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Vit AND Ypu PROTEINS

Vif protein is essential for viral replication in natural target cells
such as CD4-positve lymphocytes and macrophages. Recent iden-
tification of its cellular object for attack (Sheehy etal., 2002)
has clearly revealed the biological and biochemical bases for the
growth property of AVif virus in natural target cells. This find-
ing (identification of a family of APOBEC3 proteins, cellular
cytidine deaminases, as potent inhibitors of HIV-1 replication
in primary cells) has also contributed much to establish the
concept of “the restriction factor” to well understand virus—
cell interaction (Malim and Emerman, 2008; Sato etal,, 2012).
Of the APOBEC3 family proteins, APOBEC3G and APOBEC3F
(Kitamura etal, 2011) strongly inhibit viral replication in the
absence of Vif (Figure 3). Although HIV-1 Vif can abrogate the
activities of human APOBECS3, it cannot do so against monkey
APOBEC3. In contrast, SIVmac Vif can neutralize the anti-
viral activity of APOBEC3 of both origins. Finally, it has been
demonstrated that Vif and APOBEC3 are the major determi-
nants for the HIV-1 species tropism by constructing macaque-
tropic HIV-1 (HIV-1mt) and monitoring the HIV-1mt growth

property in various genetic contexts of macaques (Hatziioan-
nou etal., 2006, 2009; Kamada etal., 2006; Igarashi etal., 2007;
Thippeshappa etal,, 2011).

Vpu protein, unique to viruses of the HIV-1 group (Figure 1),
modulates viral replication in human CD4-positive cell lines
and primary cells. Mutant HIV-1 without Vpu (AVpu virus)
grows poorly relative to wild-type virus. Recently, a cellular pro-
tein named Tetherin (also called BST-2) has been identified as
a restriction factor against HIV-1 and is antagonized by Vpu
(Neil etal., 2008; Van Damme etal,, 2008). Vpu down-regulates
the Tetherin from cell surface, and thereby promotes extracellu-
lar production of progeny virions (Malim and Emerman, 2008;
Arias etal, 2011; Sato etal,, 2012). The baseline mechanism for
this action of Vpu is well studied as shown in Figure 4. Here,
it must be attentive that the anti-Tetherin activity of Vpu is
host species-specific as observed for Vif. HIV-1 Vpu acts against
human but not (or poorly) macaque Tetherins (Sauter et al., 2009,
2010). Although the biological effect of Vpu is much milder than
that of Vif as judged by the growth kinetics of mutant viruses
(Figure 2), Vpu may be critical for interspecies transmission
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FIGURE 4 | HIV-1 replication and Tetherin. On the basis of results
reported so far, the action mechanism of Vpu is depicted. Replication
process for wild-type (WT) and AVpu mutant viruses are schematically

shown on the basis of previously reported review articles (fokarev etal.,
2009; Douglas etal,, 2010; Evans etal., 2010). TGN, trans-Golgi
network.
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through mutation/adaptation/recombinations (Kirchhoff, 2009;
Sauter etal., 2009, 2010; Sharp and Hahn, 2011). Thus, Vpu and
Tetherin affect the HIV-1 species tropism, but the effect may be
relatively small.

In sum, Vif and Vpu counteract the major restriction factors
APOBECS3 proteins and Tetherin/BST-2, respectively, and repre-
sent viral determinants for the host range of HIV-1 (Tables 1
and 2). It is intriguing to note that these factors would have
shaped HIV-1 and made it unique among various primate
immunodeficiency viruses (Figure 1).

Vpx AND Vpr PROUTEINS

Vpx and Vpr proteins are necessary for efficient viral replication
(Malim and Emerman, 2008; Fujita etal., 2010). In macrophages,
AVpx replication is not detectable and this defect has been shown
to be present at post-entry and before/during the reverse transcrip-
tion process (Fujita etal., 2008, 2010; Srivastava et al., 2008). Also
in some lymphocyte cell lines and in primary lymphocytes, Vpx
protein is critical for viral replication (Ueno etal., 2003; Fujita
etal, 2010; Doi etal, 2011). Because AVpr virus is somewhat
replication-defective in some cells (for both HIV-1 and HIV-
2), it is not unreasonable to assume that Vpr may play a role
in the viral growth cycle. As such, Vpx and Vpr are important
for in vivo viral replication and finally for viral pathogenicity
(Fujita etal., 2010).

Very recently, SAMHD]1 and APOBEC3A have been reported
to be myeloid cell-specific restriction factors against HIV-1 coun-
teracted by Vpx (Berger etal., 2011; Hrecka etal., 2011; Laguette
etal., 2011). Whether these proteins are associated with the HIV-1
species tropism described in this review article, and whether they
can explain the in vitro and in vivo situation of HIV-2/SIVmac
mutant viruses mentioned above remain to be determined (Fujita
etal., 2010; Nomaguchi et al,, 2011).
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species tropism of HIV-1. Structural Gag-CA and accessory Vif
and Vpu proteins are clearly involved in this host range of HIV-
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The Endothelial Antigen ESAM Monitors Hematopoietic
Stem Cell Status between Quiescence and Self-Renewal

Takao Sudo,* Takafumi Yokota,* Kenji Oritani,* Yusuke Satoh,* Tatsuki Sugiyama,’
Tatsuro Ishida,” Hirchiko Shibayama,* Sachiko Ezoe,* Natsuko Fujita,* Hirokazu Tanaka,*'
Tetsuo Maeda,* Takashi Nagasawaf and Yuzuru Kanakura*

Whereas most hematopoietic stem cells (HSC) are quiescent in homeostasis, they actively proliferate in response to bone marrow
(BM) injury. Signals from the BM microenvironment are thought to promote entry of HSC into the cell cycle. However, it has been
cumbersome to assess cycle status of viable HSC and thus explore unique features associated with division. In this study, we show
that expression of endothelial cell-selective adhesion molecule (ESAM) can be a powerful indicator of HSC activation. ESAM levels
clearly mirrored the shift of HSC between quiescence and activation, and it was prominent in comparison with other HSC-related
Ags. ESAM™ HSC were actively dividing, but had surprisingly high long-term reconstituting capacity. Immunohistochemical
analyses showed that most ESAM™ HSC were located near vascular endothelium in the BM after 5-fluorouracil treatment. To
determine the importance of ESAM in the process of BM recovery, ESAM knockout mice were treated with 5-fluorouracil and
their hematopoietic reconstruction was examined. The ESAM deficiency caused severe and prolonged BM suppression, suggesting
that ESAM is functionally indispensable for HSC to re-establish homeostatic hematopoiesis. With respect to intracellular regu-
lators, NF-xB and topoisomerase II Ievels correlated with the ESAM upregulation. Thus, our data demonstrate that the intensity

of ESAM expression is useful to trace activated HSC and to understand molecular events involved in stem cell states.

Journal of Immunology, 2012, 189: 200-210.

ematopoietic stem cells (HSC) are characterized as being
H extensively self-renewing as well as multipotent. Dis-

tinction of HSC from differentiating cells is essential
for understanding the essence of “stemness.” Many groups have
identified HSC-related Ags, and those markers have made it
possible to sort long-term reconstituting HSC (LT-HSC) with high
purity. For example, at least one in three lineage (Lin) ~c-Kit"Sca-
1*CD34 ™ FIk2/FIt3~CD150"CD48 ™ fraction cells in adult mouse
bone marrow (BM) can be transplanted (1-3). Recent studies
using a BrdU-retaining method and/or a histone 2B-GFP trans-
gene have shown that the long-term reconstituting activity of the
adult mouse BM is sustained mostly in very quiescent HSC that
divide only five to six times during the adult period (4, 5).
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The

However, even the highly purified UT-HSC fraction is heteroge-
neous with respect to cell cycle status (4, 5).

