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medium supplemented with 10% fetal bovine serum (Wisent,
Rocklin, CA), 100 units/ml penicillin/streptomycin, and 2 mm
L-glutamine (Invitrogen). Transient transfections were per-
formed in six-well dishes using the polyethylenimine (Poly-
sciences, Warrington, PA) method.

Plasmids—CXCR4-YFP and CXCR7-YFP have been de-
scribed previously (3). Plasmids encoding B-arrestin 2-Rluc (a
generous gift of Michel Bouvier) have been described previ-
ously (15). To generate the C-terminal chimers, a unique
BsiWT restriction site was inserted in CXCR4-YFP and
CXCR7-YFP using the QuikChange Multi site-directed mu-
tagenesis kit (Stratagene), according to the manufacturer’s
instructions. The C-terminal domains were excised by BsiW1/
Notl digestion and ligated into the respective opposite plas-
mid. The BsiWI1 site was then removed by site-directed mu-
tagenesis, restoring the respective CXCR7 and CXCR4
sequences. The primers used for the site-directed mutagene-
sis were: CXCR4-mut916-BsiWI, 5'-CATCCTCTATGCTTT-
CCTCGTACGCAAATTTAAAACCTCTGCC-3"; CXCR7-
mut955-BsiW, 5'-CCCTGTCCTCTACAGCTTCATCGTA-
CGCAACTACAGGTACGAGC-3'; CXCR4-X7Cter-WT,
5'-CATCCTCTATGCTTTCCTTAATCGCAACTACAGGT-
ACGAGC-3"; CXCR7-X4Cter-WT, 5-CCCTGTCCTCTAC-
AGCTTCATCGGAGCCAAATTTAAAACCTCTGCCC-3'.

Radioligand Binding Assays—Cell membrane preparation
and binding assays were performed as described previously
(16) with minor modifications. Briefly, HEK293E cells ex-
pressing the respective receptor were washed once with PBS
and subjected to one freeze-thaw cycle. Broken cells were
then gently scraped in resuspension buffer (50 mm Hepes, pH
7.4, 1 mm CaCl,, and 5 mm MgCl,), centrifuged at 3500 X g
for 15 min at 4 °C, and resuspended in binding buffer (50 mm
Hepes, pH 7.4, 1 mm CaCl, 5 mm MgCl,, 140 mm NaCl, 0.5%
BSA). For competition binding assays, broken cells (1 ug of
protein) were incubated for 1 h at room temperature in bind-
ing buffer with 0.03 nm [*?°I}-SDF-1a as a tracer and increas-
ing concentrations of competitor. Bound radioactivity was
separated from free ligand by filtration, and receptor-bound
radioactivity was quantified by y-radiation counting.

BRET Measurements— 3-Arrestin recruitment was mea-
sured by BRET essentially as described previously (17).
HEK293T cells were cotransfected with 1 ug of receptor-
eYFP construct with 0.05 ug of B-arrestin 2-Rluc. For [accep-
tor]/[donor] titrations, 0.05 g of B-arrestin 2-Rluc was co-
transfected with increasing amounts of the receptor-eYFP
construct. All transfections were completed to 2 ug/well with
empty vector. Following overnight culture, transiently trans-
fected HEK293 cells were seeded in 96-well, white, clear bot-
tom microplates (ViewPlate; PerkinElmer Life Sciences)
coated with poly(p-lysine) and left in culture for 24 h. Cells
were washed once with PBS, and the Rluc substrate coelen-
terazine h (NanoLight Technology, Pinetop, AZ) was added at
a final concentration of 5 uMm to BRET buffer (PBS, 0.5 mMm
MgCl,, 0.1% glucose). BRET readings were collected using a
Mithras LB940 plate reader (Berthold Technologies, Bad
Wildbad, Germany) and MicroWin2000 software. BRET
measurement between Rluc and YFP was obtained by sequen-
tial integration of the signals in the 460-500 nm (Rluc) and
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510-550 nm (YFP) windows. The BRET signal was calculated
as the ratio of light emitted by acceptor (YFP) over the light
emitted by donor (Rluc). The values were corrected to net
BRET by subtracting the background BRET signal obtained in
cells transfected with the Rluc construct alone. 3-Arrestin
recruitment was measured 30 min after ligand addition.

Flow Cytometric Analysis—Receptor cell surface expression
was confirmed by flow cytometry using anti-CXCR7-APC
(clone 358426) and anti-CXCR4-APC (clone 12G5, both from
R&D Systems). Cells were washed three times in ice-cold PBS,
resuspended, and stained with antibody for 30 min at 4 °C.
After a final wash, the cells were resuspended in 0.5%
paraformaldehyde and analyzed using a FACSCalibur Flow
Cytometer (BD Biosciences).

Data Analysis—Data from BRET assays were the mean of
independent experiments, each of which was performed in
triplicate. Curve fitting by nonlinear regression and statistical
analysis was conducted using GraphPad Prism 4 software
(GraphPad Software Inc., San Diego, CA). Statistical signifi-
cance of the differences between more than two groups was
calculated by one-way analysis of variance followed by
Tukey’s post test.

RESULTS

B-Arrestin Recruitment to CXCR7 by TC14012—We previ-
ously found that a small molecule antagonist of CXCR4,
AMD?3100, acted as an agonist on CXCR?7 in that it induced
recruitment of B-arrestin 2 to the receptor, albeit with low
potency. Based on this finding, we tested whether this prop-
erty was shared by different CXCR4 inhibitors. We thus
tested the ability of TC14012, a serum-stable derivative of the
peptidomimetic T140, to induce recruitment of B-arrestin 2
to CXCR7, using a previously reported BRET-based experi-
mental system (17). As shown in Fig. 14, TC14012 was found
to be a potent and efficient agonist of B-arrestin recruitment
to CXCR?7, with an apparent EC, of 350 nm. This is almost 3
logs more potent than AMD3100 (EC,,, of 138 uMm) and ap-
proximately one log less potent than the efficiency of the cog-
nate CXCR7 chemokine ligand CXCL12 in this system (30
nm). The EC., is in line with the IC., of TC14012 observed in
radioligand displacement assays using HEK293 cells stably
expressing CXCR7 and radiolabeled CXCL12 (K; of 157 nm *=
36, n = 3, data not shown). These experiments show that the
previously reported capacity of AMD3100 to recruit [3-arres-
tin to CXCR?7 is shared by a second, structurally unrelated
CXCR4 antagonist. To further confirm signaling downstream
of arrestin (4), we addressed Erk phosphorylation by TC14012
via CXCR?7 in untransfected U373 glioma cells that express
endogenous CXCR7 but no CXCR4, unlike HEK293 cells that
express trace amounts of both receptors. TC14012, like
CXCL12, leads to sustained Erk 1/2 phosphorylation in these
cells (supplemental methods and Fig. S1).

Design and Expression of CXCR4-CXCR7 Chimeras—Al-
though limited receptor selectivity of synthetic chemokine
receptor ligands is not uncommon, we were intrigued by the
finding that both shared ligands of CXCR4 and CXCR7 had
antagonistic activity on CXCR4, whereas they agonistically
induced B-arrestin recruitment to CXCR7. Our interpretation
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is that these divergent effects are not fortuitous but rather
indicate differences between the two receptors in the activa-
tion mechanism of B-arrestin recruitment. Such differences
might be due to differences in regulatory determinants for the
recruitment of arrestin encoded by the receptor C termini.
Alternatively, differences between the CXCR4 and CXCR7
cores could entail different ligand-induced receptor rear-
rangements that translate into inhibition of arrestin recruit-
ment in one case but activation in the other.

To address this issue, we constructed chimeric CXCR4-
CXCR?7 receptors by exchanging the C-terminal domains of
one receptor onto the other (named CXCR4-Cter7 and
CXCR7-Cter4, supplemental Fig. S24). All constructs were
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FIGURE 1. Effect of natural and synthetic ligands on the 3-arrestin re-
cruitment to CXCR4, CXCR7, and receptor chimeras. HEK293 cells tran-
siently coexpressing p-arrestin 2-RLuc as a BRET donor and respective re-
ceptors fused to the BRET acceptor YFP were stimulated with the indicated
concentrations of CXCL12 (gray circles), TC14012 (black circles), or AMD3100
(open circles). Resulting BRET measurements are given as BRET . Data are
mean values from 5-9 (CXCL12) or 3-7 (TC14012 and AMD3100) indepen-
dent experiments, each performed in triplicate. Error bars indicate S.E. For
statistical analysis, see Table 1. A, CXCR7; 8, CXCR4; C, CXCR7-Cter4;

D, CXCR4-Cter4.

TABLE 1

REPORT: TC14012 Recruits 3-Arrestin to CXCR7

expressed at the cell surface and detected by respective mono-
clonal antibodies by flow cytometry (supplemental Fig. S2B).

B-Arrestin Recruitment to Chimeric Receptors Induced by
Natural and Synthetic Ligands—Using the respective recep-
tors/chimeras, we then tested B-arrestin recruitment induced
by the different ligands in dose-response experiments (Fig. 1
and Table 1). Significantly higher BRET was observed with
the CXCR7-Cter4 chimera in the absence of ligand, suggest-
ing constitutive recruitment of arrestin by this chimera. Upon
stimulation with TC14012, CXCR7 and the CXCR7-Cter4
chimera were able to recruit arrestin, whereas CXCR4 and
CXCR4-Cter7 remained silent. A similar pattern was ob-
served with AMD3100. These data show that it is the core of
CXCR?7, and not its C terminus, that is responsible for the
CXCR?7 response to the synthetic ligands.

The use of quantitative BRET permitted additional obser-
vations concerning the respective responses to CXCL12. The
responses of CXCR7 and the CXCR4-Cter7 chimera were
significantly more potent (EC,, of 30 and 58 nm, respectively)
than those of CXCR4 and the CXCR7-Cter4 chimera (EC,,, of
242 and 191 nwm, respectively) (CXCR4 versus CXCR7, p <
0.01; CXCR4 versus CXCR4-Cter7 and CXCR7 versus
CXCR7-Cter4, p < 0.05; see also Table 1). This suggests that
unlike the ability to respond to TC14012, the potency of the
response to CXCL12 was determined by the respective C ter-
mini, possibly reflecting their effectiveness in translating li-
gand-induced conformational changes into arrestin recruit-
ment. We cannot formally exclude the possibility that this
was due to the C-terminal YFP BRET-fusion that might affect
the regulatory function of this domain. However, our observa-
tion that the potency of arrestin recruitment to CXCR7 was
identical in an alternative BRET system with unfused CXCR7
and a dual brilliance Rluc-arrestin-YFP fusion (18) (data not
shown) speaks against a role of the fusion for potency and
supports the idea that the receptor C terminus indeed deter-
mines the potency of the arrestin response.

Spontaneous Arrestin Recruitment to CXCR7-Cter4 in Ab-
sence of Ligand—To further evaluate the constitutive BRET
signal yielded by the CXCR7-Cter4 chimera, we performed

Curve-fitting parameters of arrestin recruitment to CXCR4, CXCR7, and the respective chimeras

The table summarizes the curve parameters of the activation of arrestin recruitment to the different receptors and chimera by CXCL12, TC14012, and AMD3100
shown in Fig. 1. The differences in EC;, upon stimulation with CXCL12 were statistically significant between CXCR4 and CXCR7 (p < 0.001); CXCR4 and CXCR4-
Cter7 (p < 0.05); and CXCR7 and CXCR7-Cter4 (p < 0.01) (one-way analysis of variance with Tukey's post test). The difference of the curve bottom between CXCR7-
Cter4 and all other receptors was also significant (» < 0.001). The difference of the curve bottom between CXCR7 and CXCR4 was not statistically significant. The very
high EC,, values observed for AMD3100 (1.5 and 0.5 mum) on CXCR4 and CXCR4-Cter7 may reflect experimental artifacts at extreme doses of the compound (higher
than those applied in our previous report (3}). Alternatively, they may represent weak agonist activity of AMD3100 also on CXCR4, in line with its previous description

as a partial agonist (11, 19). NA, not applicable.

CXCL12 TC14012 AMD3100
ECs log ECs+ ECsxy  logECs ECs log ECap:

receptor (nM) SEM top bottom n (M) SEM top bottom n (M) SEM top bottom n
CXCR4 242 6.62+0,17  0.14:0,01  0,030,00 6 N/A N/A N/A N/A 3 1629 2,79£098  0,090,11 0,03:0,00 3
CXCR7 30 S1.52:0,09  0,1320,00  0,04£0,00 9 350 -6.46:0.14 0132001  0.03£000 7 138 -3.8620,19  0.1420,01 0.05:0,00 3
(’X(.’R';' s6 725021 007000 0.03:000 5 N/A N/A NIA N/A 3 570 3242055 0072003 0,03:0,00 3
CtailX7

ﬂiﬁiﬂ 191 -6.90:0.14  027:001 0112000 6 313 651017 031=0,01 0142001 3 154 23812034 0262003 0142001 3
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BRET acceptor/donor titrations in the absence and presence
of 100 nm CXCLI12. In the absence of chemokine, CXCR7-
YFP titrations over -arrestin 2-Rluc yielded a straight line
representing increasing nonspecific bystander BRET (19), in
line with the absence of baseline arrestin recruitment (supple-
mental Fig. S3). However, the CXCR7-Cter4 chimera yielded
a saturable hyperbolic curve, in line with specific BRET result-
ing from spontaneous arrestin recruitment by this chimera. In
curve-fitting analysis, the preferred model for the curve
yielded by CXCR7-Cter4 in the absence of ligand was consis-
tently hyperbolic (p < 0.001, n = 4), unlike for CXCR7, where
the preferred model in the absence of ligand was a straight
line. In the presence of 100 nm CXCL12, [acceptor]/[donor]
titrations of both receptors yielded specific BRET as hyper-
bolic curves. The BRET 5, is a measure of the propensity with
which an interaction takes place (19). Remarkably, in simulta-
neous curve fittings, the BRET , of the CXCR7-Cter4 mutant
is significantly smaller in the presence of the chemokine than
in its absence (p < 0.001 in 3 out of 4 experiments, and p <
0.01 in one 1 out of 4 experiments). This indicates that the
constitutive activity of the CXCR7-Cter4 chimera is further
activated by the presence of CXCL12.

