed FCM-WASP and

©:2009 John Wiley & Sons:A/S
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analyzed by CellQuest software (Franklin Lakes, NJ,
USA).

Results

Normal peripheral blood mononuclear cells showed
two WASP-positive populations by FCM-WASP

We have detected two WASP-positive populations; WAS-
plow-bright and WASPhieh-bright 5y hormal PBMNCs using
3F3A5. In monocytés, these-two distinct populations
have . never. been ' detected, but only low-bright. positive
have been previously described. The pattern of these dual
positive peaks showed some variation among individuals
(Fig. 1). We first studied the pattern of the two. WASP-
positive populations in the different. lymphocyte lineages
including; CD4+, €D8 +, CD20+, CD56+. The results
showed that CD20+ cells were WASP'OVPrieht whereas
CD56+ cells were WASPHERbight 1, cases of CD4+
and CD8+ cell lineages, both WASPY/hieh positive
peaks were observed. We subsequently studied. the: pat-
tern:of WASP in CD4+/CD45RA + or CD45SRO+ and
CD8+/CD45RA + or CD45RO -+ lymphocytes. . This
demonstrated that CD45RO+  cells: that were  either
CD4+ or CD8+ were WASPMERDIiEh  and that
CD45RA + cells with either CD4+. or CD8+ showed
WASPplowbright (ge 9y,

Simultaneous staining with two anti-WASP antibodies
revealed that the two WASP-positive peaks were
detected with 3F3A5, but not with B-9 using

The two  lymphocyte. WASP-positive ' peaks . observed
using: - FCM-WASP = were - repeatedly  detected using
3F3AS; but not with the B-9 antibody: To: clarify these
findings, we performed FCM:WASP on normal lympho-
cytes with simultaneous staining with 3F3AS5 and B-9.
The results clearly showed that the two WASP-positive
peaks could be detected only with 3E3AS5; but not with
B-9 (Fig. 3A).

No differences in the amount of WASP protein, or
WASP mRNA levels were detected between WASP!ow
bright 4nd WASPRSP bright cell populations

We isolated the CD3 +/CD45RA + lymphocyte popula-
tion as WASPYPUEM cells and CD3+/CD45RO +
population as WASPhieh-bright cofjs  We compared the
amount of WASP protein and message levels between
these two cell populations. We used: WIP as a loading
protein control and glyceraldehyde-3-phosphate dehydro-
genase as a standard c¢DNA control. No obvious
differences were observed at the WASP protein (Fig. 4A)
or message levels (Fig. 4B) between the two populations.
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Figure 1 Two WASP-positive populations were detected in lymphocytes by FCM-WASP. Using: the anti-WASP antibody. 3F3A5, a pattern of two
WASP:positive populations; WASPNITOMH calis and WASP!OYET9M were observed in. lymphocytes from normal individuals. In contrast, mono-
cytes from the same individuals showed only a single WASP-positive population. (A} a patient with WAS, . (B-D) normal:control individuals. The
top figure shows analysis of the lymphocyte gate (R1), and the monocyte gate (R2). The middle 4 figures show the results of lymphocytes, the

lower 4 figures show the results of monocytes.

The WASP-positive pattern in CD8+ lymphocytes
as seen by FCM-WASP changed during in vitro
short-term activation

We next studied the effects of short-term lymphocyte
activation - on - the: WASP-positive cell pattern. by
FCM-WASP: in the same lineage cells. We used CD8+
lymphocytes, because the CD8+ lineage has two popu-
lations most remarkably. To avoid synthesis of new
WASP ‘during activation, we. seftled on using a short-
term (4 h) in vifro activation system and used 3F3AS
and B9 antibodies together with FCM-WASP. We puri:
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fied CD8+ lymphocytes by negative selection and these
cells were used for FCM-WASP after PMA/ionomycin
stimulation. -After . the  shortsterm  stimulation, ' the
WASP-positive pattern showed significant up-regulation
in FCM-WASP using 3F3AS, but not in FCM-WASP
using B-9'(Fig: 5).

Discussion

In our previous studies, we noticed that lymphocytes
from healthy individuals showed two WASP. expression

© 2009 John: Wiley & Sons A/S
82 (223230}




Nakajima et al.

Application of FCM for evaluation of WASP function

CDY/CD45RA CD8/CD4SRA

#

Anti-WASP antibody 3F3AS

Figure 2 Characterization of the constituent cell lineages of the each WASP-positive population. By dual/triple staining of intracellular WASP ‘and
surface cell markers, we determined that CD20+, CD4+/CD45RA+ and CD8+/CD45RA+ cells belonged to the WASPOYEN 5a541ation, whereas
CD56+, CD4+/CD45R0+ and CD8+/CDA5R0O+ cells belonged to WASPhahbright

Figure 3. FCM-WASP  after simultaneous stain-
ing with two different anti-WASP. antibodies;

A B9

ELE

3F3A5 and B-9 {A}. The top figure indicates the
results of simultaneous analysis with 3F3A5
and-B-9; showirig:two distinct subpopulations
using the 3F3A5 antibody, but a single positive
population by B-9. The lower two figures show
each independent result. The scheme showing
the WASP structure (B} Figures indicate amino
acid number; The underlined region (242-310}
highlights a part of the GBD domain that is
thought to be used for binding to the VCA
domain in the inactive form of WASP. The
scheme includes areas of possible epitopes for
B-8 and 3F3A5 antibody binding represented:
GBD dormnain {amino acids 235~:288} is:included
withire.the 3E3A5 recognition site {amino acids
202-302).