The cell cycle status and differentiating behavior of HSC are
known to fluctuate according to physiological circumstances.
During fetal and early postnatal periods, development of the he-
matopoietic system is essential in supporting the rapid growth of
organisms and the explosive expansion of all blood lineages. In-
deed, numbers of HSC increase ~40-fold in the fetal liver between
embryonic days 12 and 16 (6). Alternatively, upon reaching
adulthood, HSC become quiescent and evade exhaustion or mu-
tation to maintain hematopoiesis throughout life (7). Although the
quiescent HSC divide at an extremely low rate during homeo-
stasis, they are rapidly activated to proliferate in response to BM
injury or by G-CSF stimulation (5). Interestingly, after re-
establishment of homeostasis, the activated HSC can return to
quiescence. Distinguishing LT-HSC from differentiating progeni-
tors becomes complicated by BM injury because the expression
pattern of HSC-related Ags is dramatically influenced (8). Mo-
lecular crosstalk between HSC and the BM microenvironment,
also known as “HSC niche,” is likely to control the balance of
HSC quiescence and activity (9, 10), but precise mechanisms
regulating HSC status remain largely unknown. If we could se-
lectively isolate active HSC with a set of surface markers, that
should yield significant insights regarding HSC biology and HSC
applications for clinical purposes. Furthermore, information about
cell surface Ags that mirror HSC states would be invaluable for
understanding the relationship between HSC and their niches.

Endothelial cell-selective adhesion molecule (ESAM), which
is an Ig superfamily protein, was originally identified as an en-
dothelial specific molecule mediating cell-cell adhesion through
homophilic interactions (11, 12). ESAM proteins colocalize with
cadherins and catenins in cell-cell junctions of vascular endo-
thelium. ESAM deficiency in endothelial tight junctions disturbs
neutrophil extravasation to inflamed tissues by reduction of acti-
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vated Rho proteins (13). The deficiency also increases vascular
permeability of the renal glomeruli, resulting in urinary albumin
elevation (14). Additionally, it has been shown that ESAM is also
expressed on megakaryocytes and platelets (12), where it is in-
volved in the regulation of thrombus formation (15).

Our recent study revealed that ESAM is also useful as an HSC
marker (16). Hematopoietic and endothelial cells are both derived
from mesoderm and share many features with respect to cell
surface molecules. Some endothelial-related markers are known to
become undetectable on HSC in adult BM, but they are upregu-
lated upon hematopoietic reconstruction after treatment with
myelosuppressive drugs or irradiation (17). Although ESAM
marks LT-HSC throughout adult life, we observed that there are
some age-related changes regarding the intensity of expression
(16). We have now studied changes in ESAM levels on adult HSC
following BM stress. Our data show that ESAM represents a
powerful tool for monitoring the fluctuation between quiescence
and self-renewal of the adult BM HSC. Additionally, our experi-
ments using ESAM knockout (KO) mice suggest that ESAM is
indispensable for normal hematopoietic recovery after BM injury.

Materials and Methods
Mice

Wild-type (WT) C57BL/6, BALB/c, and FVB mice were obtained from
CLEA Japan (Shizuoka, Japan). The congenic C57BL/6 strain (C57BL/
6SJL; CD45.1 alloantigen) was purchased from The Jackson Laboratory
(Bar Harbor, ME) and used for transplantation experiments. ESAM KO
mice were developed by Dr. T. Ishida (Kobe University, Kobe, Japan) as
previously reported (18). Mating of heterozygous male and female mice
was routinely performed to generate homozygous ESAM KO mice. Three
types of PCR primers were used to genotype ESAM KO mice as docu-
mented previously (19). All mice used in this article were 8§-12 wk old.
Animal studies were performed with the approval of the Institutional
Review Board of Osaka University.

Abs and reagents

5-Fluorouracil (5-FU) was purchased from Kyowa-Hakko Kirin (Tokyo,
Japan). Purified anti-Ly6G and Ly6C/Grl (RB6-8C5) mAb, PE-conjugated
anti-CD3e (145-2C11), CD45.1 (A20), and CD48 (HM48-1) mAbs, FITC-
conjugated and allophycocyanin-conjugated anti-CD11b/Macl (M1/70),
Ly6G and Ly6C/Grl (RB6-8C5), CD45R/B220 (RA3-6B2), Terll19,
CD3e (145-2C11), and CD8a (53-6.7) mAbs, allophycocyanin-conjugated
anti-CD117/c-Kit (2B8) mAb, PE-Cy7-conjugated anti-Scal (Ly6A/E;
D7) mAb, biotinylated anti-Scal (E13-161.7) mAb, PerCP-Cy5.5~conju-
gated anti-CD45.2 (104) mAb, and Alexa Fluor 647-conjugated anti-CD19
(1D3) mAbD, streptavidin (SAv)-PE, and SAv-PE-Texas Red (TR) were
purchased from BD Pharmingen (San Diego, CA). Purified anti-CD3
(17A2), Macl (M1/70), and Ter119 mAbs, and PE-conjugated anti-
CD105/endoglin (MJ7/18), CD31/PECAM-1 (390), Tie2 (TEK4), and
CD135/FIt3 (A2F10) mAbs were purchased from eBioscience (San Diego,
CA). PE-conjugated and allophycocyanin-conjugated anti-CD150 (TC15-
12F12.2) mAbs and PerCP-Cy5.5-conjugated anti~CD117/c-Kit (2B8)
mADb were purchased from BioLegend (San Diego, CA). Cy3-conjugated
goat anti-rat IgG Ab was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA). Streptavidin-Alexa Fluor 647 was pur-
chased from Invitrogen (Carlsbad, CA). FITC-conjugated Ki67 (M-19)
mAb was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
A rat anti-mouse ESAM (1G8) mAb, which was originally developed
and supplied by Drs. S. Butz and D. Vestweber (Max Planck Institute,
Muenster, Germany), was purchased from BioLegend. The Ab was bio-
tinylated in our hands using Sulfo-NHS-LC-Biotin (Thermo Fisher Sci-
entific, Rockford, IL). Bortezomib (Velcade) was purchased from Janssen
(Tokyo, Japan). ICRF-193 was purchased from Funakoshi (Tokyo, Japan).
TagMan FAM dye-labeled MGB probe sets for ESAM and GAPDH were
purchased from Applied Biosystems (Foster City, CA).

Flow cytometry

Cells were obtained from adult mouse tissues indicated in each experiment
and first incubated with a rat anti-mouse FcRII/IIT Ab (2.4G2) to block
nonspecific Ab binding via FcR. Then, the cells were stained with the
indicated Abs. Lin Abs contain anti-Macl, Grl, CD3e, CD45R/B220, and
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Ter119 Abs for analysis of untreated control mice, and Grl, CD3e, CD45SR/
B220, and Ter119 for 5-FU-treated mice, as the level of Macl on HSC
revives after a 5-FU treatment. A biotinylated anti-ESAM Ab was devel-
oped with SAv-PE or SAv-PE-TR. Flow cytometry analyses were per-
formed with FACSAria or FACSCanto (BD Biosciences). The data
analyses were done with FlowJo software (Tree Star, San Carlos, CA).

Quantitative real-time PCR

RNA samples from Lin~ Scal®c-Kit" (LSK) cells were isolated using
a PureLink RNA Mini kit (Invitrogen). Reverse transcription reactions
were performed using a high-capacity RNA-to-cDNA kit (Applied Bio-
systems). Relative expression levels of ESAM were evaluated according to
TagMan gene expression assay protocol (Applied Biosystems). Tagman
FAM dye-labeled MGB probe sets for ESAM and GAPDH were purchased
from Applied Biosystems. Reactions were run on the 7900HT Fast real-
time PCR system (Applied Biosystems). The data were analyzed using
SDS 2.3 software (Applied Biosystems).

