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FIGURE 2. LDA for determination of T/NK precursor frequencies in
PB CD34*Lin~ cells by coculture with OP9-DL1 or OP9 control stroma
cells. (A) CD34'Lin" cells in PB from one healthy donor were sorted into
wells of a 384-well plate and cocultured with OP9-DL1 or OP9 control
cells for 5 wk. Bach dot represents the total number of CD7"CD5* or CD7*
CD56" cells generated from twenty CD34"Lin~ cells in a well, as shown
in Fig. 1. (B) LDA for determination of T and NK cell precursor fre-
quencies in CD34"Lin" cells by coculture with OP9-DL1 or OP9 control
cells. One thousand PB CD34*Lin"~ cells from one donor were sorted into
wells at the frequency of 20, 15, 10, or 5 cells/well (20 wells for each cell
frequency) and cocultured with OP9-DL1 or OP9 control cells for 5 wk.
Natural logs of negative-well fractions are plotted against the number of
CD34"Lin~ cells plated per well for T cell (upper panel) and NK cell
(lower panel) precursors using ELDA software. Dotted lines represent 95%
confidence intervals. p Values of likelihood ratio tests of a single-hit model
were 0.50 and 0.47 for T cell and NK cell precursors, respectively. The
differences of precursor frequencies between coculture with OP9-DL1 and
OP9 control are highly significant for both T and NK cells (p =4.7 X 107°
and 2.3 X 1078, respectively). The precursor frequencies are converted to
the percentage in CD34"Lin ™~ cells. Similar results were obtained from two
experiments for the other two donors.

6167

>95% of wells in the OP9 control culture were negative (240
wells examined for three volunteer donors in total). Although this
cutoff value was somewhat arbitrary, regression curves of negative
fractions for both T and NK cell precursors fit well with this model
(Fig. 2B). Furthermore, this precursor frequency assay showed
high reproducibility by a nonparametric correlation analysis be-
tween the first and second measurements (Supplemental Fig. 1).
As a corollary, NK/T ratio was highly repeatable. The precursor
frequencies in CD34*Lin™ cells were converted to the percentages
of precursors in CD34*Lin"~ population to assess the population
size of progenitors with ease (Fig. 2B).

Characterization of T/NK-lineage progenies

CD7*CD5” cells did not express CD3, CD4, and CD8 in ~85% of
positive wells (125 wells were analyzed in total from six volunteer
donors) in LDAs from PB CD34*Lin~ cells (Supplemental Fig.
2). Only 6% of the positive wells expressed both CD4 and CD8
but remained surface CD3 negative. Nevertheless, because nearly
all CD7"CD5™ cells produced cytCD3, these cells were certainly
committed to the T cell lineage.

The majority of CD7"CD56" cells generated in LDAs of PB
CD34*Lin" cells expressed CD161 (NK receptor) but not CD16,
CD159a (NKG2A), granzyme B, or cytCD3 (Fig. 3A, 3B). Further
culture with IL-15 in the absence of stroma cells induced expressions
of CD159a, granzyme B, and cytCD3 in CD7*CD56" NK cell
progenies (Fig. 3B). Those findings indicate that CD7*CD56" prog-
enies generated in OP9-DL1 coculture were immature NK cells.
Moreover, the presence of IL-15 from the beginning of OP9-DL1
coculture induced expressions of CD159a, granzyme B, IFN-y, and
cytCD3 but partially inhibited T cell development (Supplemental Fig.
3). We also found by LDA that, in the absence of Notch 1 signaling,
IL-15 could induce CD7*CD56" cells significantly but less effectively
than in the presence of Notch 1 signaling (Supplemental Fig. 3).

Frequencies of T/NK precursors in PB and BM CD34*Lin™
cells

We obtained the frequencies of T/NK precursors in CD34"Lin~
cells from PB (n = 20) and BM (n = 3) (Table I). Both frequencies
of T and NK cell precursors in PB CD34*Lin~ cells ranged ap-
proximately from 1 to 7% among 20 healthy donors. No signifi-
cant difference between PB and BM was observed for both
frequencies of T and NK cell precursors (p =0.27 and p =0.16 in
Mann-Whitney U test, respectively), although this may be due to
the small number of BM samples.

Associations of T and NK cell precursor frequencies in PB with age
were analyzed for the 20 donors (Fig. 4). The frequency of T cell
precursors was found to significantly decrease with age (Spearman’s
rank correlation; p = 0.0005), but no significant association of NK
cell precursor frequency with age was detected (p = 0.50). Conse-
quently, the NK/T ratio significantly increased with age (p = 0.002).