Ao
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profile populations; WASPOWbright ,ng waAgphigh-bright
using. FCM-WASP. 'In this 'study, ‘we confirmed two
WASP-positive cell populations: detected 'in the normal
Iymphocyte: populations using. FCM-WASP, and have
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proposed a possible mechanism causing the two popula-
tions.

We characterized the constituent cell lineage members
of the each WASP-positive population. It was found that
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monocytes, CD20+ cells, CD4+/CD45RA + cells and
CD8+/CD45RA + cells belonged to the WASPow bright
population, whereas CD56+ cells, CD4+/CD45RO +
cells and CD8 +/CD45RO + cells belonged to the WAS-
phishbright o5up. It is interesting that these results seem
to be linked to the hierarchy of WASP dependency for
cell proliferation/survival; which we have proposed based
on various aspects of studies on WAS patients and their
families.  These studies: included 'WAS carrier analysis
(21, 22), mixed chimera analysis in' WAS patients- after
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Figure 4 Protéin’ and message levels of WASP
in CD3+CD45RA% cells and CD3+CD45R0O+
cells. No significant difference in WASP protein
or message levels was observed between
WASPIOwbisht (13 1 /CD45RA+) and WASPI™
bright (CD3+/CD45R0+) populations. We used
WIP as a loading protein control and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH} as a
standard ¢DNA control. (A} Western biot
analysis: (B} Reverse transcriptase (RT)-PCR
analysis

(RLE) LY
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Figure 5. Effects: of short-term activation on
the WASP expression pattern in CD8+ cells
analyzed using FCM-WASP:. Purified CD8+ cells
were incubated with or without activation for

4 h and the. WASP-expression patterns are
compared. by FCM-WASP. Using the 3F3Ab
antibody, the pattern was clearly changed: upon
activation. In contrast, this: postactivation
pattern showed no change using B-9.

hematopoietic stem cell transplantation (25) and cell line-
age analysis in WAS patients who showed somatic mosa-
icism due to spontaneous reversion to normal from
inherited mutations (26). Based on these results; we spec-
ulated that WASP-dependency was lower in monocytes
and B cells compared to T cells; and among T cells,
naive T cells were less WASP dependent than memory T
cells. ‘Although we cannot accurately place the require-
ments for NK cells in this hierarchy for WASP depen-
dency, recent reports suggested that NK cell WASP

© 2008 John Wiley. & Sons:A/S
82 (223-230}
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dependency seemed high (27, 28). Thus, those less WASP
dependent cells belong to the WASP °¥Pright o nylation,
while highly WASP dependent cells belong to the WAS-
phigh-brieht o sulation. This consistency suggests that the
difference between the two WASP-positive populations is
linked to the difference in the response of these cells
through WASP-mediated stimulations.

Next, we studied the basis of differences between the
two WASP-positive populations.. Differences in WASP
staining dot: brightness: as: demonstrated by flow cytome-
try are-generally considered as differences in the quantity
of molecules-detected: by antibodies. Unexpectedly, how-
ever, we found that the two WASP-positive lymphocyte
populations detected by FCM-WASP were only identi-
fied using the 3F3AS5 antibody, but not with the B-9 anti-
body, which was  confirmed : by simultaneous staining
with 3F3A5 and B-9 (Fig. 3A). These results indicate
that the difference between WASPY™#h and WAS-
phigh-bright o015 results not from any disparity in WASP
expression, but from disparity in antibody: binding to
WASP that is likely dependant on profein confirmation.
Accordingly, we purified CD3+/CD45RA+ and
CD3+/CD45RO+ cells, representing WASPIo¥-bright
and WASPMeh-brisht . oo 5nlations respectively, and per-
formed Western blot and:RT-PCR: analysis. The results
showed there was no apparent difference in WASP or
WASP mRNA levels between them (Fig: 4A,B), support-
ing the speculation that there is no: disparity in WASP
expression between lymphocytes showing WASPoY-bright
and WASPMErEh gtaining patterns.

Recently, WASP autoinhibition and activation mecha-
nisms- have. been reported (10). The “crystal structure
model ‘of the WASP; indicated that it could exist in
either an activated or an inactivated form based on intra-
molecular structural changes. WASP has an N-terminal
Ena/VASP. homology domain 1 (EVHI) domain, a
Cdc42/Rac GTPase binding domain (GBD), a proline-
rich. domain; a. G-actin binding verprolin homology (V)
domain, a cofilin homology (C) domain and a C-terminal
acidic (A) segment:

WASP interacts with Cded2-GTP via its GBD, with

Application of FCM for evaluation of WASP function

FCM-WASP are related to this mechanism. As shown in
Fig. 4, the two. WASP-positive lymphocyte ‘populations
were detected with anti-WASP antibody 3F3AS, not with
B-9. The WASP epitopes: recognized by these two anti-
bodies are different; 3F3AS recognizes an epitope . within
amino acids 202~302 of WASP (this region includes the
GBD), whereas the B-9 antibody recognizes an epitope
lying- within - 1~250° amino acids of ' WASP- (11). It 'is
important to note that a part of the GBD (amino acids
235-~:288), that is hypothesized to be involved in binding
to the VCA domain in the inactive form of WASP,
might be included in the 3F3A5 antibody recognition
site. Thus, we propose that the 3F3AS5 antibody might
be able to be used to distinguish a structural or activa-
tion state change in WASP, that is not possible using the
B-9 antibody.