Cell cycle analyses

Mice were given a single 5-FU injection and analyzed. BrdU was i.p.
administered 12 h before analyses. BM cells were stained with biotynilated
anti-ESAM, PE-Cy7-anti-Scal, and allophycocyanin-anti—c-Kit Abs, fol-
lowed by SAv-PE. The stained cells were then fixed, permeabilized, and
incubated with DNase to expose incorporated BrdU by using a BrdU flow
kit (BD Pharmingen). Subsequently, the cells were stained with FITC-anti-
BrdU Ab for 30 min at room temperature and resuspended with staining
medium containing 7-aminoactinomycin D. For another staining set, the
cells were incubated with 2 pg/ml Hoechst 33342 (Sigma-Aldrich, St.
Louis, MO) and FITC-anti-Ki67 Ab for 30 min at room temperature. Cell
cycle statuses were analyzed by FACSAria (BD Biosciences).

Cell isolation

BM cells obtained from femora and tibiae of adult mice were first incubated
with purified anti-Lin Abs, followed by goat anti-rat 1gG microbeads
(Miltenyi Biotec). After Lin* cell depletion, the Lin"-enriched cells were
stained with FITC-anti-Lin Abs in combination with PE-Cy7-anti-Scal,
allophycocyanin-anti-c-Kit, and biotinylated anti-ESAM Abs. Subsequent
to staining with SAv-PE, ESAM' and ESAM" LSK cells were sorted with
FACSAria. The purity of the sorted cells was routinely confirmed by using
a part of each sorted population to be >97%.

Methylcellulose cultures

C57BL/6 mice were treated with single i.v. 5-FU (150 mg/kg). Five days
after treatment, mice were killed and ESAM' or ESAM™ LSK cells of BM
were sorted and subjected to methylcellulose colony formation assays.
Two hundred cells of each sorted fraction were cultured in IMDM-based
methylcellulose medium supplemented with 50 ng/ml recombinant murine
stem cell factor, 10 ng/ml recombinant murine IL-3, 10 ng/ml recombinant
human IL-6, and 3 U /ml recombinant human erythropoietin (Methocult
GF 3434; StemCell Technologies, Vancouver, BC, Canada). After 9-10 d,
colonies were enumerated and classified as CFU-GM, CFU-M, BFU-E, or
CFU-Mix according to shape and color under an inverted microscope.

Competitive repopulation assay

Ly5 congenic mice were used for competitive repopulation assays. Two
thousand ESAM'" LSK or ESAM" LSK cells sorted from C57BL/6-Ly35.1
(CD45.1) mice were mixed with 2 X 10° unfractionated adult BM cells
obtained from WT C57BL/6-Ly5.2 (CD45.2) mice and were transplanted
into C57BL/6-Ly5.2 mice irradiated at a dose of 8.5 Gy. Peripheral blood
analyses were performed at 4-wk intervals after transplantation. Sixteen
weeks after transplantation, all recipients were killed and BM cells were
collected. BM cells were stained with FITC-anti-Macl, PE-anti-CD3e,
Alexa Fluor 647-anti-CD19, PerCP-Cy5.5-anti-CD45.2, and PE-Cy7-
anti-CD45.1 Abs to analyze the donor-derived chimerism and each lineage
differentiation, and they were simultaneously stained with FITC-anti-Lin,
PE-anti-CD45.1, PerCP-Cy5.5-anti-CD45.2, PE-Cy7-anti-Scal, and allo-
phycocyanin-anti—c-Kit, and biotinylated anti-ESAM Abs, followed by
SAv-PE-TR to evaluate ESAM level of LSK fraction. The repopulating
unit (RU) was calculated as follows: RU = [(% donor-derived cells) X
(number of competitor cells/10°)}/(% competitor-derived cells) (20). The
total number of RU per BM was obtained by multiplying the number of
RU per 2000 test cells by the number of ESAM'™ LSK or ESAM™ LSK
cells per BM (two femora and two tibiae) divided by 2000. For the second
transplantation, two hundred CD45.1" LSK cells sorted from primary re-
cipient mice were mixed with 1 X 10° unfractionated BM cells obtained
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from WT C57BL/6-Ly5.2 (CD45.2) mice and were transplanted into ir-
radiated C57BL/6-Ly5.2 mice. Sixteen weeks after transplantation, the
contribution of CD45.1 cells to the hematopoietic reconstitution was
evaluated.

Immunohistochemical analyses

Immunohistochemical staining was performed as described previously (21).
In brief, bone samples were fixed in 4% paraformaldehyde and equili-
brated in 30% sucrose/PBS. Fixed samples were embedded in OCT me-
dium (Sakura Finetek, Tokyo, Japan) and frozen in cooled hexane.
Sections of undecalcified femoral bone were generated via Kawamoto’s
film method (Cryofilm transfer kit; Leica Microsystems). The 8-pm-thick
cryostat sections were first blocked with 5% FCS/PBS and then stained
with mAbs. The following Abs were used for immunostaining: FITC-
conjugated mAbs against Grl, B220, CD3e, CDS8, and Terl19; bio-
tinylated mAb against Scal; and purified mAb against ESAM. For sec-
ondary Ab, Cy3-conjugated donkey anti-rat IgG Ab was used. Biotinylated
Ab was visualized with SAv-Alexa Fluor 647. The nuclei of cells were
labeled with DAPI (Dojindo, Kumamoto, Japan). The sections were
mounted with PermaFluor (Thermo Fisher Scientific), and confocal mi-
croscopic analyses were performed with an LSM 510 META (Carl Zeiss,
Oberkochen, Germany). Image analyses were performed using an LSM
image browser (Carl Zeiss).

Luciferase assays

Promoter sequences of ESAM gene were searched with Genetyx version 9
(Genetyx, Tokyo, Japan). Segments of ESAM genes were amplified by PCR
and inserted in pGL3 basic vector (Promega, Madison, WI). Luciferase
assays were performed using the endothelial bEnd3 cell line. The cells were
seeded in 3.5-cm dishes, and 24 h later each pGL3-promoter construct and
pRL-CMYV encoding the Renilla luciferase gene were transfected into the
cells by Lipofectamine. Each culture medium was changed 24 h after
transfection. Luciferase assays with use of a luminometer were carried out
48 h after transfection.

Statistical analyses

Statistical analyses of chimerism status were carried out with Mann—
Whitney U tests, and other analyses were conducted with standard Student
-1 tests. Error bars used throughout indicate SD of the mean.

Results
BM injury upregulates ESAM expression on HSC

We have reported that ESAM is a durable marker for fetal and adult
HSC (16). Levels decline in early postnatal life and become high
again with age (16). Several Ags, including Macl and CD34, are
known to be downregulated when fetal HSC switch to quiescent
adult ones, but they emerge again on HSC as activation-related
changes after myelosuppression (8, 17). We monitored ESAM
expression levels in HSC-enriched fraction of adult C57BL/6 BM
after a single 5-FU treatment (150 mg/kg) by flow cytometry (Fig.
1A). As shown in a previous report (8), 5-FU injection caused
significant downregulation of c-Kit expression on Lin~ cells
(Supplemental Fig. 1). In the same report, HSC could be enriched
in the Lin~Scal*c-Kit™" fraction after 5-FU treatment (8).
Therefore, in our experiments, we applied an enlarged LSK gate
covering the c-Kit™!" HSC.

We observed remarkable increases in ESAM levels in HSC-
enriched fractions from days 2-9 after a 5-FU injection (Fig.
1A). Indeed, the mean fluorescence intensity of ESAM expression
on LSK increased by 11-fold in 5 d after a single 5-FU injection,
compared with untreated control mice. More than 70% of LSK
cells on day 5 expressed high amounts of ESAM (fluorescence
intensities >10-fold the maximum level of isotype controls). After
reaching peak values around days 5-6, ESAM levels gradually
decreased and returned to steady-state levels by day 12.