DISCUSSION

The main finding of the present report is that the
polyphemusin derivative TC14012, a CXCR4 inverse agonist
(11, 12), also binds CXCR?7 but acts here as an agonist of the
arrestin pathway. Although this is similar to the previously
reported agonist activity on CXCR?7 of the structurally unre-
lated CXCR4 inhibitor AMD3100, TC14012 is a much more
potent agonist on CXCR7 (EC;, of 350 nM for TC14012 ver-
sus 140 uMm for AMD3100) and only one log weaker than the
natural chemokine agonist CXCL12 (35 nm). Given that
AMD3100 and TC14012 are structurally unrelated and that
both receptors also share a natural ligand, we envision that the
cross-reactivity of both synthetic ligands results from structural
similarities of the ligand-binding surfaces of CXCR4 and
CXCR7.

Lack of selectivity for one given chemokine receptor of syn-
thetic ligands has hampered the development of drug candi-
dates targeting chemokine receptors, and our results suggest
that newly developed CXCR4 inhibitors should also be rou-
tinely tested on CXCR7. However, previous work with differ-
ent T140 analogues (20) and the recent findings that the small
molecule FC131 does not bind to CXCR7 (21) and does not
induce arrestin recruitment to CXCR7 ? indicate that CXCR4
inhibitors do not inherently also bind CXCR7 and that recep-
tor selectivity can be achieved. To our knowledge, synthetic
chemokine receptor ligands that exert opposite effects on two
different receptors are still unreported. Of note, receptor
promiscuity being a hallmark of natural chemokine receptor
ligands, such inverse action on different receptors also exists
among natural chemokine receptor ligands, but the structural
basis for these opposite effects remains yet unknown. Al-
though nonselectivity of synthetic 7TMR ligands is generally
seen as a drawback in drug development, simultaneous ago-

%S, Gravel and N. Heveker, unpublished data.

37942 JOURNAL OF BIOLOGICAL CHEMISTRY

nism on one receptor and antagonism on a second one might
actually be of advantage in specific settings. This emerging
concept especially applies to 7TMRs that functionally and/or
physically interact and that share endogenous ligands. For
example, simultaneous activation of the p-opioid receptor
and inhibition of the §-opioid receptor are desired properties
that have been shown to positively alter the side-effect profile
(tolerance and dependence) of analgesics such as morphine,
which activates both the p-opioid receptor and the 8-opioid
receptor (22). In this context, the documented physical and
functional interactions between CXCR4 and CXCR7 (5, 7, 8)
should be kept in mind. CXCR4 inhibition interferes with
cancer biology at multiple steps including cancer cell growth
and dissemination. Moreover, synthetic ligands of CXCR7,
CCX451, CCX754, and CCX771 also reduce tumor growth
and transendothelial migration (2, 6). Interestingly, rather
than being a CXCR?7 inhibitor, at least CCX771 turned out to
be a potent activator of arrestin recruitment to CXCR7 (6).
Taken together, these data suggest that simultaneous inhibi-
tion of CXCR4 and activation of CXCR7 might indeed be of
interest in the context of cancer treatment.

The results obtained with CXCR4-CXCR7 C terminus-
swapping chimera identified the receptor core as the determi-
nant for the agonistic activity of TC14012 and AMD3100 on
CXCR?7. This finding was unexpected insofar as that for both
CXCR4 and CXCR?7, the C terminus is a crucial arrestin re-
cruitment determinant. Phosphorylation of C-terminal serine
residues promotes B-arrestin 2 recruitment to CXCR4 (14),
and deletion of 43 CXCR7 C-terminal residues results in loss
of arrestin recruitment (6). Our finding that the potency of
arrestin recruitment in response to CXCL12 depends on the
receptor C terminus is in line with a regulatory role of this
domain. Although independence of arrestin recruitment
from receptor phosphorylation (but still dependence on
the receptor C terminus) has been described for some
7TMRs, among which is the chemokine scavenger receptor
D6, which constitutively recruits B-arrestin (23), we find
that CXCR7, which has also been suggested to be a chemo-
kine scavenger receptor (24, 25), does not constitutively
recruit B-arrestin. In this context, our finding that the
CXCR7-Cter4 chimera associates with B-arrestin in the
absence of ligand is intriguing and might reflect the overall
greater proclivity of CXCR7 to recruit arrestin.

The opposite effects of TC14012 and AMD3100 on CXCR4
and CXCR?7 thus reflect differences between their respective
activation mechanisms of the arrestin pathway that are lo-
cated in the receptor core. Despite growing information about
interactions that contribute to binding of chemokines to their
receptors (mostly involving the structured chemokine core
and the receptor N terminus), the chemokine receptor deter-
minants for activation still remain elusive. Similar to other
studied chemokine-receptor couples, CXCR#4 activation re-
quires the flexible N terminus of CXCL12, and in particular,
the lysine and proline residues in positions 1 and 2 (26). How-
ever, to date, and because of the lacking identification of
receptor residues that are directly involved in interactions
with the chemokine N terminus, only speculative models of
chemokine receptor activation have been forwarded. This
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remains true despite the recent publication of the CXCR4
crystal structure in the presence of small antagonists (27)
(PDB codes 30DU, 30EQ, 30E9, and 30E6). With refer-
ence to earlier models (26), a recent report puts forward
the hypothesis that insertion of the CXCL12 N terminus
into the cavity formed by the CXCR4 transmembrane heli-
ces was required for activation, similar to binding pockets
for small agonists of other class A 7TMRs (28). This is sup-
ported by data that show that AMD3100 prevents interac-
tion of the CXCL12 N terminus with this cavity but not
other receptor-chemokine interactions (28).

Following this model, our results indicate that CXCR?7 acti-
vation does not require the CXCL12 N terminus interaction
in the same way as does CXCR4 because activation by the
chemokine is not blocked by the small molecule ligands.
Rather, CXCR7 activation determinants actually overlap with
the AMD3100-CXCR7 and TC14012-CXCR?7 interaction de-
terminants because both ligands promote CXCR?7 activation.
Intriguingly, with CXCR4, the interactions of both com-
pounds have been mapped to the transmembrane domain/
extracellular loop intersection rather than to the depth of
the transmembrane crevice (11, 29, 30). At least for
AMD3100, a similar binding mode to both CXCR4 and
CXCR?7 can be inferred by the conservation of CXCR4 key
residues Asp-171 and Asp-262 for AMD3100 interaction in
CXCR?7. It is thus tempting to speculate that CXCR?7 acti-
vation determinants are rather close to the surface,
whereas those of CXCR4 are located deeper in the crevice
of the receptor. More work about the respective activation
mechanisms of CXCR4 and CXCR7 by CXCL12 will be
needed to test this hypothesis.
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HEMATOPOIESIS AND STEM CELLS

CXCL12-CXCR4 chemokine signaling is essential for NK-cell development in

adult mice

Mamiko Noda,' Yoshiki Omatsu,' Tatsuki Sugiyama,’ Shinya Oishi,? Nobutaka Fuijii,® and Takashi Nagasawa'

'Department of Immunacbiology and Hematology, Institute for Frontier Medical Sciences, and 2Graduate School of Pharmaceutical Sciences, Kyoto University,

Kyoto, Japan

Natural killer (NK) cells are granular lym-
phocytes that are generated from hemato-
poietic stem cells and play vital roles in
the innate immune response against tumors
and viral infection. Generation of NK cells is
known to require several cytokines, includ-
ing interleukin-15 (IL-15) and Fms-like ty-
rosine kinase 3 ligand, but not IL-2 or IL-7.
Here we investigated the in vivo role of CXC
chemokine ligand-12 (CXCL12) and its pri-
mary receptor CXCR4 in NK-cell develop-

ment. The numbers of NK cells appeared
normal in embryos lacking CXCL12 or
CXCR4; however, the numbers of functional
NK cells were severely reduced in the bone
marrow, spleen, and peripheral blood from
adult CXCR4 conditionally deficient mice
compared with control animals, probably
resulting from cell-intrinsic CXCR4 defi-
ciency. In culture, CXCL12 enhanced the
generation of NK cells from lymphoid-
primed multipotent progenitors and imma-

ture NK cells. In the bone marrow, expres-
sion of IL-15 mRNA was considerably higher
in CXCL12-abundant reticular (CAR) cells
than in other marrow cells, and most NK
cells were in contact with the processes of
CAR cells. Thus, CXCL12-CXCR4 chemo-
kine signaling is essential for NK-cell devel-
opment in adults, and CAR cells might func-
tion as a niche for NK cells in bone marrow.
(Blood. 2011;117(2):451-458)

Introduction

Natural killer (NK) cells are large, granular lymphocytes that have
an important role in innate immune response against tumors, viral
infection, and graft rejection.’? They also elicit adaptive immune
responses by producing cytokines, such as interferon-y (IFN-vy),
tumor-necrosis factor-a,, and granulocyte-macrophage colony-
stimulating factor and chemokines, such as CC chemokine ligand-3
(CCL3), CCL4, and CCLS, as proinflammatory mediators.?

NK cells are generated from hematopoietic stem cells (HSCs) in
the fetal liver and adult bone marrow. Bipotent T-cell and NK-cell
progenitors (p-T/NKs) have been identified in the fetal liver® and
fetal thymus,*? and the earliest committed NK-cell precursors
(NKPs), which are characterized by the expression of CD122
(interleukin-2 receptorf [IL-2RB]),’ and mature NK cells (mNKs),
which express NK-cell markers NKI1.1 and DX5,% have been
detected in the fetal thymus. In adult mice, HSCs give rise to
lymphoid-primed multipotent progenitors (LMPPs)” and common
lymphoid progenitors (CLPs),*® which have the potential to
generate NK cells as well as T, B, and dendritic cells (DCs). As in
the fetal thymus, Lin"NK1.1"DX5°CD122* cells have been
reported to be the earliest committed NKPs in the marrow.!? The
development of NKPs to immature NK cells (iNKs) is accompa-
nied by the expression of NK1.1, and developing iNKs acquire the
expressions of DXS5, Mac-1, and Ly49 receptors, including inhibi-
tory or activating NK cell receptors, in an orderly fashion and
differentiate into mNKs.>!!

Generation of NK cells is regulated by several cytokines
produced by microenvironments in the fetal liver and/or bone
marrow. In mice lacking IL-15 or its receptors, including IL-15
receptor & (IL-15Ra), IL-2RB, and IL-2Ry, the numbers of NKPs
are relatively normal, but the number and cytotoxic activity of NK

cells are severely reduced compared with control animals.'?>!® In
addition, Fms-like tyrosine kinase 3 ligand (Flt3L)—deficient mice
have a reduction in the number and cytotoxic activity of NK cells in
the bone marrow. !¢ In contrast, IL-2 or IL-7 has been shown to be
dispensable for NK-cell development because the numbers of NK
cells are normal in mice lacking IL-2,'7!8 IL-7,181% or IL-7Ra.?0
The role of stem cell factor (SCF) and its receptor c-kit in
NK-cell development remains a controversial issue. Although
viable W/W mice lacking c-kit, termed Vickid mice, show
normal NK-cell development,?! chimeric mice reconstituted
with fetal liver cells from W/W mice had a reduction in the
number and function of NK cells.??

CXC chemokine ligand-12 (CXCL12; also known as stromal
cell-derived factor-1 and pre-B-cell-growth-stimulating factor) is a
member of the chemokines, a large family of structurally related
chemoattractive cytokines, and its primary physiologic receptor is
CXCR4, a hepta-helical receptor coupled to heterotrimeric G
proteins, which also functions as an entry receptor for HIV-1.%*
Previous studies using mice lacking CXCL12 or CXCR4 have
revealed that CXCL12-CXCR4 signaling is essential for the
colonization of bone marrow by hematopoietic cells, including
HSCs during ontogeny, maintenance of HSCs in the adult bone
marrow, and development of B cells and plasmacytoid DCs
(pDCs).330 A recent study has shown that CXCLI12 induces
NK-cell migration and that administration of CXCR4 antagonist
AMD3100 induced the reduction of NK cells in the bone marrow
and their increase in spleen and peripheral blood, suggesting that
CXCL12 regulates the retention of NK cells in the bone marrow3!;
however, the in vivo role of the CXCL12-CXCR4 signaling in
NK-cell development remains unclear.
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In this study, we have shown that CXCL12-CXCR4 chemokine
signaling is dispensable for NK-cell development during ontogeny
but plays a critical role in the generation of NK cells in adults.