Finally; we studied the effects of short-term activation
on the WASP-positive pattern by FCM-WASP in these
CD8+ lineage cells:. To avoid new WASP synthesis, we
cultured cells for short term in vifro activation (4. h). Our
data revealed that short-term activation forced a dra-
matic change to the WASPRMENbIEht wartern in the same
cell lineage (Fig. 5).

Here we report a new possible application of flow
cytometry for analysis of intracellular WAS protein and
its structural and functional status. However, from our
data we cannot determine the relation or possible func-
tion of the two WASP-positive populations and their
relationship to their WASP activation or inactivation
status.  Further  different -aspects: of studies, such as
FCM-WASP for patients with XL.N, will be needed to
answer these questions.
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Short-Term Culture of Umbilical Cord Blood—Derived CD34
Cells Enhances Engraftment Into NOD/SCID Mice Through
Increased CXCR4 Expression

Norioki Ohno, Teruyuki Kajiume, Yasuhiko Sera, Takashi Sato, and Masao Kobayashi

Human umbilical cord blood (CB) has been used successfully in stem cell transplantation. A subpopulation
of CD34* cells expresses chemokine receptor CXCR4 which is critical for bone marrow engraftment in human
hematopoietic stem cells: Here, we demonstrate the effect of short-term culture on CXCR4 expression on umbil-
ical CB-derived: CD34* cells and subsequent engraftment capability in nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mice. Surface CXCR4 expression on CD34* cells increased after incubating the
cells in medium alone for 2 h; this effect was blocked by the addition of AMD3100. No difference in CXCR4
mRNA expression was noted after incubating CD34* cells in culture for 2 h, although these cells showed signifi-
cantly increased transmigrational activity toward SDF-1 and homing activity in NOD/SCID mice: Furthermore,
cultured human CD34" cells showed improved engraftment into_the bone marrow of NOD/SCID mice com-
pared to noncultured or AMD3100-treated CD34* cells. These obsetvations suggest that increased cell surface
expression of CXCR4 on CD34* cells improved the engraftment of human umbilical CB cells into bone marrow

through enhanced homing activity.

Introduction

UMAN CORD BLOOD (CB), collected from the postpar-

tum placenta and umbilical cord, is a rich source of
hematopoietic stem cells (H5Cs) and provides an attrac-
tive alternative to bone marrow or mobilized peripheral
blood transplantation. However, a major disadvantage of
CB transplantation is the relatively low number of HSCs in
each CB unit that severely limits its usefulness in clinical
transplantation [1]. Therefore, the development of ex vivo
culture systems to expand CB HSC numbers is important to
stem cell research and clinical application. Previous studies
showed the transplantation of HSCs into nonobese diabetic/
severe combined immunodeficient (NOD/SCID) mice to be
a reliable model for the detection of regenerative human
HSCs [2,3].

CXCR4 js the seven-transmembrane receptor of SDF-1
and is widely expressed in a variety of hematopoietic cell
types, neuronal cells, and immature CD34* progenitor cells.
The' chemokine receptor, CXCR4, and its: ligand, stromal
cell-derived factor-1 (SDF-1, also known as CXCL12), play a
central role in the migration, proliferation, differentiation;
and survival of both  murine and human hematopoietic
stem/ progenitor cells [4-7]. The SDF-1-CXCR4 axis has been

proposed to be essential for the homing and repopulation of
HSCs transplanted into immunodeficient NOD/SCID mice
[8,9]. Recently, Kollet et al. [10] demonstrated that CD347/
CXCR4 cells expressed intracellular CXCR4, the cell sur-
face expression of which was stimulated by cytokines. The
overexpression of CXCR4 on CD34* cells via gene transfer
improved human stem cell motility, retention, and multilin-
eage repopulation [11}.

In the present study, we examined the effect of short-term
culture on CXCR4 expression and engraftment in CB-derived
CD34" cells transplanted into NOD/SCID mice. Our results
demonstrated that short-term culture increased cell surface
CXCR4 expression in CD34* cells and enhanced the reten-
tion of these human cells in mouse bone marrow through
enhanced homing activity.

Materials and Methods
Isolation of CD34" cells

Umbilical €B was obtained from normal full-term deliv-
eries, after first obtaining informed consent from all partici-
pants 'and the approval of the Chugoku-Shikoku Regional

Department of Pediatrics; Hiroshima University Graduate School of Biomedical Sciences, Hiroshima, Japan.
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