ESAM" cells formed a dominant population in the LSK frac-
tion and logarithmically increased from day 3 to 9 in parallel with
hematopoietic recovery (Fig. 1B). Quantitative real-time PCR
showed gradual increases of ESAM transcripts in the LSK fraction

ESAM LEVEL DISTINGUISHES HSC STATUS

after 5-FU treatment (Fig. 1C), suggesting that something asso-
ciated with BM injury activates ESAM expression at the gene
transcription level. Sublethal total body irradiation caused essen-
tially the same change on the HSC fraction (data not shown). We
evaluated ESAM levels of BM HSC fractions in BALB/c and FVB
strains other than C57BL/6 mice. Expression of ESAM was also
upregulated after 5-FU treatment in the CD150"Lin~ c-Kit*Flt3~
fraction (Fig. 1D). These results suggested that BM injury upre-
gulates ESAM levels on HSC.

Upregulation of ESAM on HSC after BM injury in comparison
with other endothelial markers

Recent studies have shown that the gate of CD150"CD48™ is useful
to enrich for LT-HSC activity in various contexts, from aged BM,
mobilized splenocytes, or reconstituted mouse BM (1, 22).
Therefore, we evaluated whether ESAM expression patterns were
shared with those of SLAM family markers on adult C57BL/6
LSK cells before and after 5-FU injection. In the homeostatic
BM LSK, CD150"CD48™ cells were only detectable among the
ESAM"* population and the percentage was higher in ESAM™ than
ESAM™ (Fig. 2A, left panels). After 5-FU injection, more than
half of LSK cells were found in the CD150" fraction, whose levels
of ESAM were clearly upregulated. Additionally, percentages
of the population that were CD150"CD48~ were also higher in
ESAM™ than ESAM" categories (Fig. 2A, right panels). With
respect to mobilized LSK cells, we also detected increases of
ESAM™CD150" cells in spleens and peripheral blood after day 7
from a 5-FU injection (Supplemental Fig. 2).

HSC are known to share various surface Ags with endothelial
cells. We next evaluated how ESAM expression correlates with
other endothelial-related HSC markers. The ESAM* LSK pop-
ulation in the homeostatic BM was found in CD347, Tie2'
endoglin®, and CD31/PECAM-1", which is consistent with the
phenotype of adult BM LT-HSC (Fig. 2B). After 5-FU injection,
the expression patterns of those markers also changed. Whereas
CD34 and Tie2 showed modest increases, endoglin as well as
ESAM were clearly upregulated. The CD31/PECAM-1 levels
remained unchanged. These results indicate that patterns of sev-
eral endothelial markers on HSC after BM injury are not homo-
geneous. Additionally, among the markers, ESAM appeared to be
uniquely valuable for monitoring HSC activation.

ESAM™ HSC are actively dividing

Previous studies have proposed that BM HSC in homeostasis are
quiescent, a characteristic assumed to protect them from anti-
metabolites such as 5-FU (4, 5, 23, 24). However, upon their acti-
vation by BM injury, it has been hypothesized that HSC move out
of their homeostatic niche to proliferate and differentiate (25). To
confirm that the ESAM™ HSC in 5-FU-treated mice are actively
proliferating, we conducted cell cycle analyses. Although most
ESAM™ and ESAM"Scal*c-Kit" cells after a 5-FU injection left
the Go stage and entered into G, and S+G,+M, the ESAM™ cells
showed even higher percentages entering cell cycle than did the
ESAM'" subset (Fig. 3, upper panels). Short-term exposure to BrdU
marked more cycling cells in the ESAM™ fraction than in the
ESAM'" cohort (Fig. 3, lower panels). CD150"ESAM™ LSK cells
also showed higher percentages entering cell cycle than did the
CDI50"ESAM'® LSK cells (Supplemental Fig. 3A). Based on the
fact that total stem cell activity per liver from day 12 to 16 of
gestation is higher than that after day 16 (6), we compared ESAM
levels in HSC fractions between embryonic day (E)14.5 and E18.5
fetal liver. ESAM levels at E14.5 were 1.9-fold higher than that at
E18.5 (Supplemental Fig. 3B). These results suggest that expression
of ESAM is associated with rapid division before and after birth.
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ESAM expression is upregulated on LSK cells after 5-FU treatment. (A) Flow cytometry analyses were performed with respect to the ESAM

expression on murine BM LSK fraction through a single 5-FU (150 mg/kg) treatment. Each panel shows a representative histogram of ESAM level on LSK
at days O (no treatment control), 1, 3, 5, 9, and 12 after a 5-FU injection. The dashed lines show background levels with an isotype control Ab. The tinted
lines show ESAM levels of LSK at the indicated day after a 5-FU injection. The ESAM level of day O is added to each panel as an open histogram with
a solid line. Upper and lower numbers in each histogram indicate the percentages of ESAM™ and ESAM™ cells, respectively. (B) The numbers of total BM
mononuclear cells (MNC) (&), LSK cells (00), LSK ESAM™ cells (), and LSK ESAM™ cells (O) from a pair of femora and tibiae were monitored after a 5-
FU injection. Each point summarizes data from five mice. (C) Quantitative real-time PCR analyses for ESAM gene expression of LSK cells after 5-FU
treatment were performed. Each bar indicates relative expression level against the expression level of day 0 (ESAM/GAPDH). (D) ESAM expression levels
on the BM CD150"Lin " c-Kit*Flt3 ™ fraction of BALB/c and FVB mice were analyzed. The dashed lines and the solid lines show background levels and
ESAM levels, respectively, on day 0. The tinted lines show ESAM levels at day 5 after a 5-FU injection (150 mg/kg). Each line of the histogram shows

a representative pattern of three mice. *p < 0.05.

ESAM" HSC have enhanced repopulating capacity

Next, we performed functional assessments of the ESAM" and
ESAM™ LSK fractions sorted from 5-FU-treated BM. In meth-
ylcellulose cultures, both fractions showed high colony-forming
activities. However, whereas the ESAM' fraction mainly con-
tained committed progenitors, primitive multipotent progenitors,
CFU-Mix, were significantly enriched in the ESAM™ fraction
(Fig. 4). Additionally, those CFU-Mix cells formed high prolif-
erative potential colonies (data not shown).

To analyze long-term reconstitution capacities in vivo, we
transplanted 2000 CD45.1* ESAM" or ESAM™ LSK cells sorted
from 5-FU—treated mice, with 2 X 10° CD45.2% competitor BM
cells derived from untreated mice, into lethally irradiated CD45.2"
mice (Fig. SA). Peripheral blood analyses were performed every 4
wk after transplantation, and at any time point, the mice trans-
planted with ESAM™ LSK cells showed >3-fold higher con-
tributions of CD45.1" cells to peripheral leukocytes than did the
mice transplanted with ESAM' LSK cells (data not shown).
Sixteen weeks after transplantation, all mice were killed and the
contribution of donor type cells in BM was evaluated. The mice
transplanted with ESAM™ cells gave significant higher levels of
donor reconstitution of mononuclear, T, B, and myeloid cells (Fig.
5B). We also evaluated the contribution of ESAM' and ESAM™
LSK populations by calculating the number of RU per BM (two
femora and two tibiae). This revealed that transplanted ESAM™
LSK cells contained more RU per BM than did ESAM' LSK cells

(Fig. 5C). Additionally, recipient BM transplanted with ESAM™
LSK cells showed higher chimerism in the myeloid lineage,
whereas ESAM'™ LSK cells tended to reconstitute the B lineage
more than did the myeloid lineage (Fig. 5SD). This observation
seemed to be consistent with previous reports showing that long-
term reconstituting HSC predominantly contributed to the myeloid
lineage (26). It is noteworthy that ESAM levels on CD45.1%
donor-derived LSK cells were identical to the homeostatic level
16 wk after transplantation in the BM that was transplanted with
CD45.1"ESAM™ LSK cells (Fig. SE). The CD45.1" LSK cells
in the primary recipients serially reconstituted hematopoiesis in
secondary CD45.2" recipients (data not shown). These results
suggested that LT-HSC are enriched in the ESAM" fraction of
LSK cells after 5-FU injection.