Methods
Mice

CXCR4mlmll mice 25 CXCL12-GFP knock-in mice,”® and CXCR4ox(0/null
mice®? were maintained on a C57BL/6-Ly5.2%/Ly5.1- background.
CXCR4™mll mice were intercrossed to generate CXCR4 ™'~ embryo. Fetal
thymuses were obtained from day 15.5 or 17.5 embryo, and the genotypes
were determined by polymerase chain reaction (PCR) analysis. CXCR4/mll
mice were crossed with MxCre transgenic mice to generate Cre-mediated
CXCR4 conditionally deficient mice as described.?’ For removal of floxed
CXCR4 allele, the MxCre/CXCR4"™! mice were injected subcutaneously
with polyinosinic acid-polycytidylic acid (pIpC; 20 pg/g body weight; GE
Healthcare) 8 times every other day from 3 days after birth, and were
analyzed at 12 to 15 weeks after final pIpC treatment. All animal
experimentation was conducted in accordance with the guidelines of the
Institute for Frontier Medical Sciences, Kyoto University.

Antibodies

The following antibodies were used for flow cytometry: anti-CD3e
(145-2C11), anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-NK1.1 (PK136),
anti-CD49b (DXS5), anti-CD122 (TMB1), anti-CD44 (IM7), anti-CD25
(7D4), anti-CD11b (M1/70), anti-CD27 (LG.3A10), anti-KLRG1 (2F1),
anti-Ly49A (A1), anti-Ly49C/I (SE6), anti-Ly49D (4ES), anti-Ly49G2
(LGL-1), anti-CD94 (18d3), anti-IFN-y (XMG1.2), anti—c-kit (2B8),
anti-Sca-1 (D7), anti-Flt3 (A2F10), anti-CD45R (RA3-6B2), anti-Gr-1
(RB6-8C5), anti-TER-119 (TER-119), anti-CD19 (1D3), anti-Ly5.2 (104),
anti-Ly5.1 (A20), CD31 (MEC13.3), CD11c (HL3), and major histocom-
patibility complex (MHC) class IT (M5/114.15.2). All of these antibodies
were directly conjugated to fluorescein isothiocyanate, phycoerythrin,
phycoerythrin-Cy7, allophycocyanin, allophycocyanin-Cy7, Pacific blue,
or biotin and were purchased from BD Biosciences or eBioscience.
Biotinylated antibodies were detected with phycoerythrin-Cy7 (BD Bio-
sciences) or Pacific blue (Invitrogen)-conjugated streptavidin.

Flow cytometric analysis and cell sorting

Single-cell suspensions were prepared from freshly isolated fetal thymus,
adult bone marrow, spleen, lung, and peripheral blood. Cells were stained
with monoclonal antibodies against cell surface markers and its secondary
reagents. Dead cells were excluded by propidium iodide staining. All flow
cytometric analysis and cell sorting were performed with FACSAria (BD
Biosciences). For intracellular IFN-vy staining, single-cell suspensions from
spleen were incubated at 1 X 10 cells/mL in 48-well plate in RPMI
1640 supplemented with 10% fetal calf serum (FCS; SAFC Biosciences),
50pM 2-mercaptoethanol, 50 pg/mL streptomycin, 75 pg/mL penicillin,
1 ng/mL IL-12 (PeproTech), 10 ng/mL IL-18 (MBL). After 2 hours of
incubation, 10 pg/mL brefeldin A (Sigma-Aldrich) was added and incu-
bated for an additional 4 hours. Fixation and permeabilization were
performed with Cytofix/Cytoperm solution (BD Biosciences), followed by
intracellular staining with allophycocyanin-conjugated anti-IFN-y. Cell-
cycle analysis was performed as described in our previous publication.*
For the apoptosis assay, annexin V-FITC Apoptosis Detection Kit I (BD
Biosciences) was used according to the manufacturer’s instruction. For
sorting the nonhematopoietic cell populations, cells in bone marrow
fraction were obtained from femurs and tibiae by flushing and collagenase
(Sigma-Aldrich) digestion.

Migration assay

Chemotactic migration assays with or without CXCL12 (200 p.g/mL) were
performed in 5-pm pore Transwell inset (Corning Life Sciences). Cells
from bone marrow and spleen (5 X 10%) were loaded on the upper well.
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After 90 minutes, the migrated cells from the lower well were harvested and
analyzed by FACSAria.

Competitive repopulation assay

The competitive repopulation assay was performed as previously de-
scribed.?” Briefly, unfractionated 2 X 10° bone marrow cells from Ly5.2*/
Ly5.1~ MxCre-CXCR4"™! or MxCre-CXCR4"™! mice were mixed with
1 % 10°bone marrow cells from C57BL/6-Ly5.27/Ly5.17" mice as competi-
tor cells and were transferred into lethally irradiated (9 Gy) CS7TBL/6-Ly5.27/
Ly5.1% recipient mice. Mice were treated with pIpC at 12 weeks after
transfer and were analyzed by flow cytometry at 15 weeks after final pIpC
treatment.

Cytotoxicity assay

Lactate dehydrogenase (LDH) release assay was used to measure NK lytic
activity against the NK-sensitive target YAC-1 cells in vitro. A total of
3 % 10° target cells were incubated with serially diluted effector cells in
0.1 mL of complete medium (RPMI 1640 supplemented with 2% FCS,
50puM 2-mercaptoethanol, 50 pg/mL streptomycin, 75 pg/mL penicillin)
for 4 hours. Effector cells were bone marrow DX5* cells from 17-week-old
mice that were enriched by positive selection with MACS DX35 microbeads
(Miltenyi Biotec) or CD3"NKI1.17* cells that were sorted (> 99%) from
bone marrow and spleen of 12-week-old mice by flow cytometry. LDH
released on cell lysis was measured by Non-Radioactive Cytotoxicity Assay
(CytoTox96; Promega) according to the manufacturer’s instructions.
The percentage of specific lysis was calculated as follows:
100 X (experimental — effector spontaneous — target spontaneous)/
(target maximum — target spontaneous).

In vitro culture

Lin~Sca-1*c-kit*Flt3*  cells (LMPPs) (100 cells/well) and
CD3"NKI1.1"DXS5™ iNK cells (2000-3000 cells/well) sorted from bone
marrow were cultured in 96-well U-bottomed plates in 0.1 mL of complete
medium (RPMI 1640 with 10% FCS, 50pM 2-mercaptoethanol, 50 pg/mL
streptomycin, 75 pg/mL penicillin, sodium pyruvate, and nonessential
amino acids). For culture initiated with LMPPs, Flt3L, SCF (R&D
Systems), IL-15 (PeproTech), and CXCLI12 were used at 10 ng/mL,
20 ng/mL, 20 ng/mL, and 1 pg/mL, respectively. The numbers of
CD37"NKI1.1* NK cells were measured by flow cytometry on day 14 of
culture. For culture initiated with iNKs, IL-15 and CXCL12 were used at
10 ng/mL and 1 pg/mL, respectively. The numbers of CD3"NKI1.1*DX5*
mNK cells were measured by flow cytometry on day 3 of culture,

Quantitative RT-PCR analysis

Total RNA was extracted from sorted cells with Isogen (Nippon Gene).
After DNasel (Invitrogen) treatment, reverse transcription was performed
using SuperScript VILO cDNA Synthesis Kit (Invitrogen) according to the
manufacturer’s instructions. Quantitative PCR analysis was performed
with a Step One Plus (Applied Biosystems) using Power SYBR Green PCR
Master Mix (Applied Biosystems). Values for each gene were normalized
to the relative quantity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA in each sample. The sequences of the primers used for
the PCR reaction are as follows: GAPDH F, 5"-TCATGAGCCCTTCCA-
CAATG-3"; GAPDH R, 5'-GGTGTGAACCACGAGAAATATGAC-3';
Perforin F, 5'-AAGGTAGCCAATTTTGCAGC-3'; Perforin R, 5'-
GGTTTTTGTACCAGGCGAAA-3"; E4BP4 F, 5'-CGGAAGTTGCATCT-
CAGTCA-3'; E4BP4 R, 5'-GCAAAGCTCTCCAACTCCAC-3"; CXCR4
F, 5'-TAGGATCTTCCTGCCCACCAT-3; CXCR4 R, 5'-TGACCAGGAT-
CACCAATCCA-3"; IL-15 E 5-ACATCCATCTCGTGCTACTTGT-3";
IL-15 R, 5'-GCTCGCATGCAGTCAGGAC-3"; IL-15Ra F, 5'-GCTTTC-
CTGGCCTGGTACATC-3"; and IL-15Ra R, 5'-CTGCTGGCC-
CTCACAGTCAT-3".

Single-cell RT-PCR analysis

Single cells were sorted into reverse transcription buffer containing I U/pL
RNase Inhibitor (Toyobo) and 0.4% Nonidet P-40 (Nacalai Tesque) using
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Figure 1. Normal cell numbers of NK cells in CXCR4-deficient fetal thymus.
Flow cytometric analysis of NKPs and NK cells in CXCR4™Vd fetal thymus.
(A)  Fluorescence  staining profile of Lin~ (TER119-Mac-1-Gr-
1-B220-CD3-CD4-CD8") NK1.1-CD25- cells (left) and the numbers of
Lin-NK1.1-CD44+CD25-CD122* NKPs (right) in E15.5 fetal thymus. (B) The
numbers of CD3~NK1.1*DX5* mNKs in E17.5 fetal thymus; n = 4.

flow cytometry. Cell lysates were reverse-transcribed using Moloney
murine leukemia virus reverse transcriptase (Toyobo) and gene-specific
reverse primers. PCR was subsequently performed by the addition of
premixed hot-start PCR enzymes and buffers (AmpliTaq Gold, Applied
Biosystems) containing the gene-specific forward and reverse primers
designed to span introns to exclude genomic products. PCR was carried out
in one round with 50 amplification cycles. A total of 100 cells per mouse
were analyzed.

Immunohistochemical analysis

Immunostaining was performed as previously described.?” In brief, 7-pum-
thick 4% paraformaldehyde-fixed cryostat sections were first blocked with
5% FCS/phosphate-buffered saline and stained with goat anti-mouse
NKp46 (R&D Systems), followed by secondary donkey anti-goat IgG-Cy3
(Jackson ImmunoResearch Laboratories). Sections were visualized with a
LSM 510 META (Carl Zeiss) using a 40X/1.3 NA oil-immersion objective
lens (Carl Zeiss). All acquired images were processed with the LSM Image
Browser (Carl Zeiss).

Statistical analysis

Data were expressed as mean plus or minus SD. The statistical significances
between groups were evaluated using the 2-tailed Student 1 test.

Results

CXCR4-CXCL12 signaling is required for NK-cell development
in adults but not in embryos

To determine the in vivo role of CXCL12-CXCR4 signaling in
NK-cell development, we first analyzed the numbers of NK-cell
progenitors in CXCR4™Vnll embryos. A previous study showed
that the numbers of p-T/NKs in the fetal liver were unaffected in
CXCL12-deficient embryos.?” Flow cytometric analysis of fetal
thymocytes revealed no significant differences in the numbers of
Lin~NKI1.1-CD44*CD25-CD122* NKPs (Figure 1A) and
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CD3"NKI1.1*DX5* mNKs (Figure 1B) between wild-type and
CXCR4mW/null embryos, suggesting that the CXCL12-CXCR4
signaling is dispensable for NK-cell development in embryos.
Because conventional CXCR4™!Vnll mice die in the embryonic
stage, we next analyzed the bone marrow of MxCre/CXCR47mll
mice, in which Cre was expressed after the induction of type I IFN
by the administration of pIpC to inactivate the CXCR4 gene in the
adult animals.? In CXCR4 conditionally deficient mice, the
numbers of CLPs in the bone marrow were severely reduced
compared with control animals.®® Flow cytometric analysis re-
vealed that, although the numbers of T-cell precursors, including
CD4-CD8~ (DN) and CD4*CD8* (DP) cells in the thymus,
were relatively unimpaired (supplemental Figure 1, available on
the Blood Web site; see the Supplemental Materials link at the
top of the online article), the numbers of NK-cell precursors,
including Lin™NK1.1"DX57CD122* NKPs and CD3"NKI1.1*DX5~
iNKs, were reduced in the bone marrow of plpC-treated MxCre/
CXCR4"™mI mice compared with pIpC-treated or untreated MxCre/
CXCR4"™! mice (Figure 2A; supplemental Figure 2). In addition,
the frequencies and numbers of CD3"NK1.1*DX5" mNKs, includ-
ing Mac-1- and Mac-17 subsets in the bone marrow (Figure 2A)
and mNKs in the spleen, lung, and peripheral blood (Figure 2B;
supplemental Figure 2; and data not shown), were more severely
reduced in pIpC-treated MxCre/CXCR4"™! mice compared with
control animals. Of note, the numbers of CD27*Mac-1* (KLRGI1 ™)
subset of mNKs, which are thought to display a greater effector
function, and KLRG1* end-stage mNKs* were severely reduced
in bone marrow and spleen of pIpC-treated MxCre/CXCR4/mu!l
mice (Figure 2C-D; and data not shown). In the mutants, expres-
sion of CXCR4 mRNA and migratory response to CXCLI12
observed in NK cells from CXCR4 deleted mice was severely
reduced as expected (supplemental Figure 3). Most Ly49 NK cell
receptors exhibited normal expression levels, although inhibitory
receptor Ly49G2 was abnormally expressed in CD3"NK1.1* NK
cells from the bone marrow of plpC-treated MxCre/CXCR4/nll
mice (Figure 2D). Perforin is a key effector molecule for NK
cell-mediated cytolysis. Quantitative, real-time PCR with reverse
transcription (RT) analysis revealed that the expression of Perforin
was reduced in mNKs from the bone marrow and spleen of
plpC-treated MxCre/CXCR4"!! mice compared with pIpC-treated
MxCre/CXCR4"* mice (Figure 2E).