In addition, the proportion of CFU-GM (total proportion of CFU-
G, -M, and -GMmix) in PB CD34*Lin~ cells in the 20 donors
ranged from 3.0 to 19.4% (median, 11.2%), which did not show
significant age-association (Spearman’s rank correlation; p = 0.92).
Similarly, no significant association with age (p = 0.26) was ob-
served for the proportion of burst-forming unit erythroid in PB
CD34*Lin" cells (median, 29.6%; range, 11.1-53.6%). The CD34*
Lin~ cell proportion (median, 0.066%; range, 0.015-0.150%) in
PBMCs showed no significant decline with age (p = 0.68).

Clonal analyses of T/NK differentiation from a single PB
CD34*Lin™ cell

To examine whether the difference in NK/T ratio among donors
might be attributed to the difference in relative prevalence of T/NK
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dual- and T or NK single-lineage precursors, we performed clonal
analyses of progenies generated from single PB CD34*Lin"~ cells for
the two donor groups with high and low NK/T ratios (Table II). In this
analysis, precursors were classified to T/NK dual-, T single-, and NK
single-lineage precursors by the surface phenotype of their progenies
(Fig. 5A), including precursors producing small numbers of progenies
(six events and more per well) (Supplemental Fig. 4). In the low NK/
T ratio donor group, the majority of progenies were generated from
T/NK dual-lineage precursors, and the rest of the progenies were
derived from T or NK single-lineage precursors (Table II). In contrast,
the majority of progenies from the high NK/T ratio group were found
to be derived from NK single-lineage precursor clones. The relative
prevalence of the T/NK precursor clones significantly differed be-
tween the low and high NK/T ratio groups (x* test; p < 1075).
Surprisingly, ~98% of the T/NK precursor clones examined
(n = 109) simultaneously generated CD7 CD14*CD16~ and/or
CD7CD14*CD16" myeloid cells in the cultures (Fig. 5B, Table
TI). The tested clones included T/NK dual-, T single-, and NK
single-lineage precursors (n = 33, 14, and 62, respectively). May—
Giemsa staining confirmed that CD7 CD14*CD16~ or CD7~
CD14*CD16* cells were monocytic or granulocytic, respectively
(Fig. 5C). Therefore, we conclude that the majority of T/NK
precursors in adult PB can retain myeloid differentiation potential.

P 108 10t

Cytoplasmic CD3

Discussion

The presence of HSCs in human PB was demonstrated previously
by auntologous transplantation of PB WBCs (32). However, char-
acterization of circulating HSCs in steady state has been hampered
mainly because of their rarity. Although G-CSF can mobilize PB
HSCs, it is not known whether the functional properties of such
mobilized PB HSCs are the same as those of nonmobilized PB
HSCs. In this study, we have developed novel assays for the
functional enumeration and characterization of rare PB T/NK
precursors using cell sorting—based limiting-dilution and clonal

Table I. Frequencies of T and NK cell precursors in PB and BM CD34*
Lin~ cells

Median Precursor Frequencies
(Range) in %

Cell Sources
(No. of Donors) T NK
PB (n = 20) 3.44 (0.97-5.29) 3.63 (244-6.45)
BM (n =3) 447 (1.71-8.42) 2.54 (041-4.10)

LDA measurements were performed with PB and BM samples from 20 volunteers
(age range, 28-64 y) and 3 donors (commercially available, age/gender: 35/female,
43/female, and 44/male), respectively.
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FIGURE 4. Association of T and NK cell precursor frequencies in PB
CD34*Lin~ cells with donor age. Frequencies of T (upper panel) and NK
cell (middle panel) precursors in PB from 20 donors (10 females, O; 10
males, @) as shown are plotted against age. Ratio of NK to T precursor
frequency (NK/T ratio) is also plotted on a log scale (lower panel).
Spearman’s rank correlation coefficients (p) are shown with p values.

analyses. Microculture using a 384-well plate with a small ob-
servation field and small volumes of culture medium made it easy
to observe cell growth under the microscope and to maintain
a small number of progenitors ex vivo. This assay can be used to
measure the T/NK precursor frequencies in PB CD34*Lin™~ cells

Table II.  Different distributions of precursor clones producing T- and/or
NK-lineage progenies between the donor groups with low and high NK/T
ratio

No. of Clones Producing T and/or NK Progenies (% Total)

NK/T Ratio T and NK T NK Total
Low 32 (71.1) 5(11) 8 (17.8) 45 (100)
High 13 (26.5) 2 @1 34 (69.4) 49 (100)