Most ESAM™ HSC are located around perivascular areas in
5-FU-treated BM

Next, immunohistochemical analyses were conducted to locate the
ESAM"™ HSC in 5-FU-treated BM. Without treatment, ESAM*
HSC were not easily distinguished because the ESAM levels were
not high enough for this type of assessment (Fig. 6A, left panels).
However, a single 5-FU treatment significantly increased ESAM
expression in the HSC-enriched fraction, so that we could dis-
criminate ESAM™Lin"Scal* HSC from areas with background
staining (Fig. 6A). The 5-FU treatment remarkably reduced Lin*
cells and enlarged sinusoidal vasculature spaces in BM, which
favored our ability to locate the activated HSC (Fig. 6A, right



304 T 24 FF BEEGBENFMAERNE DAMRKEHARSEE

204
A Control 5-FU day 5
0178
ESAM- ol
ESANMLe
ESAMH
B
a
L]
cpas
B 5FUday 5
3 147
6 {44
3
]
[
o~
o
=
e W 108 W Wb ’ «u 1 \i”; o 725
£
B
]
&
=
<<
[
i
o

ESAM

FIGURE 2. HSC express other endothelial Ags, but their patterns do not
change in a homogeneous way after 5-FU treatment. (A) The expression
levels of SLAM family markers (CD48 and CD150) on ESAM ™, ESAM'®,
and ESAM" fraction of BM LSK cells were analyzed by flow cytometry.
(B) The expression of ESAM and endothelial-related Ags (CD34, Tie2,
endoglin, and PECAM-1) on BM LSK fraction was analyzed by flow
cytometry. (A and B) Left panels show the results of homeostatic state mice
(control), and right panels show those of 5-FU (150 mg/kg)—treated mice
(day 5). Numbers in each panel indicate the percentages of each fraction.
Each panel shows a representative pattern of three mice.

panels, Supplemental Fig. 4). Note that some ESAM*Scal ™ cells
that were not HSC were also found in these sections (Supple-
mental Fig. 4F). We confirmed by flow cytometry that some types
of progenitors expressed low levels of ESAM after 5-FU treat-
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FIGURE 3. ESAM" HSC in 5-FU-treated mice are dividing. C57BL/6
mice were treated with single i.v. 150 mg/kg 5-FU, and cell cycle analyses
of Scal*c-Kit* cells in BM were performed at day 5 by flow cytometry.
Upper panels show Ki67 and Hoechst 33342 staining patterns of ESAM"
or ESAM™ Scal*c-Kit™ fraction. Numbers in each panel indicate the
percentages of Gg, Gy, or S/Go/M fraction. Lower panels show the profile
of BrdU and 7-aminoactinomycin D (7-AAD) stainings. BrdU was i.p.
administered 12 h before analyses. Numbers in each panel indicate the
percentages of Go/Gy, S, or Go/M fraction. The data represent three in-
dependent trials with similar results.

ment. Although megakaryocytes that were conspicuous by their
morphology and very high ESAM expression distributed around
the vasculature, many ESAM™Lin~Scal* cells were also found in
the same area, and some of them clustered in perivascular areas
(Fig. 6A, lower right panel). Indeed, when randomly counted,
>80% of the Lin ESAM™Scal™ cells were localized within 20
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FIGURE 4. Elevated ESAM expression on LSK correlates with CFU
activity. C57BL/6 mice treated with single i.v. 150 mg/kg 5-FU were killed
5 d after treatment. ESAM™ or ESAM™ LSK cells of BM were sorted and
subjected to methylcellulose colony formation assays. Each dish contained
200 sorted cells, and colony counts were performed 9 d after culture. The
bars indicate the number of CFU-GM, CFU-M, BFU-E, or CFU-Mix per
one dish from ESAM' (open bar) or ESAM™ (filled bar) LSK cells. The
results are shown as means * SD. The data are shown as one of two in-
dependent experiments that gave similar results. *p << 0.05.
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FIGURE 5. High ESAM expression correlates with long-term reconstituting HSC in 5-FU-treated mice BM. CD45.1 mice treated with single i.v. 150
mg/kg 5-FU were killed 5 d after treatment, and ESAM™ or ESAM™ LSK cells were sorted. Then, 2000 cells of each fraction were mixed with 2 X 10°
CD45.2* whole adult BM cells and were transplanted to lethally irradiated CD45.2 WT mice (n = 6/group). (A) Scheme of the transplantation protocol. (B)
Sixteen weeks after transplantation, all recipients were killed, and the contribution of transplanted CD45.1* ESAM'" or ESAM™ LSK cells was evaluated in
BM. Percentages of the CD45.17CD45.2” population among CD45" mononuclear cells (MNC), CD3e*, CD19", or Macl™ cells of each recipient were
plotted. Numbers above the dots indicate mean percentages. (C) RU per BM of each recipient are plotted. Numbers above the dots indicate mean RU per
BM = SD. (B and C) The statistically significant differences between ESAM' and ESAM™ LSK transplanted mice are shown. (D) The percentages of
CD3e", CD19%, or Macl™ cells among the CD45.17" cells of recipient BM are shown. The data from the ESAM" (open bars) and ESAM™ (filled bars) LSK
recipients are shown. The results are shown as means * SD. (E) Flow cytometry profiles of the LSK fraction were examined in the ESAM"™ LSK recipients
16 wk after transplantation. The top panel shows the c-Kit and Scal expression on the Lin~ fraction. The middle panel shows the CD45.1 and CD45.2
profile on the LSK fraction. Two frames in the middle panel indicate CD45.17CD45.2™ LSK (donor-type) or CD45.17CD45.2* LSK (competitor-type)
fraction, respectively. In the bottom panel, the tinted line shows the ESAM level of donor-type LSK, and the solid line shows that of competitors. The data
shown represent one of two independent transplant experiments that gave similar results. *p < 0.05.

pm from vascular endothelium. Because the distance of 20 pm is
approximate to three hematopoietic cell diameters, most activated
HSC at day 5 of 5-FU treatment were probably adjacent or close
to the vascular endothelium. These observations suggested that
activated ESAM™ HSC can be intimate with endothelial cells and/
or vascular-related cells.

Hematopoietic recovery after BM stress is compromised in
ESAM-deficient mice

The results above suggested that ESAM expression levels mirror
HSC shifts between quiescence and activation after BM injury.
However, it remained unclear whether ESAM plays any role in
physiological hematopoietic recovery. To address this issue, we
evaluated hematopoietic recovery of ESAM KO mice after 5-FU
injection. We did not observe significant phenotypes in peripheral
blood of homeostatic ESAM KO mice except for slight anemia.
Intriguingly, after injecting 200 mg/kg 5-FU, the KO mice had

more severe pancytopenia than did WT mice (Fig. 7A). Whereas
leukocyte and platelet counts recovered by day 10, severe anemia
was protracted in KO mice (hemoglobin, WT 104 = 1.1 g/dl
versus KO 6.0 £ 1.7 g/dl at day 10), and three of nine KO
mice died before full hematopoietic recovery (Fig. 7B). With re-
spect to the BM, ESAM deficiency did not affect numbers of total
mononuclear, LSK, or Flt3™ LSK cells at days 0 and 5 after 5-FU.
However, all categories were significantly reduced compared with
WT mice at day 8 after 5-FU (Fig. 7C). Considering that hema-
topoietic recovery happened after day 5, when ESAM upregula-
tion on HSC peaked, these results suggested that ESAM is
indispensable for normal hematopoietic recovery after BM injury.