The effect of CXCR4 depletion on the proliferation and
survival of NK cells was examined using in vivo assays. We
determined the proportion of NK cells from plpC-treated
MxCre/CXCR4"™! mice that incorporate bromodeoxyuridine
(BrdU) over a 3-day period and used annexin V to stain these
cells. The frequencies of iNK-incorporated BrdU over this
period were decreased (Figure 2F), although there is no
significant increase in annexin V—positive apoptotic NK cells in
the absence of CXCR4 (supplemental Figure 4), suggesting that
CXCL12 promotes proliferation of iNKs.

A recent study has shown that transcription factor E4BP4 is
preferentially expressed in NK cells as well as NKT cells and is
essential for NK-cell development, but not for NKT-cell develop-
ment.*’ Quantitative RT-PCR analysis revealed that E4BP4 mRNA
expression was reduced in mNKs from the bone marrow of
pIpC-treated MxCre/CXCR4" ! mice compared with pIpC-treated
MxCre/CXCR4" mice (Figure 2G). This supports the idea that
CXCR4 is essential for development of NK lineage and raises the
possibility that CXCL12-CXCR4 signaling is involved in E4BP4
up-regulation in NK lineage cells.
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Next, to determine the numbers of functional NK cells, we
assessed the capacity of freshly isolated NK cells to lyse YAC-1
targets in a LDH release assay and to produce IFN-+y in response to
IL-12 and IL-18. In pIpC-treated MxCre/CXCR4"™! mice, NK
cells from bone marrow showed reduced cytotoxicity against
YAC-1 targets (Figure 3A), and NK cells from bone marrow and
spleen contained decreased numbers of IFN-y—producing cells
(Figure 3B; and data not shown) compared with those from
pIpC-treated MxCre/CXCR4”* mice. Considering the reduction in
the number of CD3"NKI1.1* NK cells in CXCR4 conditionally
deficient mice, these results indicate that the numbers of functional
NK cells were severely reduced in the absence of CXCR4.

CXCR4 is required for NK-cell development in a cell-intrinsic
manner

Our result that CXCR4 is essential for NK-cell development raised
the question of whether the defect of NK-cell development in the
absence of CXCR4 was attributed to an intrinsic NK lineage cell
defect or to a microenvironmental defect. To address this issue, we

injected 2 X 106 bone marrow cells from Ly5.2*/Ly5.1~ MxCre/
CXCR4"™! or MxCre/CXCR4"™! mice with or without 1 X 106
Ly5.27/Ly5.1" wild-type bone marrow hematopoietic cells into
lethally irradiated wild-type Ly5.27/Ly5.1" mice. When chimeric
mice exhibited long-term multilineage reconstitution by donor
HSCs at 12 weeks after transfer, mice were treated with pIpC to
induce excision of the floxed allele. At 15 weeks after final pIpC
treatment, flow cytometric analysis revealed that the numbers of
donor-derived NKPs, iNKs, and mNKs were severely reduced in
the bone marrow from mutant chimeras with or without wild-type
hematopoietic cells compared with control chimeras (Figure 4A;
and data not shown). These results indicate that the defect of
NK-cell development in the absence of CXCR4 is attributed to a
cell-intrinsic CXCR4 deficiency. Consistent with this, CXCR4
mRNA is expressed in NKPs, iNKs, and mNKs from wild-type bone
marrow (Figure 4B). Differences in the expression levels of CXCR4
mRNA between NKPs, iNKs, and mNKs are not statistically significant,
although previous reports have shown a progressive reduction of cell
surface expression level during maturation.?'-** Cell surface expression
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Figure 3. Decreased functional NK cells in CXCR4 A
conditionally deficient mice. (A) In vitro cytotoxicity of BM BM Spleen
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of CXCR4 in mNK cells might be down-regulated by ligand-induced
receptor internalization.

In vitro effect of CXCL12 on generation of NK cells from LMPPs
and iNKs

It has been reported previously that Lin~ Sca-1%c-kit* (LSK) Flt3"
LMPPs are the first lymphoid-primed progenitors that give rise to
NK cells in vitro and in vivo.” We examined the in vitro activities of
CXCLI12 in the generation of NK cells from LMPPs and the
generation of mNKs from iNKs. LSK Flt3" and CD3"NK1.1"DX5~
cells were sorted from the bone marrow of wild-type mice and
cultured in medium containing Flt3L, SCF, and IL-15, which have
been reported to be involved in NK-cell development in vivo,!%16:22
in culture initiated with LMPPs or IL-15 in culture initiated with
iNKs in the absence or presence of CXCL12. The numbers of NK
cells were markedly increased with the addition of CXCL12 after
14-day culture initiated with LMPPs (Figure 5A). In addition, the
numbers of CD3~"NKI1.17DX5" mNKs were increased but to a
lesser extent with the addition of CXCL12 after 3-day culture
initiated with iNKs (Figure 5B). These results support the idea that
CXCL12 is involved in the generation of NK cells from LMPPs
and iNKs.

NK cells are associated with CAR cells in bone marrow

It has been shown previously that IL-15 is essential for the
development and functional maturation of NK cells.'> Thus, the
result that CXCL12 is predominantly expressed in a small popula-
tion of reticular cells, termed CXCLI12-abundant reticular (CAR)
cells in the bone marrow,?®-3 prompted us to examine the expres-
sion of IL-15 in CAR cells. It has been reported previously that

IL-15 is expressed in bone marrow nonhematopoietic radiation-
resistant cells, DCs, and activated monocytes.’* Quantitative
RT-PCR analysis of bone marrow from mice with the GFP reporter
gene knocked into the CXCL12 locus (CXCLI12-GFP knock-in
mice)?82%32 revealed that the expression of IL-15 was considerably
higher in CXCLI12-GFP" CAR cells than in CXCLI2-GFP~
nonhematopoietic cells, CD11c"e" MHC class I"eh DCs, and
Gr-1"Mac-1" myeloid lineage cells (Figure 6A). In addition, it has
been reported previously that the expressions of IL-15 and
IL-15Ra by the same cells support NK-cell maintenance.’®
Quantitative RT-PCR analysis of bone marrow from CXCL12-GFP
knock-in mice revealed that IL-15Ra was expressed in CAR cells
as well as CD11chieh MHC class I1"e" DCs, Gr-1""Mac-1* mono-
cytes, and CD45-CD317* endothelial cells (Figure 6B). Single-cell
RT-PCR analysis revealed that all individual cells within the CAR
cell population expressed IL-15 but only 26% of individual cells
within the CAR cell population expressed IL-15Ra (Figure 6C).
‘We next analyzed the association of NK cells with CAR cells in the
bone marrow from plpC-treated MxCre/CXCR4"mI_CXCL12-
GFPknock-in mice and control CXCR4%¥*-.CXCL12-GFP knock-in
mice. Immunohistochemical analysis with an antibody against
NK-cell marker NKp46* revealed that most NK cells were in
contact with the processes of CAR cells but at a distance from
c-kit*Sca-1" primitive hematopoietic cells or pDCs in pIpC-
treated MxCre/CXCR4"m!.CXCL12-GFP knock-in mice (data not
shown) and control CXCR4"".CXCL12-GFP knock-in mice
(280 of 341; 82%) (Figure 6D). These results suggest that CAR
cells, which produce both CXCL12 and IL-15, act as a microenvi-
ronmental niche for NK-cell development, but CXCL12-CXCR4
signaling is not essential for the association of NK cells with CAR
cells in the bone marrow.
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Figure 4. The developmental defect of NK cells in CXCR4 conditionally
deficient mice is cell-intrinsic. Ly5.2%/Ly5.1~ bone marrow cells from MxCre/
CXCR4" or MxCre/CXCR4"! mice were mixed with Ly5.2~/Ly5.1* wild-type bone
marrow cells and transplanted into lethally irradiated normal Ly5.27/Ly5.1* wild-type
recipients. At 12 weeks after transplantation, mice were treated with plpC. At 15 week
after final plpC treatment, recipient mice were analyzed by flow cytometry.
(A) The numbers of donor-derived Ly5.2*CD3 "NK1.1*DX5- iNKs and
Ly5.2*CD3~"NK1.1*DX5% mNKs; n = 4. *P < .05. *"P < .01. (B) Quantitative RT-
PCR analysis of mRNA expression of CXCR4 in NKPs, CD3-NK1.1*DX5~ iNKs, and
CD3-NK1.1*DX5* mNKs in the bone marrow from wild-type mice. Data are
normalized to GAPDH levels; n = 3.

Discussion

This study has demonstrated that CXCL12-CXCR4 chemokine
signaling is essential for the development of NK cells in adults.
Both T cells and NK cells are thought to be generated from HSCs
and CLPs, which require CXCR4; however, the numbers of T-cell
precursors were relatively unimpaired, but the numbers of NKPs
and iNKs were reduced and the numbers of mNKs were more
severely reduced in the bone marrow of CXCR4 conditionally
deficient mice compared with control mice. Together with the
findings that the numbers of mNKs were also reduced in the spleen
and peripheral blood of CXCR4 conditionally deficient mice and
that CXCLI12 enhanced the generation of mNKs from iNKs in
culture, our results suggest that CXCL12-CXCR4 signaling plays a
critical role in the generation of NK lineage cells within the bone
marrow. In addition, the results that the frequencies of iNKs
incorporated BrdU over a 3-day period were decreased in the
absence of CXCR4 suggest that CXCL12 promotes proliferation of
iNKs in the marrow.

Furthermore, the possibility that the reduction in NK cells that
is observed after CXCR4 deletion may be the result of a reduction
in DC subsets that provide transpresented IL-15 for NK-cell
development and homeostasis®®3® appears unlikely because the
numbers of CXCR4-deficient NK cells were severely reduced in

BLOOD, 13 JANUARY 2011 - VOLUME 117, NUMBER 2

the bone marrow of chimeric mice reconstituted with both CXCR4-
deficient and wild-type hematopoietic cells.

In contrast to the bone marrow, NK cells do not require
CXCL12 in fetal ontogeny. This supports the idea that HSCs
present in fetal life give rise to different sets of lymphohematopoi-
etic progenitors that require different cytokines than HSCs present
in adult bone marrow.

Although essential signals downstream of CXCR4 in hemato-
poiesis remain unclear, recent studies have suggested that
phosphoinositide 3-kinases (PI3Ks), PI3K3 and PI3K+y, which
catalyze the phosphorylation of the 3" hydroxyl group of
phosphoinositides, generating PI(3,4,5)P3 are activated by G
protein By subunits and downstream effectors of CXCR4 in
B-selection during T-cell development.*! Of note, mice lacking
PI3K catalytic subunits, p110vy and p1108, had normal numbers
of B cells but severely reduced numbers of mNK in the bone
marrow and spleen,*? suggesting that in NK-cell development,
but not in B-cell development, PI3K& and PI3K<vy serve as
critical downstream regulators of CXCR4 signaling in the
bone marrow.