A total of 45 clones from three donors in the low NK/T group was analyzed for
T/NK dual-lineage, T single-lineage, and NK single-lineage progenies, as shown in
Fig. 4A (15, 10, and 20 clones from donors with NK/T ratios of 1.45, 1.39, and 1.38,
respectively.) A total of 49 clones from three donors in the high NK/T group also was
analyzed and compared with the low NK/T group (23, 17, and 9 clones from donors
with NK/T ratios of 2.76, 2.86, and 2.57, respectively). The difference in relative
prevalence of the T/NK precursor clones between the low and high NK/T groups was
highly significant (x? test; p < 107°).
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expanded on OP9-DL1 layers in the presence of KL, IL-7, and FL.
Our results showed that the proportions of T and NK cell pro-
genitors in PB CD34"Lin"~ cells were not significantly different
from those in BM CD34*Lin~ cells. The results suggest that the
proportional compositions of T/NK progenitor populations in PB
may be comparable with those in BM, although the mechanism for
export of progenitors to PB from BM in steady state is unknown.

Our findings indicate that Notch signaling is required for both T-
and NK-lineage commitment of human PB progenitors in culture.
Because the majority of CD7"CD5" progenies generated in co-
culture with OP9-DL1 cells were found to express cytCD3 but
have a triple-negative phenotype, the T cell maturation from adult
PB progenitors cannot proceed further under the present culture
condition. This result may not be concordant with previous reports
describing full T cell maturation of human CB CD34" cells in
OP9-DL1 coculture (24). Full matoration from adult PB progen-
itors may require longer periods of coculture or thymic environ-
ments (33, 34).

Our observation that in vitro NK cell differentiation from PB
progenitors requires Notch 1 signaling is concordant with previous
studies describing development of mouse BM and human CB NK
progenitor cells (25, 27, 35, 36). However, a recent study using
knockout mice described that Notch 1 deficiency completely ab-
rogated early thymic progenitors and subsequent T cell develop-
ment but did not affect thymic NK cell development at all (37).
Thus, the role of Notchl signaling in mouse NK cell development
is dispensable in vivo, but its role for in vivo human NK cell
commitment remains unknown. Furthermore, in the current study,
IL-15 induced the expression of molecules associated with NK
cells such as cytCD3, granzyme B, and CD159a in the CD7*
CD356" cells generated from the OP9-DL1 coculture. The essential
role of IL-15 in NK cell development is well accepted in both
mice and humans (38, 39). Our observation is consistent with
previous reports describing IL-15 augmentation of Notch activa-
tion—induced NK cell differentiation from CB CD34" cells (26,
27). Tt also was found that IL-15 could partially but significantly
induce CD7*CD56" cells in the absence of Notch 1 signaling.
Taken together, our data suggest that both Notch 1 and IL-15
signaling are involved in the induction of NK cell commitment
of human PB progenitors in vitro and that IL-15 but not Notch 1 is
essential for further maturation of the NK-committed cells (CD7*
56" cells). If that is the case, the role of Notch 1 in NK cell de-
velopment may be dispensable in humans in vivo.

In the current study, the frequency of T cell precursors derived
in vitro from PB CD34"Lin~ cells significantly decreased with
age, but the NK cell precursor frequency did not significantly
change. Age-related increases in mature NK cells in the periphery
are associated with an increase in the NK subset dimly expressing
CD356 (CD56%™), whereas CD56"#" NK cells remain stable with
age (8, 9, 40). The majority of NK-lineage progenies from PB
progenitor express high levels of CD56 but not CD16, as shown in
the current study. The CD56™8°CD16~ NK subset found in the
periphery is thought to originate in the thymus and is functionally
different from CD56™CD16"* NK subset (41); therefore, the
majority of NK-lineage progenies generated from PB progenitors
may be thymic-derived NK cells. If that is the case, the results
showing no age-associated changes in NK precursor frequency is
in accordance with the insignificant changes of the CD56™5% NK
subset with aging, as mentioned above.