NF-kB and topoisomerase Il are likely important for ESAM
upregulation in HSC

Next, we searched the promoter sequence of the ESAM gene to find
molecular mechanisms possibly involved in ESAM upregulation
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FIGURE 6. ESAM" HSC at day 5 after 5-FU injection are mainly localized around vascular areas. (A) BM sections from C57BL/6 mice were stained
with Abs against ESAM (red), Scal (blue), and Lin (Grl, B220, CD3e, CDS, and Ter119) sets (green). The nuclei of the cells are labeled with DAPIL The
left panels are representative images of a BM section of untreated mouse, and the right panels are from the mouse 5 d after a 5-FU treatment (150 mg/kg).
The frames in the upper panels are zoomed in to the lower panels. In the lower panels, ESAMM large cells are megakaryocytes (arrows), ESAMLin~ Scal™
cells are indicated by arrowheads. (B) The distances from each ESAM*Lin"Scal™ cell to the vascular endothelium (VE) and to the endosteum (ES) were
measured, and their distribution frequencies were evaluated for 5-FU~treated BM. Open bars show the frequencies for 50 ESAM"Lin~Scal™ cells each in
four separate specimens. As controls, random 100 DAPI™ cells each in the same specimens were evaluated (filled bars). The cells were classified into four
categories: close to VE (within 20 wm) but not close to ES (>20 m); close to ES but not close to VE; close to both ES and VE; not close to either ES or

VE. #p < 0.05.

(Fig. 8A). An NF-«B binding sequence at 363 bp upstream of the
ESAM exon 1 drew our attention because it was well known to be
an antiapoptotic factor after cell injury (27). We also found up-
regulation of NF-kB in the BM LSK cells after 5-FU treatment
(data not shown). To examine the possible involvement of NF-«B,
we administered bortezomib, a proteasome-inhibiting drug whose
main action is inhibition of NF-kB, to 5-FU-treated mice (Fig.
8B). We found that bortezomib partially cancelled the ESAM
upregulation caused by 5-FU injection (mean fluorescence inten-

sity, 4790 + 497 with 5-FU alone, 4090 = 1050 with 5-FU and
bortezomib) (Fig. 8C). Then, we conducted luciferase reporter
assays to confirm the importance of the NF-«B binding sequence
for ESAM transcription (Fig. 8E). We used endothelial bEnd3
cells that constantly express high levels of ESAM. The luciferase
activity remarkably decreased from construct A to B (Fig. 8F).
Although the above data suggested that NF-xkB was likely in-
volved in ESAM upregulation of HSC, they also implied that other
molecules should be involved. The luciferase reporter activity

A WY Day 0 Day & Day 0 B WT
WEBC (uh 30602884 46801822 51602493 i
FIGURE 7. ESAM is required for RBC (x10% 4ul) 962478 877429 716473
normal hematopoietic recovery after Hb @/l PP 120505 104511 08 r KO
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examined every 5 d after single 200 PIE (<105 /u) 87.7+8.3 52.356.0 171.1236.0 % 08 r
m, 5-FU treatment to WT or ESAM 3 L
Kgnx('fice (n =5 in each). All mice were ESAN KO Pay 0 Day Day 10 i% o
8-wk-old males. WBC, RBC, hemo- WBC (ful) 35401607 36002212 442552642 § a2 b
globin (Hb), and platelet (Plt) counts RBC (104 /ul) 859235 * 794548 * 410114 ** o
were compared between WT and Hbs (g/dy 12,8405 " 19,6508 ** 6.0£1.7 ° o s w0 15 20 25 3
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ESAM KO mice were evaluated at day % 5 3 -
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A is 1.0. The data are shown as one of three independent experiments that gave similar results. **p < 0.01.

sharply decreased from construct C to D probably because DNA
sequences between the two are necessary for binding of the basic
transcription complex. Immediately downstream of that site, we
found a consensus sequence for cleavage by topoisomerase II (28).
Because topoisomerase II was also known to correlate with HSC
activation, we tested ICRF-193, a topoisomerase II-specific in-
hibitor, in 5-FU~treated mice. Similar to bortezomib, ICRF-193
partially inhibited the ESAM upregulation (mean fluorescence
intensity, 3260 £ 685 with 5-FU and ICRF-193) (Fig. 8C). In-
terestingly, the ESAM upregulation was remarkably abrogated
when bortezomib and ICRF-193 were administered simulta-
neously (mean fluorescence intensity, 1980 = 392 with 5-FU,
bortezomib, and ICRF-193) (Fig. 8C). The mice treated with
bortezomib and ICRF-193 showed significant reduction of LSK
cells compared with control mice at day 5, although the mice
treated with a single inhibitory drug did not respond in that way
(Fig. 8D). These results indicated that NF-xB and topoisomerase

II synergistically regulate ESAM expression on HSC after BM
injury.

Discussion

Although adult stem cells divide infrequently, they have high
proliferative capacity. Emerging evidence suggests that both qui-
escent and active stem cells simultaneously exist in different but
consecutive niches under normal steady-state conditions (9). It is
also well known that the quiescent stem cells proliferate after
wounding or transplantation (5, 29). Accurate identification of
stem cells according to their proliferative states is essential to
understand the biological nature of “stemness” and to develop
tissue-regeneration therapies. We now report that ESAM, a new
marker for HSC, represents a powerful tool to monitor the tran-
sition of HSC between quiescence and activation after BM injury.
Furthermore, ESAM is required for normal recovery from marrow
ablation.
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Treatment of mice with 5-FU enriches primitive HSC by
eliminating most proliferating progenitors while sparing non-
cycling quiescent HSC. Additionally, 5-FU has been widely used to
stimulate quiescent adult HSC to proliferate (8, 30-33). In the
present study, we exploited this method to evaluate whether
ESAM levels would change, and we observed dramatic upregu-
lation. Previous studies showed that expression levels of many
adult HSC markers change during hematopoietic recovery after 5-
FU-mediated myeloablation. Whereas expression of c-Kit and
N-cadherin decrease, levels of Macl, CD34, and AA4 that are
markers for fetal HSC revive (8, 31, 33). CD150 and Scal are also
known to increase on activated HSC, as confirmed in our study
(see Fig. 2A, Supplemental Fig. 1). However, we stress that the
degree of change in ESAM greatly exceeds that of other markers.
The ESAM"™ LSK fraction includes more LT-HSC defined by
SLAM markers than does the ESAM'" subset (Fig. 2A, right
panels). However, it is controversial whether HSC can only be
found in the CD150" fraction (34, 35). For that reason, we did not
use SLAM family markers to purify HSC when analyzing func-
tions of ESAM.

Our cell cycle analyses showed that virtually all ESAM™Scal "c-
Kit* cells after 5-FU treatment exit the G, phase (Fig. 3). Alter-
natively, long-term repopulating HSC can be enriched in the
ESAM™ fraction (Fig. 5B, 5C). These results suggest that the
ESAM" LSK fraction includes cycling, long-term multipotent
HSC. Our data are in accordance with a previous report by Haug
et al. (31) showing that the N-cadherin'® HSC in 5-FU-treated BM
have high cell cycle entry rates and, at the same time, robust long-
term reconstituting potential. These features do not match those of
adult HSC under steady-state, but rather are reminiscent of fetal
HSC. It is interesting that activated adult HSC after BM injury
resemble fetal HSC regarding not only cell cycle status but also
surface markers.

Although it was reported that the LSK Thyl™ Flk2/Flt3~
fraction in mobilized BM contains authentic HSC less frequently
than those in untreated BM (36), our present data have demon-
strated that HSC of 5-FU-treated BM can effectively reconstitute
long-term hematopoiesis. One interpretation for the discrepancy is
that because the HSC change their phenotype by activation, our
sorting method, which depended on high expression of ESAM,
might have enriched the authentic HSC more efficiently than did
the conventional sorting gate. Another possibility is that active
cycling and good engraftment may not be mutually exclusive.
Indeed, some previous reports showed that cycling HSC are not
necessarily incapable of engraftment when transplanted (37, 38).
Transplanted ESAM" LSK cells reconstituted the ESAM' LSK
fraction in lethally irradiated recipients 16 wk after transplanta-
tion, suggesting that the ESAM™ subset could keep its stemness
even after entering cell cycle. Of note, ESAM levels return to
homeostatic levels by 12 d after 5-FU injection.