Although IL-15 is known to be essential for development and
functional maturation of NK cells, cellular sources of IL-15 in
the bone marrow during homeostasis remain unclear. On the
other hand, it has been reported previously that IL-15 and its
receptor IL-15Ra are coexpressed by the same cells, which
transpresent IL-15 to NK cells during development,*-? and that
lethally irradiated IL-15Ra—deficient mice reconstituted with
wild-type bone marrow cells had decreased numbers of NK
cells, indicating that IL-15Ra in nonhematopoietic cells is
essential for NK-cell development.*? In addition, although IL-15
is expressed in DCs and monocytes,’®7 the expression of
IL-15Ra by DCs and monocytes was dispensable for NK-cell
development in the bone marrow.* Thus, the results that mRNA
expression of IL-15 and CXCLI12 was considerably higher in
CAR cells than in other nonhematopoietic cells, that CAR cells
express IL-15Ra and that most NK cells were in contact with the
processes of CAR cells suggest that CAR cells provide IL-15
and CXCL12 and function as a niche for NK-cell development
in the bone marrow. In contrast to IL-15 and CXCL12, IL-15R«
was expressed in only 26% of individual CAR cells, raising the
possibility that CAR cells expressing IL-15Ra create a specific
niche for NK cells. Together with previous studies, our findings
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Figure 5. In vitro effects of CXCL12 on generation of NK cells from LMPPs or
iNKs. (A) Sorted Lin-Sca-1*c-kit* (LSK) FIt3" LMPPs were cultured in medium
containing FIt3L, SCF, and IL-15 in the absence or presence of CXCL12. After 14-day
culture, CD3-NK1.1* NK cells were counted by flow cytometry; n = 4. *P < 05.
(B) Sorted CD3~-NK1.1*DX5~ iNKs were cultured in medium containing IL-15 in the
absence or presence of CXCL12. After 3-day culture, the number of
CD3~NK1.1*DX5* mNKs were measured by flow cytometry;n = 4. *P < .05.
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Figure 6. The expression of IL-15 in CAR cells and A B
their association with NK cells in bone marrow. L)
(A-B) Quantitative RT-PCR analysis of mRNA expres- 124 EE 204
sion of IL-15 (A) and IL-15Ra (B) in CXCL12-GFPM : ‘
(CAR) cells, CD45-CXCL12-GFP~ nonhematopoietic = 1.04 = Wl
cells, CD45-CD31+ endothelial cells (EC), CD11chs" . S < £ 1.54
MHC class II"s" DCs, and Gr-1*Mac-1* myeloid lineage 2 $ 081 3
i % ) ¢4 E&
cells (Md) in the bone marrow from wild-type mice or g 306- = X1.04
CXCL12-GFP knock-in mice. (C) Single-cell RT-PCR  © @ | % o
analysis of the frequencies of cells expressing IL-150or Y £ 0.4 i
IL-15Ra in sorted CAR cells; n=3. (D) The bone  © = @03
marrow sections from CXCL12-GFP knock-in mice were 927
stained with antibodies against NKp4& (red). Most 0.0- 0
NKp46* NK cells are in contact with CAR cells (green). CXCL12 CXCL12 EC Dc Mo CXCLIZ.CXCLIZ EC oc M¢
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suggest that CAR cells function as niches for various types of
hematopoietic cells, including HSCs, B cells, pDCs, and NK
cells in the bone marrow. However, histologic analysis revealed
that NK cells were not located close to c-kit*Sca-1" primitive
hematopoietic cells or pDCs, raising the possibility that CAR
cells are a common cellular component of distinct specific
niches for HSCs, B cells, pDCs and NK cells.

This study demonstrates the novel role of CXCL12-CXCR4
chemokine signaling in immune cell development. Further studies
will be needed to determine how the generation of NK cells, B
cells, and pDCs is regulated in the presence of CXCL12 in niches
in which CAR cells are implicated as a key component.
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Amidine-type peptide bond isosteres were designed based on the substitution of the peptide bond
carbonyl (C=0) group with an imino (C=NH) group. The positively-charged property of the isosteric
part resembles a reduced amide-type peptidomimetic. The peptidyl amidine units were synthesized by
the reduction of a key amidoxime (N-hydroxyamidine) precursor, which was prepared from nitrile oxide
components as an aminoacyl or peptidyl equivalent. This nitrile oxide-mediated C-N bond formation
was also used for peptide macrocyclization, in which the amidoxime group was converted to peptide
bonds under mild acidic conditions. Syntheses of the cyclic RGD peptide and a peptidomimetic using
both approaches, and their inhibitory activity against integrin-mediated cell attachment, are presented.

Introduction H 0 Yaa H R Yaa

The backbone modification of amide bonds 1 in bioactive peptides % \:)'L'"l‘/l\[rg % ME

is one of the most promising approaches for improving their re- Xaa .d“ - 01 ”:‘55 . Hl g
sistance towards degradation by peptidases.” A number of peptide i ?R ‘i"ﬁ_'i"j,i;?,
bond isosteres that reproduce their electrostatic properties and

secondary structure conformations have been reported.? Reduced H Yaa H NH Yaa
amide bonds (-CH,-NH-) 2 with a positively-charged secondary rl] P~ E |'4 E
amine id i i %’ ' . %’ : N
provide a flexible and hydrogen bond-donating substructure H h H |
(Fig. 1). The success of this substructure is exemplified by several Xaa H O Xaa H O
SNEdE 3 R . reduced amide bonds 2 amidine-type isosteres 4
enzyme inhibitors of HIV-1 protease’ and neuronal nitric oxide :
synthase.* Alkene dipeptide isosteres (-CR=CH-, R = H, F or +H* ” -H* +H* ” -H*
Me) 3*° also represent steady-state peptide bond mimetics. This : Yaa Fli NH; Yaa
f . . - '®
moltif ha's be.en §mployed for thte preparation oflfunctlonal probes g,N\/\ﬁ E E/N\)\N/l\’l/g
to identify indispensable peptide bonds. During the course of A E 1 |
B : : ; : . xaa H H 0O Xaa H O
our medicinal chemistry studies using these isosteres, it has been 2 &
demonstrated that a heavy atom corresponding to the carbonyl
Fig. 1 Structures of the peptide bond and mimetics.

oxygen in peptide bonds favorably modulates local and global
peptide conformations.®

The uncharged form of amidines 4 resemble the peptide bond
structure 1, in which both imino and amino functional groups
share an sp® carbon. Under physiological conditions, amidines
are protonated and the positive charge of the conjugated acid is
delocalized over two nitrogens. Characteristic substructure 4’ can
be viewed as a modified motif of the peptide bond and/or reduced
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amide structure. However, there are few reports on amidine-type
peptide bond isosteres 4,* while acyclic amidines® and cyclic
amidines' have been utilized as equivalents of the basic guanidino
group for several bioactive molecules.

Whereas amidines have been synthesized directly by the Pinner
reaction™ or by the coupling of imidyl chlorides with amines,
these reactions are not applicable to peptidyl amidine synthe-
sis because of the harsh reaction conditions or the arduous
substrate preparation. We have postulated that amidoximes (N-
hydroxyamidines) 8 represent an appropriate key precursor for
peptidyl amidine synthesis, which are obtained by the coupling
of nitrile oxides 6 with nucleophilic amines 7 (Scheme 1)."
Reduction' or hydrolysis under mild acidic conditions' of the key
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Scheme 1 Synthetic scheme for amidine-type peptide bond isosteres 4 and
native peptide bonds 1 using nitrile oxides 6 as reactive acyl equivalents.

amidoximes 8 would provide the target peptidyl amidine 4 or the
parent peptide bond 1, respectively. It was also expected that highly
reactive nitrile oxides 6 derived from peptide aldoximes 5 could be
exploited as active ester equivalents for fragment condensation to
prepare various protected peptides and peptidomimetics. Herein,
we describe a novel approach for the synthesis of peptides and
amidine-type peptidomimetics via peptide amidoximes.

Results and discussion

Preparation of amino acid-derived nitrile oxides and their
application to the synthesis of peptide bond and amidine-type
peptidomimetics

Nitrile oxides are useful reactive species that can be formed
from aldoximes by treatment with a chlorinating agent and a
weak base."! There have been a number of reports of 1,3-dipolar
cycloadditions of nitrile oxides with olefins to produce isoxazoline
derivatives,"”® whereas examples utilizing nitrile oxides as active
ester equivalents are limited. We expected that a-aminoaldoximes
and peptide aldoximes would serve as useful precursors of

reactive nitrile oxide components for peptide and peptidomimetic
synthesis.

Initially, we optimized the coupling conditions of o-
aminoaldoxime 9" and o-amino ester 12. This consisted of a
two-step process including chlorination of aldoxime 9 and the
subsequent nucleophilic attack of amino ester 12 onto nitrile oxide
11, derived from 10, under basic conditions (Table 1). The major
isomer of N-Boc-valine aldoxime, 9a, reacted with an NaOCl
solution' followed by work-up and treatment with amino ester 12
to give the desired amidoxime (N-hydroxyamidine) product, 13,
in 77% yield (Table 1, entry 1), while minor isomer 9b produced
a complex mixture of unidentified products with the same reagent
(Table 1, entry 2). This was presumably due to the concomitant
formation of unstable nitrile oxide 11 under the basic conditions
of the first chlorination step. Treatment of both aldoxime isomers
9a and 9b with N-chlorosuccinimide (NCS) in DMF without base
provided the same product, 13, in satisfactory yields (Table 1,
entries 3 and 4). Of note, the chlorination of 9a with NCS in CHCl,
did not work, resulting in the recovery of the starting material.
As such, a facile protocol to prepare amidoximes from the both
isomers of amino acid-derived aldoximes was established.

Conversion processes from amidoxime 13 were next investi-
gated. The hydrogenation of 13 with RANEY® Ni'" cleaved the
N-O bond to afford the expected amidine-type isosteric unit,
14, in 67% yield (Scheme 2). Alternatively, the hydrolysis of
13 under mild acidic conditions containing NaNOQO, gave the
parent dipeptide unit, 15, in 62% yield."” No epimerization of
the amidoximes occurred during the coupling process, which
was verified by comparing 15 with two authentic diastereomers
prepared by the standard protocol for peptide synthesis.

H,, Raney® Ni, 12 NaNO,, AcOH
AcOH, MeOH/H,0 MeOH/H,0
B7% 62%, > 99% de
NH  Bn 0 Bn
O'Bu O'Bu
N
H H
NHBoc e} NHBoc o}
14 15

Scheme2 Conversion of N-hydroxyamidine 13 to amidine 14 and peptide
bond 15.

Table 1 Optimization of the aldoxime-amino acid coupling conditions
~OH ~OH )
N N ®_0 HO,.
| stepa | M step b N  Bn
 Chlorinating agent cl H-Phe-0'Bu 12 (1 equiv.) | f
DMF, rt. g EtsN, solvent, rt. N OBu
MHBog —— NHBoc NHBoc H
9a (major) 10 11 NHEBoc O
9b (minor) 13
Entry Substrate® Stepa Step b Yield (%)
1 9a NaOCI* (3.0 equiv.), Et;N (3.0 equiv.) Et;N (6.0 equiv.)/CH,Cl, 77
2 9b NaOCI* (3.0 equiv.), Et;N (3.0 equiv.) Et;N (6.0 equiv.)/CH,Cl, Decomp.
3 9a NCS (1.4 equiv.) Et;N (4.0 equiv.)/Et,O 71°
4 9b NCS (1.4 equiv.) Et;N (4.0 equiv.)/Et,O 81

“ Substrates 9 were prepared from Boc-valinal according to literature procedures.’ * 30% aqueous solution. - When CHCI; was used as the reaction solvent

in step a, starting material 9a was recovered.
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Table 2 Preparation of aldoxime resin 19

Fmoc-Gly-H _@
T N—O
dichlor oethane/HG(OMe)s FmocHN/\{/
additive
): (2-Chityl resin 19
Additive (1.2 equiv.) Conditions” Loading (%)
1 — rt, o/n 83
2 Et;N rt, 0/n 56
3 AcOH rt, o/n 90
4 AcOH 60°C, o/n 99
5 AcOH 60°C,2h 99

“ Dichloroethane (0.15 M), HC(OMe); (0.2 M).

Solid-phase synthesis of peptide aldoximes and the application of
nitrile oxide-mediated coupling to cyclic peptide synthesis

The nitrile oxide-mediated synthesis of peptides and pep-
tidomimetics was applied by a solid-phase approach. We chose
cyclic RGD peptide 16, cyclo(-Arg—-Gly—Asp-D-Phe-Val-),®
which is a highly potent integrin o,f; antagonist that in-
cludes two reactive side-chains (Arg and Asp), and mimetic 17
cyclo(-Arg-Gly-y[C(=NH)-NH]}-Asp-D-Phe-Val-) as target
peptides. We planned to synthesize RGD peptide 16 and pep-
tidomimetic 17 by a nitrile oxide-mediated cyclization, followed
by hydrolysis and hydrogenolysis, respectively. For application to
solid-phase synthesis, the preparation of aldoxime resin 19 was
investigated. The direct attachment of Fmoc-protected aminoal-
doximes such as Fmoc-NH-CH,~-CH=NH-OH onto the (2-
Cl)trityl chloride resin failed to afford the expected resin under any
conditions. In contrast, resin 18 was prepared from the (2-Cl)trityl
chloride resin and Fmoc-protected hydroxyamine (89% loading),
followed by piperidine treatment. The reaction of an Fmoc-
protected o-aminoaldehyde with aminooxy (2-Cl)trityl resin 18
gave the desired aldoxime resin, 19 (83% loading; Table 2, entry
1). An acidic additive improved the reactivity, and the reaction
proceeded smoothly at 60 °C within 2 h to give aldoxime resin 19
in 99% yield (Table 2, entry 5).1

Peptide elongation was performed by the standard
Fmoc-based solid-phase synthesis approach using N,N'-
diisopropylcarbodiimide (DIC)/HOBt in DMF to give peptide
aldoxime resin 20 (Scheme 3). During the solid-phase process,
the oxime-ether linker was inert, even when treated with 20%
piperidine in DMF for Fmoc removal. For peptide cleavage
from the solid support, the standard conditions [30% 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP) in CH,Cl,, rt, 2 h"] were
ineffective for aldoxime resin 20, indicating that the oxime-ether
linkage is less acid-labile compared with peptide acids and peptide
alcohols. The treatment of resin 20 in TFA/triisopropylsilane

t
SPPS (IJ Bu PPf
19 — H-Asp-D-Phe-Val-Arg-NH-CH,-CH=N-O
20
(I)'Bu Pbf
H-Asp-D—Phe—Val—A}g-NH—CH?_-CH=N-OH
21

TFA/TISICH,Cl,
(0.5:0.1:99.4)

Scheme 3 Preparation of peptide aldoxime 21.

(TIS)/CH,Cl, (0.5/0.1/99.4) provided linear peptide aldoxime
21 in a quantitative yield.