Clonal analyses of PB CD34*Lin~ cells showed that many
progenitor clones were able to produce both T and NK progenies.
Because the LDA did not discriminate single- and dual-lineage
precursors, precursor frequencies obtained from the LDA are
considered to simply reflect the total number of events of lineage
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FIGURE 5. T/NK- and myeloid-lineage progenies derived from a single PB CD34"Lin "~ cell. PB CD34"Lin~ cells from each donor were sorted into
more than 560 wells of 384-well plates at the frequency of one cell per well. After 5-wk culture, wells exhibiting cell growth were analyzed for the surface
phenotypes of T/NK and myeloid lineages. (AR) Representative flow cytograms of CD5 and CD56 expressions in CD7*-gated progenies from a single CD34"
Lin~ cell. Each precursor was classified to T/NK dual-lineage (left panel), T single-lineage (middle panel), and NK single-lineage (right panel). (B)
Myeloid cell progenies generated from a single CD34*Lin™ cell which simultaneously produced T- and/or NK-lineage cells. Representative flow cytograms
of CD77CD14" (left panel) and CD7 CD16" (middle panel) myeloid cells generated from a precursor that produces both of T and NK dual-lineage
progenies as shown in (A). CD16" cells expressed a low level of CD14 (right panel). Similar results were obtained for T single- and NK single-lineage
precursor clones. {(C) May-Giemsa staining confirmed that CD7 CD14'CD16™ cells (left panel) and CD7 CD14*CD16" cells (right panel) were
monocytic and granulocytic, respectively. Scale bars, 10 pm. Images were acquired by BIOREVO model BZ-9000 (Keyence) with Plan Apo X40/0.95
numerical aperture objective lens (Nikon) using BZ-II Viewer and BZ-II Analyzer software.

dual-lineage T/NK precursor clones significantly differed between
the donors whose NK/T ratios were high and low. Therefore, the

commitment in the CD34*Lin~ progenitor population. Clonal
analyses also demonstrated that the distributions of single- and

Table IIl. Myeloid potential of precursor clones producing T- and/or NK-lineage progenies

No. of Clones Producing Myeloid Cells

T/NK Precursor Clone Mo Gr Mo and Gr No Mo or Gr Total

T and NK 4 1 28 0 33

T 4 0 10 0 14
NK 36 0 24 2 62
Total (% total) 44 (40.4) 1(0.9) 62 (56.9) 2 (1.8) 109 (100)

One hundred nine T and/or NK precursor clones in total were obtained by single-cell sorting of CD34"Lin™ cells from five
donors. The presence of CD14"CD16~ monocytic (Mo) and/or CD14"CD16* granulocytic (Gr) cells in each clonal cell
population were detected by flow cytometry, as shown in Fig. 5B. The presence of myeloid potential was classified to Mo and/
or Gr in each T and/or NK precursor clone.
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difference of NK/T ratio among donors was attributable to the dif-
ference in relative prevalence of single-and dual-lineage T/NK pre-
cursor clones. Particularly, high proportions of NK single-lineage
precursors were observed in donors with high NK/T ratios, suggesting
that high NK/T ratios in aged donors are the result of an increase in
NK single-lineage progenitors. This indicates that the age-associated
shift of T/NK differentiation can be explained by changes of lineage
commitment at T/NK bifurcation point in each progenitor cell. It is
noteworthy that the relative prevalence of NK single-lineage pre-
cursor clones in CB CD34*Lin™ cell populations was very low (0.8%
of total single-and dual-lineage T/NK-precursor clones), which is in
strong contrast to the adult PB (S. Kyoizumi, Y. Kubo, J. Kajimura,
K. Yoshida, T. Hayashi, K. Nakachi, L. F. Young, M.A. Moore,
MR.M. van den Brink, and Y. Kusunoki, manuscript in prepara-
tion). Therefore, our results support our hypothesis that bifurcation
of T/NK coprogenitors shifts from T to NK cell lineage with aging.

We observed that generation of T- and/or NK-lineage progenies
from progenitor clones was associated with myeloid differentiation.
That finding indicates that the pool of T/NK cell precursors in human
PB is constituted by T/NK/myeloid common progenitors. Recent
work with human BM and CB cells also established the existence of
lymphoid progenitors with myeloid potential (23). Our results are
concordant with previous observations in adult mice that the pro-
genitors in blood with efficient T-lineage potential were CLP (20)
and LMPP (17) and that thymic immigrants retain myeloid potential
(14-16), although the myeloid potential may not manifest under
physiological conditions, as reported by other researchers (20, 21,
42, 43). However, because we did not examine the differentiation
potentials of the progenitor clones to other lineages such as B cell,
erythrocyte, and megakaryocyte lineages, it is unknown whether
these clones were CLP, LMPP, MPP, or HSC, all of which can
display combined lymphoid and granulocyte-monocyte potentials
in vitro. Because nearly all of the progenitor clones generating ei-
ther T or NK single-lineage progenies produced myeloid cells, these
clones may bifurcate into T or NK cells after or concurrently with
dichotomy of T/NK and myeloid lineages in culture. If that is the
case, an age-associated shift to NK-lineage commitment is con-
sidered to be primed in progenitors at the stage of CLP, LMPP, or
a more upstream stage. We assume that this priming of T/NK bi-
furcation occurs in HSCs, because such age-associated changes
should be accumulated in long-lived and self-renewing stem cells
but not in CLP, LMPP, or MPP with transient life spans. It can be
presumed that aging might affect the expression levels of genes
regnlating T/NK-lineage commitment (11). Age-associated epige-
netic changes in such genes of HSCs may imprint the biased lineage
commitment at a tail branch of the differentiation tree (44).