Previous studies used high-resolution real-time imaging systems
to show that transplanted HSC tend to first home to the endosteum
in irradiated mice (39, 40). Our immunohistochemical analyses
showed that most ESAM™ HSC in BM at day 5 following 5-FU
treatment were localized within 20 pwm from vascular endothe-
lium. As previously predicted by Venezia et al. (33), quiescent
HSC might need to once pause in the endosteum so that they can
prepare to proliferate. After receiving unknown signals, they mi-
grate to a proliferative zone, which is presumably composed of
vascular endothelial cells. ESAM might help HSC to receive the
proliferative signals from ESAM" endothelial cells because
ESAM mediates cell-cell adhesion through homophilic inter-
actions (11). Alternatively, the endosteum and the sinusoidal
vascular area might cooperatively form a proliferative environ-

ESAM LEVEL DISTINGUISHES HSC STATUS

ment for HSC. We observed that sinusoidal vasculature spaces
and perivascular areas are remarkably enlarged in BM after 5-FU
treatment (Fig. 6A). Indeed, a previous study showed that many
osteoblasts are adjacent to or in proximity to vasculature in 5-FU-
treated BM (39). Therefore, the ESAMM HSC interacting with
endothelial cells simultaneously may receive signals from end-
osteal niches. Recently, it has been reported that the nervous
system and glial cells play important roles in the HSC niche (41,
42). It would be important to examine how the ESAM™ HSC
interact with CXCL12-abundant reticular cells or glial cells be-
cause they are key components of both HSC niches (21).

Additional endothelial or other Ags whose expression levels are
enhanced by BM injury might be functionally involved in activated
HSC. However, no apparent phenotypes with either CD34 or
CD150 KO mice have been documented (1, 43). In contrast, our
new findings strongly suggest that ESAM is indispensable for
normal hematopoietic recovery after BM injury. ESAM KO mice
do not show hematopoietic defects except for slight anemia (Fig.
7) (44). However, hematopoietic recovery after BM injury was
significantly compromised in the ESAM KO mice, suggesting its
importance under stress conditions. Especially, the deficiency
caused significant anemia after 5-FU treatment, and some KO-
mice with severe anemia died before BM recovery. Thus, ESAM
might be particularly important for demand erythropoiesis. Be-
cause ESAM"™ HSC closely interact with ESAM™ vascular endo-
thelial cells (Fig. 6), HSC might receive necessary signals directly
or indirectly via interaction with ESAM. In fact, ESAM deficiency
resulted in insufficient Rho signaling in endothelial cells, which
potentially regulates the stabilization of endothelial tight junctions
(13). Rho is also expressed in hematopoietic progenitors and in-
volved in their polarity and mobility (45). Further studies are
necessary to learn precisely how ESAM controls HSC function
during BM recovery.

It is very important to know how ESAM expression is regulated
in HSC. NF-«B is known to be activated by BM stress and induces
cyclin D1, a key regulator of the G; check point (46). Indeed, we
observed upregulation of NF-kB in HSC after 5-FU treatment
(data not shown). Topoisomerase II is required for the Ggy-to-S
phase transition in mammalian cells (47). NF-«kB was implicated
as a key ESAM transcription factor by luciferase assay (Fig. 8F).
In addition to NF-kB, we focused on topoisomerase II, because
this enzyme is required for regulated transcription (48). Although
independent administration of inhibitors for each factor showed
only subtle effects on ESAM levels, the drugs synergistically but
still partially abrogated the ESAM upregulation in 5-FU-treated
HSC (Fig. 8C). Decreased ESAM expression with combined
bortezomib and ICRF-193 treatment had a suppressive effect on
the number of LSK cells, although treatment of a single inhibitory
drug did not have significant effects (Fig. 8D). Given that ESAM
KO mice did not show significant cytopenia at 5-FU day 5 com-
pared with WT mice (Fig. 7C), bortezomib and ICRF-193 may
suppress cell cycle-related pathways other than ESAM. Recently,
reactive oxygen species (ROS) are attracting attention because
levels in HSC influence their cell cycle status, self-renewal ability,
and differentiation potential (49, 50). Accumulation of ROS is
known to activate NF-«kB signaling (51). Additionally, several
studies have suggested that accumulation of ROS is likely in-
volved in HSC aging (52-54). We reported that whereas ESAM
levels on the LSK fraction decrease after the neonatal period, they
increase again with aging (16). Bowie et al. (7) previously proved
that fetal type HSC change their self-renewal and differentiation
properties to be quiescent at 4 wk after birth when blood cell
outputs reach homeostasis. Alternatively, several reports showed
that absolute numbers of phenotypic HSC increase by 3- to 10-
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fold in aged mouse BM (55-57). At present, we are studying
whether intracellular ROS levels and related signaling pathways
might be involved in ESAM fluctuation on HSC, not only after
BM stress but also in the context of aging.

In summary, our data have shown that ESAM can be valuable for

purifying proliferating HSC. Information from those HSC will give
us important insights regarding essential molecules for HSC ex-
pansion. Additionally, the data from ESAM KO mice have sug-
gested that high ESAM expression on HSC is likely to play
important roles for hematopoietic recovery after BM injury. Further
studies should address physiological meanings of the fluctnation of
ESAM levels according to the HSC status.
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PLATELETS AND THROMBOPOIESIS

Recognition of highly restricted regions in the 3-propeller domain of oIb by
platelet-associated anti-aITb33 autoantibodies in primary immune

thrombocytopenia

Kazunobu Kiyomizu,! Hirokazu Kashiwagi,! Tsuyoshi Nakazawa,' Seiji Tadokoro,! Shigenori Honda,? Yuzuru Kanakura,’
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'Department of Hematology and Oncology, Osaka University Graduate School of Medicine, Osaka, Japan; 2Department of Molecular Pathogenesis, National
Cerebral and Cardiovascular Center, Osaka, Japan; and ®Department of Blood Transfusion, Osaka University Hospital, Osaka, Japan

Platelet-associated (PA) 1gG autoantibod-
ies play an essential role in primary im-
mune thrombocytopenia (ITP). However,
little is known about the epitopes of these
Abs. This study aimed to identify critical
binding regions for PA anti-alibB3 Abs.
Because PA anti-allbB3 Abs bound poorly
to mouse «llbp3, we created human-
mouse chimera constructs. We first exam-
ined 76 platelet eluates obtained from
patients with primary ITP. Of these, 26 har-

bored PA anti-ofllbB3 Abs (34%). Further
analysis of 15 patients who provided suffi-
cient materials showed that the epitopes of
these Abs were mainly localized in the
N-terminal half of the B-propeller domain in
allb (L1-W235). We could identify 3 main
recognition sites in the region; 2 eluates
recognized a conformation formed by the
Wi1:1-2 and W2:3-4 loops, 5 recognized W1:
2-3, and 4 recognized W3:4-1. The remaining
4 eluates could not be defined by the bind-

ing sites. Within these regions, we identified
residues critical for binding, including $29
and R32 in W1:1-2; G44 and P45 in W1:2-3;
and P135, E136, and R139 in W2:3-4. Of
11 eluates whose recognition sites were
identified, 5 clearly showed resiricted w«/A-
chain usage. These resulis suggested that
PA anti-alibB3 Abs in primary ITP tended to
recognize highly restricted regions of alib
with clonality. (Blood. 2012;120(7):1499-1509)

Introduction

Primary immune thrombocytopenia (ITP) is an autoimmune
disorder characterized by thrombocytopenia that results from
immune-mediated platelet destruction and reduced platelet
production.!*In ITP, autoantibodies bound to platelets (platelet-
associated antibodies; PA Abs) cause platelet destruction by Fcy
receptor—mediated phagocytosis.! Furthermore, autoantibodies
binding to megakaryocytes led to decreased maturation and cell
death.>® Multiple targets of autoantibodies have been found in
ITP. Among patients with chronic ITP, 43%-57% and 18%-50%
harbored PA Abs that recognized the platelet membrane glyco-
protein (GP) IIb/IITa (integrin «llbB3) and the GPIb/IX/V
complex, respectively.”10

For more than 2 decades, efforts have been focused on
identifying the target epitopes for PA Abs to improve our understand-
ing of the pathogenesis of primary ITP and to pursue a therapeutic
approach. We and others previously reported that, in chronic ITP,
PA anti-aIIbf3 Abs frequently bound to cation-dependent confor-
mational antigens and did not react with av@3.!""13 Those data
suggested that, in primary ITP, the target epitopes of anti-aIIbB3
Abs may be localized mainly on allb; in contrast, in HIV-
associated ITP, the target epitopes appeared to be localized to the
49-66 residues of B3.!* Moreover, we previously reported that, in
one-third of patients with ITP (11 of 34), PA anti-aIIb33 Ab binding was
markedly impaired against KO variant oIIbp3, which had 2 amino acids
inserted between residues 160 and 161 in the W3:4-1 loop of the
{B-propeller domain.” However, target epitopes of most PA anti-allb@3
Abs remain to be elucidated.