Cyclization of acyclic peptide aldoxime 21 by treatment with
NCS, followed by Et;N, gave amidoxime-containing peptide
22 in a moderate yield (36%, Scheme 4). The yield of the
aldoxime-mediated cyclization was comparable with approaches
using the azide method or DPPA-mediated cyclizations (11-52%
cyclization yields for the RGD peptide 16 and the derivatives).'s
Subsequently, amidoxime 22 was converted smoothly to amide
23a and amidine 23b in 46 and 95% yields, respectively, by
NaNO,-mediated acidic hydrolysis and RANEY® Ni-mediated
hydrogenation. The protecting groups for Arg and Asp were
cleaved off using a cocktail of 1 M TMSBr-thioanisole/TFA in the
presence of m-cresol and 1,2-ethanedithiol (EDT) in a short time,
providing the desired parent RGD peptide 16 and peptidomimetic
171n 87 and 73% yields, respectively. It is of note that no hydrolyzed
product 16 was observed during the deprotection treatment of 23b
and subsequent HPLC purification process.

1)NCS
2) Et3N
21 (CHas _
TowE o NOH H NH-be
36% BuC,C N O
H 22
NaNO,, AcOH Raney® Ni, H,
MeOH/H,0 MeOH/H,0
for 23a for 23b

Ph—, /)‘\
NH NH
(CHz
'Buogc\/>\:

23aR = O (46%)
23b R = NH (95%)

NH—be

1M TMSBr, thioanisole/TFA
m-cresol, EDT

Ph—, //U\
NH NH
(CHa)s
NH2
HO,C H

16 R = O (87%)
17 R = NH (73%)

Scheme 4 Synthesis of cyclic RGD peptide 16 and amidine-type isosteric
congener 17.

Biological activity of the cyclic RGD Peptide with an amidine-type
isosteric unit for the Gly-Asp dipeptide

The resulting cyclic RGD peptidomimetic 17 was evaluated for
its inhibitory effect of integrin-mediated cell attachment (Fig. 2).
Peptide 17, with an amidine moiety, showed moderate inhibitory
activity (IC;, = 4.77 uM) compared with original peptide 16
(peptide 16, ICs, = 0.157 uM). The X-ray crystal structure of
the o, f3; integrin-cyclic RGD peptide complex indicated that the
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Fig.2 The inhibitory effect of cyclic RGD peptides on HDF attachment
to vitronectin. HDFs were allowed to attach to human vitronectin in the
presence of various concentrations of cyclic RGD peptides. Peptides were
added to the cell suspension and the cells were plated. After a 30 min
incubation period, the attached cells were stained with crystal violet and
dissolved in a 1% SDS solution. The absorbance at 570 nm was measured.
Triplicate experiments gave similar results.

uncharged amide NH of Gly-Asp is located proximal to the
integrin residue Arg216, which is likely to be involved in the
interaction.” These results suggest that substitution of the Gly-
Asp peptide bond with a positively-charged amidine unit partially
eliminated the highly potent binding affinity towards the o,f;
integrin.

Conclusion

In conclusion, we have established a novel approach to synthesize
acyclic amidine and amide units vie a key amidoxime (N-
hydroxyamidine) precursor, which was prepared from a nitrile
oxide component as an active ester equivalent. This method was
used for the Fmoc-based solid-phase synthesis of peptides and
peptidomimetics containing an amidine-type isostere. The peptide
aldoxime represented a functional precursor for a protected cyclic
peptide and peptidomimetic, suggesting that the nitrile oxide-
mediated coupling reaction could serve as an alternative method
for peptide macrocyclizations. Further studies on the scope and
limitations of this approach, as well as applications for structure—
activity relationship studies of bioactive peptides, are currently in
progress.

Experimental section
Synthesis

tert-Butyl  [(S)-1-(hydroxyiminomethyl)-2-methylpropyljcarba-
mate (9). To a solution of Boc-Val-NMe(OMe) (5.00 g,
19.2 mmol) in Et,O (60 cm?®) was added dropwise a solution of
LiAIH, (1.02 g, 27.0 mmol) in Et,0 (20 cm®) at —40 °C and
the mixture was stirred for 40 min. The reaction was quenched
at —40 °C by the addition of an Na,SO, solution. The reaction
mixture was washed with saturated aqueous NaHCO; and brine,
and dried over Na,SO,. Concentration under reduced pressure
gave the Boc-valinal. To a solution of NH,OH-HCl (1.66 g,
23.9 mmol) and AcONa (1.96 g, 23.9 mmol) in EtOH (50 cm?)
was added the solution of the aldehyde in EtOH (15 cm?). The
reaction mixture was stirred at 80 °C for 15 min. The mixture was
concentrated under reduced pressure. The residue was extracted

with CH,Cl,, and the extract was washed with H,O and dried over
Na,SO,. Concentration under reduced pressure followed by flash
chromatography over silica gel with n-hexane-EtOAc (3/1) gave
the title compounds 9a and 9b (3.44 g, 82% yield, 9a/9b = 58/42)
both as white solids.

Compound 9a: mp 35-36 °C; [o]F +11.0 (c 0.58, CHCL,); dy
(500 MHz, DMSO, Me,Si) 0.82 (6H, dd, J = 13.7 and 6.9 Hz),
1.37(9H, s), 1.75 (1H, td, J = 13.7 and 6.9 Hz), 3.72-3.78 (1H, m),
6.96 (1H, d, J =8.8 Hz), 7.14 (1H, d, J = 7.3 Hz) and 10.63 (1H,
8); 6c (125 MHz, DMSO-d,, Me,Si) 18.6, 18.8, 28.2 (3C), 30.9,
55.4,77.7, 149.0 and 155.1. Anal. calc. for C;iH,N,0;: C, 55.53;
H, 9.32; N, 12.95. Found: C, 55.29; H, 9.17; N, 12.81%.

Compound 9b: mp 114-115 °C; [af¥ +50.0 (¢ 0.18, CHCL); 6u
(500 MHz, DMSO-d,, Me,Si) 0.81 (6H, t, J = 7.2 Hz), 1.37 (9H,
s), 1.76-1.85 (1H, m), 4.54 (1H, dd, J = 15.7 and 7.1 Hz), 6.51
(1H,d,J=7.1 Hz), 6.95(1H, d, J = 8.9 Hz) and 10.86 (1H, s); é¢
(125 MHz, DMSO, Me,Si) 18.3, 18.7, 28.2 (3C), 30.7, 50.2, 77.7,
149.9 and 155.2. Anal. calc. for C,iH,N,05: C, 55.53; H, 9.32; N,
12.95. Found: C, 55.25; H, 9.32; N, 12.71%.

tert-Butyl (S)-2-{[(S)-2-tert-butoxycarbonylamino-/N-hydroxy-
3-methylbutanimidoyljamino } -3-phenylpropionate (13). To a so-
lution of aldoxime 9b (30.0 mg, 0.140 mmol) in DMF (0.6 cm?®)
was added N-chlorosuccinimide (26.2 mg, 0.200 mmol) and the
mixture stirred at room temperature for 4 h. The reaction mixture
was extracted with EtOAc, the extract washed with a solution
of H,O/brine (1/1) and dried over Na,SO,. After concentration
under reduced pressure, the residue was dissolved in Et,O (5 cm?).
To the solution were added Et;N (77 mm?, 0.560 mmol) and H-
Phe-O'Bu 12 (30.0 mg, 0.140 mmol), and the mixture stirred at
room temperature overnight. The reaction mixture was washed
with brine and dried over Na,SQO,. Concentration under reduced
pressure followed by flash chromatography over silica gel with n-
hexane-EtOAc (3/1) gave title compound 13 (50.0 mg, 81% yield,
inseparable mixture of major/minor = 97/3) as a colorless oil:
[ —19.2 (¢ 0.73, CHCL,); 6y (500 MHz, DMSO-d;, Me,Si) 0.63
(3H, d, J = 6.6 Hz), 0.73 (3H, 4, J = 6.6 Hz), 1.32 (9H, s), 1.37
(9H,s), 1.79 (1H, dt, J =21.7 and 6.6 Hz), 2.84-2.94 (2H, m), 3.70
(1H, t, J =9.0 Hz), 4.44-4.52 (1H, m), 5.38 (1H, d, J = 10.5 Hz),
6.66 (1H, d, J = 9.5 Hz), 7.19-7.29 (5H, m) and 10.86 (1H, s);
Sc (125 MHz, DMSO-d;, Me,Si) 18.3, 19.8, 27.5 (3C), 28.2 (3C),
29.8, 55.0, 56.1, 77.8, 80.6, 126.5, 128.0 (3C), 129.5 (2C), 137.0,
150.5, 155.3 and 171.4; HRMS (FAB) m/z calc. for C;;HsN; 05
(IM + HJ*) 436.2811, found 436.2808.

tert-Butyl  (S)-2-{[(S)-2-tert-butoxycarbonylamino-3-methyl-
butanimidoyl]amino }-3-phenylpropionate (14). To a solution of
amidoxime 13 (29.1 mg, 0.0670 mmol) in MeOH (1 cm?) and
AcOH (0.011 cm®) was added RANEY® Ni (0.85 cm?, slurry in
H,0) and the mixture stirred under an atmosphere of hydrogen
at room temperature for 1 h. The mixture was filtered through
Celite®. Concentration under reduced pressure followed by flash
chromatography over silica gel with n-hexane-EtOAc (3/1) gave
title compound 14 (18.9 mg, 67% yield) as a yellow oil: []® +7.53
(c 0.46, CHCL); 64 (500 MHz, DMSO-d,;, Me,Si) 0.76 (6H, dd,
J=13.5and 6.7 Hz), 1.28 (9H, s), 1.38 (9H, s), 1.80-1.88 (1H, m),
2.86 (1H, brs), 2.92 (1H, dd, J = 13.5 and 6.9 Hz), 3.77 (1H, br s),
4.26 (1H, brs),4.99 (1H, d, J =9.5Hz), 6.16 (1H, brs), 6.96 (1H,
d, J =9.5 Hz) and 7.14-7.26 (5H, m); é¢ (125 MHz, DMSO-d,,
Me,Si) 18.0 (2C), 19.3, 27.5 (3C), 28.2 (3C), 31.0, 37.8, 59.5, 77.8,
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78.9, 126.1, 127.9 (2C), 127.9, 129.2 (2C), 138.1, 155.2 and 171.2;
HRMS (FAB) m/z calc. for C,yHsN,O, (IM + HJ*) 420.2862,
found 420.2864.

tert-Butyl  (S)-2-[(S)-2-tert-butoxycarbonylamino-3-methylbu-
tyrylamino]-3-phenylpropionate (15). To a solution of amidoxime
13 (35.3 mg, 0.0810 mmol) in MeOH (0.8 cm®) and H,O (0.8 cm®)
were added AcOH (0.00800 cm®, 0.120 mmol) and NaNO,
(8.30 mg, 0.120 mmol). The mixture was stirred at room tem-
perature overnight. The mixture was concentrated under reduced
pressure. The residue was extracted with CH,Cl,, and the extract
was washed with H,O and dried over Na,SO,. Concentration
under reduced pressure followed by flash chromatography over
silica gel with n-hexane-AcOFEt (3/1) gave title compound 15
(21.0 mg, 62% yield) as a white solid: mp 115-116 °C; [o]% +60.0
(¢ 0.87, CHCL,); 6y (500 MHz, DMSO-d,, Me,Si) 0.87 (3H, d,
J =5.6 Hz), 0.93 3H, d, J = 6.8 Hz), 1.38 (9H, s), 1.45 (9H, s),
2.04-2.14(1H, m), 3.04-3.11 (2H, m), 3.91 (1H, t, /= 6.8 Hz), 4.74
(1H,dd, J =13.8 and 6.2 Hz), 5.16 (1H, d, J = 6.6 Hz), 6.30 (1H,
d, J = 6.2 Hz) and 7.14-7.31 (5H, m); 6. (125 MHz, DMSO-d,
Me,Si) 17.7, 19.2, 27.9 (3C), 28.3 (3C), 38.2, 52.2, 53.6, 55.1, 82.2,
82.3,126.9, 127.0 (2C), 128.4 (2C), 129.5, 136.0, 170.3 and 171.0;
HRMS (FAB) m/z calc. for C;3H3;N,O5 ([M + HJ*) 421.2702,
found 421.2702.

H,N-O-(2-C)Trt resin (18). 2-Chlorotrityl resin chloride
(loading: 1.31 mmol g, 76.3 mg) was reacted with Fmoc-NHOH
(128 mg, 0.500 mmol) and pyridine (0.0810 cm?®, 1.00 mmol) in
THF (0.8 cm®) at 60 °C for 6 h. The solution was removed by
decantation and the resulting resin washed with a solution of
DMF/(Pr),NEt/MeOH (17/2/1). The Fmoc protecting group
was removed by treating the resin with a DMF /piperidine solution
(80720, v/v). The loading was determined by measuring at 290 nm
the UV absorption of the piperidine-treated sample: 0.900 mmol
g™, 89%.