T/NK—differentiation potential altered because of the age of PB
donors may contribute to an age-associated shift of the human
immune system from acquired to innate immunity. Extensive ev-
idence indicated that the HSC number in BM increased substan-
tially with age in mice (45, 46). However, HSCs from old mice
showed functional deficiencies, including diminished repopulating
ability and a biased lineage potential from lymphopoiesis toward
myelopoiesis (44, 47-50). In humans, a recent study also found
that aged immunophenotypic HSCs increased in frequency and
exhibited myeloid-biased differentiation potential compared with
young HSCs (6). Our findings of PB myeloid—committed pro-
genitors also support that myeloid potential does not decrease with
age in contrast to T cell potential, although it is unknown whether
human LMPP contributes to myelopoiesis under physiological
conditions.

In conclusion, we have developed a novel assay to assess T/NK
potential of PB HSCs and demonstrated an age-associated increase
of NK over T cell development for PB HSCs.
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Age-nssociated changes of Tand NK celfl (T/NK) p of human h i stem cells are unknown. In this study, we enn-
merate and characterize T/NK precursors among CD34'Lin~ cell poputations civcafating in normal human adult peripheral blood
(I'B) by a Hmiting-dilution assay using coculture with OP9-DL1 stroma cells expressing Notch I ligand, Delta-like I. The
frequency of T cefl precursors in CD34”Lin” cells was found to decrease with denor age, whereas the ratio of NK to T cell
precursor frequency (NK/T ratio) increased with age, suggesting that lymphoid differentiation potential of PB progenitors shifts
from T to NK cell lincage with aging, Clonal analyses of CD34"Lin" cells showed that differences in the NKJ/T ratio were
aftribotable to different distril of smgle~ and dunl»hmage TANK precursor elones. Because nearly ail of the elones retained

e and/or g 1 diffe in Tture with OP9.DL1 cells, T/NK pr n PBare idered to
be contained in the pool of T/NK/myeloid multip pr it The ag iated increase in NK over T cefl commitment

aight oecur in precursor cells with TINK/myeloid potential, The Jaumat of Immunology, 2013, 190: 6164-6172.

fogica
&

F8Cs (7). However, precise age-associated changes in the T cell
p fal of hutoan adult HSCs 2od downstream progenitors have

ne of the most istic of
O aging is the decline of Txeﬁ product clated with

thymic imvoksion. Conseguently, the peripherad naive
T cell pool gradually reduces in size during aping. The main causes
of age-associated thymic dysfunction are theughs to involve
impairments in both hematopoietic stem cells (HSCs) and thymic
microsvirenment (-3). Studies in mice have shown the age-
related foss of T cell potentizi in both prethymic and intza-
thymic progeniiors (4, §), and a recent report suggested that -
man HSCs exhibited myeloid-biased differentiation potentials
with aging {6). Furchermore, @ tecent paper reparted thar T eelt
patential was lower in human adalt bone marew {BM) than cord
bloed {CBY, suggesting high T cell powential in human neonate

not been well characterized.

In contrast with age-associated decline in'T cetl developiment, both
the proportion aad 2bsolute aumberof NX eells in the pesiphery have
been zeported 1o increase with ape {8~13). These findings supgest
that aging has either wo effect or a positive effect on NK-linezge
differentiation, which could lesd to the observed fnerease in po-
tipherai NK ceils. The T/NK-lineage differentiation pathway is well
defined, and it s widely accepted that both T and NX cells are
genvrated from bipotent TINK progenitoes {113 We hypothesize
thae the difircation of TINK coprogenitors shifts from T to NK cell
tineape wit aping, leading to the differences cheerved in T and NK
celt bers zud proportions with aging. In addition to this, we

)

Foandidion,

i supporting NX production
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Reeeived dor 5 et 20, 2012 1 Apel £, 203,
FU wanh was suvoutind v the Radietig Effects Reseassh Foendution Ui :
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hyp e that e
may be unchanged or during aging in stark contrast to the
decline of microenvironmens for T cell development.

To est the sbove hypotheses, we sought to establish in viwe
functionat and quantitative analyses of T and NK cel} progeni-

bnen iabTe ik md T e AITITYY T e PR

PRCRP I

404

g
%
=
3
g
e
g
=
=
F
3

4

02 111 Aepy uo Lrgry Spsiosun) vppsong e A feunusgl