H-Asp(O’Bu)-D - Phe-Val-Arg(Pbf)-Gly-aldoxime - (2 - CI)Trt
resin  (20). Solid-supported hydroxyamine 18 (loading:
0.900 mmol g™, 91.6 mg, 0.0820 mmol) was reacted with Fmoc-
glycinal (0.500 mmol) in dichloroethane (0.7 cm?®), HC(OMe),
(0.5 cm®) and AcOH (0.001 cm?) at 60 °C for 2 h. The solution was
removed by decantation and the resulting resin was washed with
DMF to afford resin 19. Peptide resin 20 was manually constructed
using an Fmoc-based solid-phase synthesis on resin 19. The
Fmoc protecting group was removed by treating the resin with
a DMF/piperidine solution (80/20, v/v). The Fmoc-protected
amino acid (0.500 mmol, 6.1 equiv.) was successively condensed
using 1,3-diisopropylcarbodiimide (0.0770 c¢m?®, 0.500 mmol,
6.1 equiv.) in the presence of N-hydroxybenzotriazole (77 mg,
0.500 mmol, 6.1 equiv.) to give resin 20. The ‘Bu ester for Asp and
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg
were employed for side-chain protection.

H-Asp(O'Bu)-D-Phe—Val-Arg(Pbf)-Gly-aldoxime 1.
Resin 20 was treated with TFA/TIS/CH,Cl, (20 cm?,
0.5/0.1/99.4) at room temperature for 1.5 h. After removal
of the resin by filtration, the filtrate was concentrated under
reduced pressure to give crude peptide aldoxime 21 as a yellow
oil (74.0 mg, quant. from resin 18). The crude product was used
without further purification.

Cyclol—Arg(Pbf)—Gly—y [C(—NOH)NH]-Asp(O’Bu)-D-Phe—
Val-] (22). To a solution of peptide aldoxime 21 (74.0 mg)
in DMF (1 c¢cm®) was added N-chlorosuccinimide (14.7 mg,
0.100 mmol). The solution was stirred at room temperature
overnight, and then DMF (40 cm®) and Et;N (0.4 cm®) added.
The mixture was stirred at room temperature overnight and then
concentrated under reduced pressure. The residue was extracted
with EtOAc and the extract washed with brine. The organic layer
was dried over Na,SO, and concentrated under reduced pressure
to give a yellow oil, which was purified by column chromatography
over silica gel with CH,Cl,-MeOH (95/5) to give 22 (26.9 mg, 36%
yield, major/minor = 79/21) as a yellow solid: mp 168-169 °C;
[ =52.7 (¢ 0.28, CHCL;); 6 (500 MHz, DMSO-d;, Me,Si) 0.85
(major, 3H, d, J = 6.9 Hz), 0.68 (minor, 3H, t, J = 6.4 Hz), 0.73
(major, 3H, d, J = 6.7 Hz), 0.72-0.76 (minor, 3H, m), 1.25-1.50
(2H, m), 1.34 (minor, 9H, s), 1.37 (major, 9H, s), 1.36 (minor,
6H, s), 1.41 (major, 6H, s), 1.74-1.76 (2H, m), 2.00 (3H, s), 2.41
(3H, s), 2.47 (3H, s), 2.30-2.50 (2H, m), 2.59 (1H, dd, J = 15.9
and 5.9 Hz), 2.82-2.91 (2H, m), 2.96 (2H, s), 3.79 (major, 1H, t,
J = 7.0 Hz), 3.82-3.88 (minor, 1H, m), 3.98 (major, 1H, dd, J =
14.7 and 7.7 Hz), 4.02-4.08 (minor, 1H, m), 4.10-4.14 (minor, 1H,
m), 4.16-4.25 (major, 1H, m), 4.50 (major, 1H, dd, J = 14.6 and
8.4 Hz), 4.35-4.45 (minor, 1H, m), 4.54-4.65 (major, 1 H, m), 4.60-
4.75 (minor, 1H, m), 5.17 (minor, 1H, d, J = 9.6 Hz), 5.27 (major,
1H, d, J = 10.6 Hz), 6.37 (major, 1H, br s), 6.70 (minor, 1H, br
8), 7.12-7.33 (5H, m), 7.42-7.53 (1H, m), 8.05-8.14 (2H, m), 8.32
(minor, 1H, d, J = 7.3 Hz), 8.45 (major, 1H, d, J = 5.9 Hz), 9.17
(minor, 1H, s) and 9.63 (major, 1H, s); 6 (125 MHz, DMSO-d;,
Me,Si) 12.1, 12.3, 17.3 (minor), 17.6 (major), 17.8 (major, 2C),
17.9 (minor, 2C), 18.9, 19.0 (major), 19.1 (minor), 21.1, 27.7 (3C),
27.7,28.3 (major, 2C), 28.8 (minor, 2C), 36.3, 42.5 (2C), 52.0, 52.6,
55.0, 59.8 (minor), 60.3 (major), 62.8, 79.7 (minor), 80.3 (major),
86.3, 116.3, 124.3, 126.5, 128.1 (minor, 2C), 128.2 (major, 2C),
129.1 (major, 2C), 129.3 (minor, 2C), 131.4, 134.2, 137.0, 137.3,
148.9, 156.0, 157.5, 169.3 (major), 169.5 (minor), 170.7, 171.2,
172.2 and 172.4; HRMS (FAB) m/z calc. for C;HgNyO,6S (M +
HJ*) 898.4497, found 898.4502.

Cyclo|-Arg(Pbf)-Gly-Asp(O'Bu)-D-Phe-Val-| (23a). Toaso-
lution of amidoxime 22 (20.0 mg, 0.0220 mmol) in MeOH
(0.5 ecm®) and H,0 (0.2 cm®) were added AcOH (0.00500 cm?®)
and NaNO, (4.60 mg, 0.0660 mmol). The mixture was stirred at
room temperature overnight. The mixture was concentrated under
reduced pressure. The residue was extracted with EtOAc, and the
extract washed with H,O and dried over MgSO,. Concentration
under reduced pressure followed by PTLC purification with
CH,Cl,-MeOH (95/5) gave title compound 23a (8.90 mg, 46%
yield) as a white solid: mp 247-248 °C; [a]% —32.3 (¢ 0.27, MeOH);
Su (500 MHz, DMSO-d,, Me,Si) 0.70 (6H, dd, J = 20.7 and
6.7 Hz), 1.18-1.50 (2H, m), 1.34 (9H, s), 1.41 (6H, s), 1.65-1.72
(1H, m), 1.80-1.88 (1H, m), 2.01 (3H, s), 2.36 (1H, dd, J = 15.7
and 8.9 Hz), 2.41 (3H, s), 2.46 (3H, s), 2.80 (1H, dd, J = 13.7 and
6.6 Hz), 2.91-3.06 (2H, m), 2.96 (2H, s), 3.28 (2H, s), 3.82 (1H,
t, J = 7.6 Hz), 4.00-4.10 (2H, m), 4.54-4.62 (2H, m), 6.35 (1H,
br s), 6.70-6.80 (1H, m), 7.13-7.28 (5H, m), 7.42-7.50 (5H, m),
7.74 (2H, dd, J = 11.5 and 8.3 Hz), 7.95 (1H, d, J = 8.3 Hz), 8.06
(1H, d, J = 7.6 Hz) and 8.36 (1H, dd, J = 7.3 and 4.4 Hz); .
(125 MHz, DMSO-d,, Me,Si) 12.3, 17.6, 18.2, 18.9, 19.2, 25.8,
27.6 (3C), 28.3 (2C), 28.4,29.7, 36.4, 37.1, 39.8, 42.5, 43.1, 48.9,
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52.2, 53.9, 60.1, 80.0, 86.3, 116.3, 119.7, 124.3, 126.2, 128.1 (2C),
129.0 (2C), 130.3, 131.4, 137.3, 156.0, 157.4, 169.1, 169.4, 169.9,
170.8,171.0 and 171.1; HRMS (FAB) m/z calc. for C3Hg N O,
(IM + HJ*) 883.4388, found 883.4397.

Cyclo|-Arg (Pbf)—Gly—y [C(=NH)NH]- Asp (O'Bu)~D-Phe~
Val-] (23b). To a solution of amidoxime 22 (30.0 mg,
0.0330 mmol) in MeOH (0.6 cm®) and AcOH (0.006 cm?) was
added RANEY® Ni (0.440 cm?, slurry in H,0), and the mixture
stirred under a H, atmosphere at room temperature for 2 h.
The mixture was filtered through Celite®. Concentration under
reduced pressure followed by flash chromatography over silica gel
with CH,Cl,-MeOH (95/5) gave title compound 23b (27.4 mg,
95% yield) as a colorless oil: [off —53.3 (¢ 0.14, CHCL); 6y
(500 MHz, CD;0D, Me,Si) 0.74 (6H, dd, J = 14.7 and 6.9 Hz),
1.43 (9H, ), 1.45 (6H, s), 1.45-1.52 (1H, m), 1.55-1.60 (1H, m),
1.82-1.89 (1H, m), 1.95-2.00 (1H, m), 2.07 (3H, s), 2.56 (3H, s),
2.59 (1H, d, J = 6.6 Hz), 2.77 (1H, dd, J = 16.5 and 6.9 Hz), 2.94
(1H, dd, J =13.3 and 6.7 Hz), 2.99 (2H, s), 3.05 (1H, dd, / = 13.2
and 9.0 Hz), 3.11-3.18 (1H, m), 3.53 (1H, 4, J = 15.2 Hz), 3.87
(1H, d, J =6.9 Hz), 428 (1H, d, J = 15.2 Hz), 4.34-4.37 (1H, m),
4.39-4.45 (1H, m), 4.68 (1H, dd, J = 9.0 and 6.9 Hz) and 7.15~
7.29 (5H, m); 6¢ (125 MHz, CD;0D, Me,Si) 12.5, 18.4, 18.7, 19.6,
19.7, 28.4, 28.4, 28.4 (3C), 29.6 (2C), 30.9, 37.9, 38.4, 44.0, 49.5,
49.7, 54.0, 56.4, 62.5, 82.6, 87.7, 118.5, 126.0, 127.9, 129.6 (2C),
130.4 (2C), 132.4, 133.5, 134.4, 138.0, 139.4, 158.1, 160.0, 172.0,
173.3, 173.6, 173.9, 174.2 and 174.3; HRMS (FAB) m/z calc. for
Ci:HuNyOoS (IM — HJ) 880.4397, found 880.4395.

Cyclo|-Arg-Gly—y|C(=NH)NH]-Asp-b-Phe-Val-] an.
Protected amidine 23b (7.90 mg, 0.00900 mmol) was treated
with 1 M TMSBr-thioanisole in TFA (10 cm?) in the presence
of m-cresol (0.1 cm?®) and 1,2-ethanedithiol (0.5 cm?®) at 4 °C
for 15 min. The mixture was poured into ice-cold dry Et,O
(50 cm?). The resulting powder was collected by centrifugation
and washed three times with ice-cold dry Et,O. The crude product
was purified by preparative HPLC to afford expected peptide
17 as a white powder (5.30 mg, 0.00660 mmol, 73% yield): [a]?
-129.2 (¢ 0.17, MeOH); 6y (500 MHz, DMSO-d;, Me,Si) 0.70
(3H, d, J = 6.6 Hz), 0.74 (3H, d, J = 6.6 Hz), 1.32-1.60 (3H, m),
1.73-1.84 (1H, m), 1.88-1.98 (1H, m), 2.59 (1H, dd, J/ = 17.0 and
5.7 Hz), 2.78 (1H, dd, J = 13.5 and 6.5 Hz), 2.84 (1H, dd, J =
17.2 and 8.2 Hz), 3.00 (1H, dd, J = 13.0 and 8.4 Hz), 3.04-3.13
(2H, m), 3.72-3.78 (2H, m), 3.90-3.98 (1H, m), 4.23 (1H, dd, J =
13.5 and 8.2 Hz), 4.43 (1H, t, J = 16.2 and 7.0 Hz), 4.53-4.60
(1H, m), 4.62-4.68 (1H, m), 6.80-7.40 (2H, br s), 7.16-7.28 (5H,
m), 7.72 (1H, t, J = 5.7 Hz), 7.93 (1H, dd, J = 11.3 and 8.4 Hz),
8.12 (1H, d, J = 7.7 Hz), 8.28-8.32 (1H, m), 8.53 (1H, 4, J =
7.7 Hz), 8.92-8.98 (1H, m), 9.10-9.20 (1H, m) and 9.64 (1H, s);
S¢ (125 MHz, DMSO-d,, Me,Si) 17.9, 25.3, 28.2, 29.6, 34.2, 37.0,
37.1, 40.2, 51.7, 51.9, 54.2, 59.9, 126.4, 128.2 (2C), 129.1 (20),
137.2, 156.8, 158.4, 164.8, 166.8, 170.7, 171.2, 171.3 and 171.7;
HRMS (FAB) m/z calc. for C,sH,oN,Of (M + HJY) 574.3102,
found 574.3101.

Cyclo(—Arg—Gly—Asp-D-Phe-Val-) (16). By an identical pro-
cedure to that described for the preparation of 17, 23a (8.00 mg,
0.00900 mmol) was converted into cyclic RGD peptide 16
(0.00790 mmol, 87% yield). All characterization data were in
agreement with the data for the control peptide, which was

synthesized using Fmoc-based solid-phase synthesis. [a]5 -21.6
(¢ 0.27, MeOH); 64 (500 MHz, DMSO-d,, Me,Si) 0.68 (3H, d,
J=6.7THz),0.75 (3H, d, J = 6.7 Hz), 1.32-1.45 (2H, m), 1.45-1.55
(1H, m), 1.69-1.80 (1H, m), 1.80-1.90 (1H, m), 2.38 (1H, dd, J =
16.4 and 5.5 Hz), 2.72 (1H, dd, J = 16.4 and 8.9 Hz), 2.81 (1H,
dd, J = 13.5 and 6.1 Hz), 2.94 (1H, dd, J = 13.5 and 8.0 Hz),
3.05-3.14 (2H, m), 3.26 (1H, dd, J/ = 15.2 and 4.2 Hz), 3.82 (1H, t,
J=7.4Hz),4.04 (1H, dd, J =15.2 and 7.7 Hz), 4.08-4.16 (1H, m),
4.55(1H, dd, J = 14.2 and 7.2 Hz), 4.60-4.68 (1H, m), 6.58-7.11
(1H, brs), 7.15-7.25 (5H, m), 7.58 (1H, t, J/ = 5.7 Hz), 7.78 (1H,
d,J=7.4Hz),7.87 (1H, d, J = 8.0 Hz), 8.00 (1H, d, J = 7.4 Hz),
8.08 (1H, d, J = 8.6 Hz), 8.36 (1H, dd, J = 7.4 and 4.2 Hz) and
12.3 (1H, s); 6 (125 MHz, DMSO-d,, Me,Si) 18.1, 19.1, 25.3,
28.2,29.5,34.8,37.1,40.2, 43.0, 48.8, 52.0, 53.9, 60.1, 126.1, 128.0
(20), 129.0 (2C), 137.3, 156.6, 158.3, 169.4, 169.8, 170.6, 171.1
and 171.6; HRMS (FAB) m/z calc. for C,sH3zN;O; (M + HJ*)
575.2942, found 575.2952.

Evaluation of inhibitory activity against integrin-mediated cell
attachment. Human dermal fibroblasts (HDFs; AGC Techno
Glass, Chiba, Japan) were maintained in DMEM containing
10% FBS, 100 U cm™ penicillin and 100 ug cm™ streptomycin
(Invitrogen, Carlsbad, CA, USA). Human plasma vitronectin
(0.1 pg in 0.050 cm® well™'; EMD Chemicals Inc., Gibbstown, NJ,
USA) were added to 96-well plates (Nalge Nunc, Rochester, NY,
USA) and incubated for 1 h at 37 °C. The plates were washed and
blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich, St.
Louis, MO, USA) in DMEM. HDFs were incubated at room
temperature for 15 min in various concentrations of peptides
(0.001-200 uM in 1% DMSO). Then, 0.100 cm®* HDFs (2 x 10*
cells) in DMEM containing 0.1% BSA were added to each well
and incubated at 37 °C for 30 min in 5% CO,. The attached cells
were stained with a 0.2% crystal violet aqueous solution in 20%
MeOH (0.150 cm?®) for 15 min. After washing with Milli-Q water,
the plates were dried overnight at room temperature and dissolved
in 0.150 cm?® of a 1% SDS solution. The absorbance at 570 nm
was measured. Each sample was assayed in triplicate, and cells
attached to the BSA were subtracted from all measurements. 1%
DMSO did not have any effect on HDF attachment to vitronectin.
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Diethylenetriaminepentaacetic acid (DTPA) is a useful chelating agent for radionuclides such as **Ga,
99mTe and ""'In, which are applicable to nuclear medicine imaging. In this study, we established a facile
synthetic protocol for the production of mono-DTPA-conjugated peptide probes. A novel monoreactive
DTPA precursor reagent was synthesized in two steps using the chemistry of the o-nitrobenzenesulfonyl
(Ns) protecting group, and under mild conditions this DTPA precursor was incorporated onto an N®-
bromoacetylated Lys of a protected peptide resin. The site-specific DTPA conjugation was facilitated by
R paosls; using a highly acid-labile 4-methyltrityl (Mtt) protecting group for the target site of the bioactive peptide
CXCR4 % i : < . ; : ¥ b 5
DTPA during the solid-phase synthesis. A combination of both techniques yielded peptides with disulfide
bonds, such as octreotide and polyphemusin Il-derived CXCR4 antagonists. DTPA-peptide conjugates
were purified in a single step following cleavage from the resin and disulfide bond formation. This
site-specific on-resin construction strategy was used for the design and synthesis of a novel In-DTPA-
labeled CXCR4 antagonist, which exhibited highly potent inhibitory activity against SDF-1-CXCR4

Molecular imaging

binding,

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recent progress in molecular imaging methodologies such as
positron emission tomography (PET), single-photon emission com-
puted tomography (SPECT) and optical imaging technologies has
significantly improved the early detection and diagnosis of malig-
nant tumors. To visualize the specific molecular events involved in
the physiological and/or pathological processes, a number of pep-
tide-based imaging probes have been developed for overexpressed
receptors of peptide hormones and extracellular matrix proteins.’
These probes are usually designed by a combination of three com-
ponents: a target-specific vector peptide, an imaging part such as a
radionuclide or fluorophore, and a linker to covalently or noncova-
lently conjugate the peptide with the imaging moiety. The addition
of a functional moiety onto small-sized bioactive peptides may be
highly susceptible to interaction with receptors or counterpart
molecules. Consequently, there have been many reagents of choice
for appropriate protein/peptide modifications. In addition, to
determine the best labeling position from structure-function rela-
tionship studies, versatile synthetic approaches toward various
types of labeled peptide are desired.

Polyamino polycarboxylate ligands efficiently coordinate metal
radioisotopes to aid the radiolabeling of bioactive peptides. Among

* Corresponding authors. Tel.: +81 75 753 4551; fax: +81 75 753 4570.
E-mail addresses: soishi@pharm.kyoto-u.ac.jp (5. Oishi), nfujii@pharm.kyoto-u.
ac.jp (N. Fujii).

0968-0896/$ - see front matter @ 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.03.059

the chelating ligands, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
raacetic acid (DOTA) 1a has been most widely utilized, since a vari-
ety of metal radioisotopes for both diagnostic and therapeutic
purposes form complexes with high affinity and kinetic stability
(Fig. 1).2 DOTA-modification of bioactive peptides is facilitated by
commercially available reagents such as DOTA-NHS 1b and
DOTA-maleimide 1c to provide the expected peptides in a single
step.>* Alternatively, tris(tert-butyl)-DOTA 2a with a free carboxyl
group is employed for the modification of an amino group of pro-
tected peptides bound to solid-supports.® Lysine or phenylalanine
derivatives 2b,c possessing a tert-butyl-protected DOTA moiety
are also useful components for the peptide sequence assembly.®
tert-Butyl protecting groups in these reagents are easily removed
during the final side-chain deprotection process of peptide
synthesis.

In contrast to these DOTA derivatives, there has been limited
work exploring the application of the diethylenetriaminepentaace-
tic acid (DTPA) chelating group 3a, although DTPA represents a
promising alternative, especially for 8Ga, ®*™Tc and '"'In (Fig. 1).
The recent success of DTPA-based probes is exemplified by a
glucagon-like peptide-1 (GLP-1) receptor ligand, [Lys*®
(Ahx-DTPA-'""In)NH; ]-exendin-4, for insulinoma diagnosis.” The
DTPA group also works as a more favorable functional group than
DOTA to facilitate the biological or biodistribution properties of
several probes.® For the preparation of DTPA-conjugated imaging
probes, several conjugation reagents have been developed. The
most familiar cyclic diethylenetriaminepentaacetic dianhydride 4
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Figure 1. Structures of radionuclide chelating agents and the precursors.

is a bifunctional chelating agent, which can conjugate with peptide
hormones and antibodies.? Using this reagent, concomitant forma-
tions of a bis-conjugated product'® and intra- and intermolecular
cross-linked products'' were unavoidable. Monoreactive DTPA
derivatives have also been developed for the preparation of
DTPA-peptide conjugates without the unfavorable by-product
formations.'*'® For example, we reported the synthesis and
application of 3,6,9,9-tetrakis|(tert-butoxycarbonyl)methyl]-3,6,
9-triazanonanoic acid 3b (mDTPA),'® in which the four carboxyl-
ates were protected with tert-butyl ester. However, a longer pro-
cess from the commercially available reagents is required for the
synthesis of these DTPA-conjugation reagents (Scheme 1A).

Accordingly, to establish a facile and efficient synthetic method
for DTPA-peptide conjugates, we have investigated the site-
specific and on-resin construction of a DTPA moiety. Herein, we
describe the short-step synthesis of a DTPA precursor using the
o-nitrobenzenesulfonyl (Ns) protecting group and the solid-phase
synthesis of DTPA-peptide conjugates. The design and synthesis
of DTPA-peptide conjugates that potentially target the somato-
statin receptor and chemokine receptor CXCR4 are also
presented.'’

2. Results and discussion

2.1. Synthesis of a DTPA-conjugation reagent and the
application to octreotide derivatives

The synthetic scheme for the production of mDTPA reagent 10,
as described in our previous study, is presented in Scheme 1A. We
hypothesized that two remedies could significantly improve the
overall synthetic process of DTPA-peptide conjugates. First, the
use of an Ns group in place of the trifluoroacetyl group was ex-
pected to serve as a temporary protecting group and an auxiliary
group for global modification with four tert-butoxycarbonylmethyl
groups. This potentially improves the stepwise synthesis of the

intermediate 7 in the solution-phase. In addition, a secondary
amine 8 as a nucleophilic precursor for the bromoacetyl group
on peptide resin 11 can directly produce the overall DTPA frame-
work of 12 on the solid support without the additional three-step
modification process of 8 in solution (Scheme 1B).'®

Synthesis of DTPA precursor 8 began with mono-Ns protection
of the commercially available diethylenetriamine 5 (Scheme 2).
The Ns-protected intermediate was successively treated with ex-
cess equivalent of t-butyl bromoacetate in a one-pot process.
Although the solvent EtOH has been reported to be effective in pre-
dominantly giving the mono-Ns product,'” concomitant produc-
tion of bis-Ns product 14b was not suppressed as in DMF. The
treatment of excess diethylenetriamine 5 with NsCl in EtOH pro-
vided mono-Ns product 14a in 65% yield (calculated based on
NsCl), which can be readily purified by chromatography. Com-
pound 14a was then subjected to deprotection with mercaptoace-
tic acid and LiOH to provide the expected precursor 8 in 77% yield.

Using the resulting reagent 8, DTPA-conjugation of [p-
Phe']octreotide was investigated as a model study (Scheme 3),
which is employed as a radionuclide imaging probe for the somato-
statin receptor.'*'®19 After peptide-chain elongation by Fmoc-
based solid-phase peptide synthesis, the N-terminus of 16 was
modified with bromoacetic acid and 1,3-diisopropylcarbodiimide
(DIC). Subsequently, the bromide 17 was treated with the reagent
8 in the presence of (i-Pr),NEt to provide the fully protected pep-
tide resin 18a. Cleavage from the resin 18a and disulfide formation
under air-oxidation conditions provided [DTPA-p-Phe!]octreotide
19a with high purity. The bromoacetylated peptide 17 was also
modified with commercially available DOTA precursor reagent
20, using the identical procedure to provide [DOTA-p-Phe!]octreo-
tide 19b.2° These suggest that this on-resin modification procedure
is widely applicable to any chelating reagents with nucleophilic
functional groups such as DTPA and DOTA precursors.

2.2. Site-specific DTPA-conjugation of bioactive peptides:
synthesis of CXCR4 receptor probes

It has been reported that a high level of CXCR4 expression in tu-
mors is associated with malignant and metastatic properties.?'
Intrinsic SDF-1 release from the potential distal metastatic sites
mediates organ-specific metastasis of CXCR4-expressing cells from
the primary lesions. Since CXCR4-expressing cancer stem cells are
related to the metastatic spread in orthotopic primary tumors,®? it
is of considerable importance to develop potent CXCR4-imaging
probes to detect potential cancer stem cells within malignant tu-
mors, as exemplified by the diagnosis of bladder cancer by a fluo-
rescent CXCR4 probe.?*%4

Previously, we reported a DTPA-conjugated CXCR4 antagonist,
DTPA-Ac-TZ14011 26a,>® which was designed from a horseshoe
crab-derived anti-HIV peptide T140. This peptide has B-sheet-like
structures maintained by a disulfide bond, around which the phar-
macophore residues for bioactivity are located.?® For the site-spe-
cific conjugation at p-Lys® in the type II' p-turn region of T140
with a single DTPA group in the solution-phase, a secondary lysine
(Lys’) was substituted with arginine, which cannot be acylated by
standard reagents.”> Although a DTPA group was successfully li-
gated with maintenance of highly potent CXCR4 antagonistic activ-
ity in this case®® the accompanying substitutions needed for
specific modification of other peptides may possibly lead to a
decrease in the bioactivity. Therefore, we planned the facile site-
specific DTPA conjugation on a solid-support for production of
CXCR4 imaging probes without substitution of the secondary
Lys’ residue. To distinguish p-Lys® to be labeled in peptides 286,
the highly acid-labile 4-methyltrityl (Mtt) group was exploited
for temporary protection of the g-amino group during solid-phase
peptide synthesis.?” For the other Lys residues such as Lys’ of
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