PA anti-aIIbP3 Abs typically recognize conformational epitopes,
rather than linear epitopes.'¢17 Therefore, epitope mapping for PA
Abs requires the retention of major conformations in olIIb@3.
Because we noticed that the PA anti-alIbB3 Abs from patients with
ITP had markedly impaired reactivity to mouse allbf3, we
characterized target epitopes of PA anti-allbB3 Abs by exploring
their reactivity to the cells that expressed human-mouse chimeric
olIbB3 in the present study. A thorough analysis of 15 eluates
obtained from patients with primary ITP found that most of the PA
anti-oIIbP3 Abs recognized the N-terminal half of the B-propeller
domain in ailb. We identified 3 main Ab recognition sites in the
region and residues that were critical for the binding of some Abs.

Methods

Patients

We first examined 76 eluates obtained from patients with primary ITP
(21 men, 55 women). Diagnosis of primary ITP was based on a report from
an international working group.'® We obtained written, informed consent
for blood sampling necessary for this study from all patients, in accordance
with the Declaration of Helsinki. This study was approved by the Osaka
University Institutional Review Board. With the use of flow cytometry with
293T cells expressing alIbB3, we detected anti-alIbB3 autoantibodies in
26 of 76 (34%) platelet eluates (6 and 20 eluates were obtained from men
and women, respectively). Of these 26 eluates, we further analyzed 15 patients
who provided sufficient quantity of platelet eluates for this study. The characteris-
tics of these 15 patients (PTs) are shown in Table 1. Although 5 eluates were
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Table 1. Clinical profiles of 15 patients with ITP at blood sampling

PT Plt count, Duration of
no. Age,y Sex x10%uL  Medications Splenectomy TP

1 747 F 189311 P No 1 mo
2 63 F o 14212 SB-+P Yes >10y
3 a7 F 5-199 SB+P Yes >10y

5 65 F 64116 P No 6-10y

6 49 F 189 P No 1 mo
7+ 55 M 103105 N Yes >10y
12° 56 E o 22116 SB+P Yes >10y
17 64 F 23146 SB+P Yes >10y
23 75 F 4197 N No 15y
34 67 M 17144 P " No 4-8mo
36 72 F 76-186 P+IV No 1-3 mo
37 62 F 27 P Yes > 10y
41 53 F 40-55 SB+P Yes S0y
42 42 F 128-271 SB Yes >10y
45 73 Eo 17203 PHIV No 3-7mo

Plt indicates platelet; P, prednisolone; SB, eltrombopag; N, none, and 1V,
intravenous gamma globulin.

*PTs 7 and 12 were studied in our previous reports as nos. 2 and 6,
respectively.’®

obtained < 12 months after the ITP diagnosis, all (except PT 36) were classified
as chronic ITP.!8 PT 7 and PT 12 were studied in our previous report.!> The
binding of PA anti-aJIbB3 Ab of PT 12 was markedly impaired by the KO
mutation in allb, whereas that of PT 7 was not affected by the mutation.

Platelet isolation and preparation of PA antibodies

Platelets and platelet eluates were prepared as previously described.!® In
brief, washed platelets were obtained by differential centrifugation and
adjusted to a concentration of 200 X 10%/pL in PBS. PA Abs were eluted by
vigorous mixing with an equal amount of diethyl ether. Platelet eluates were
maintained at —80°C until use.

Construction of expression vectors

The N-terminal portion of aIlb, known as the B-propeller domain, contains
7 radially arranged 3-sheets, termed “W” because of their topology. Each W
structure has 4 anti-parallel B-strands and 4 connecting loops.?® Figure 1A
shows the human and mouse sequence alignment of the B-propeller
domains. The boxes indicate the small loop structures of each B-sheet
domain, and the asterisks indicate amino acid differences between the
human and mouse sequences. Human a/7b and B3 ¢cDNAs cloned into the
pcDNA3 vector were gifts from Dr Peter Newman and Dr Gilbert White
(BloodCenter of Wisconsin), respectively. Mouse a/Ib and 83 cDNAs were
obtained by reverse transcribing platelet RNA from CS57BL/6 mice,
amplifying by PCR, and subcloning into the pcDNA3 expression vector.
allb expression vectors with swapped human and mouse cassettes were
constructed with the megaprimer PCR method?! or with a site-directed
mutagenesis kit (Agilent Technologies). The entire mutated allb sequence
was confirmed for each vector. The swapping mutants are shown in Figure
1B. The m(X)H expressed the human alIb that carried the mouse sequences
from the N-terminus to the X region; conversely, H(X)m expressed mouse
alIb that carried the human sequences from the N-terminus to the X region.
Hm(X)H expressed human allb in which the only X region was swapped
with the corresponding region from mouse allb. mH(X-Y)m expressed
mouse allb with a large part of the N-terminal region (X to Y) swapped
with the corresponding region from human ollb. m(B-propeller)H ex-
pressed the entire B-propeller domain of mouse «llb, attached to the
(C-terminal) remainder of the protein from the human allIb sequence. The
human-mouse chimera plasmids are listed in supplemental Table 1 (avail-
able on the Blood Web site; see the Supplemental Materials link at the top of
the online article).

Detection of PA anti-allbp3 Ab binding

allb and B3 expression vectors were transiently transfected into 293T cells
by lipofection (Lipofectamine2000; Invitrogen). Two days after transfec-
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tion, the cells were detached from dishes with a solution of 0.02%
ethylenediaminetetraacetic acid in PBS (Nakarai tesque); the cells were
then washed once with PBS and resuspended at a concentration of
5 X 10%mL in Tyrode buffer with 1TmM CaCl, and 1mM MgCl,. Then,
50-uL aliquots of platelet eluates were incubated with equal amounts of cell
suspension for 30 minutes on ice, followed by staining with Alexa Fluor
488-conjugated anti-human IgG (Invitrogen) and phycoerythrin-conjugated
anti-human CD61 (Becton Dickinson [BD]). After washing, the cells were
resuspended in Tyrode buffer that contained propidium iodine (1 pg/mL) to
identify dead cells and then the cells were analyzed on a flow cytometer
(FACScan; BD).

PA Ab binding (Alexa 488 staining) was analyzed in a subset of cells
that were highly positive for CD61; this subset is denoted by the rectangle
(R7) in the dot blots (Figure 1C). We confirmed that CD61% cells in this
region were exclusively complexed with transfected allb but not with
endogenous oy by staining with anti-allbB3-specific antibodies; an
allophycocyanin (APC)—conjugated anti-human CD41a (clone HIPS; BD),
an FITC-conjugated anti-human CD41 (clone P2; Beckman Coulter), and
an FITC-conjugated anti-mouse CD41 (clone MWReg30; BD). PA Ab IgG
binding 293T cells that expressed chimeric alIb complexed with human 83
(chimera allbf3) relative to the cells that expressed wild-type human
allbP3 (wt allbB3) was calculated as follows: specific PA Ab binding to
chimera allbP3/specific PA Ab binding to wt alIbB3 X 100 (%).

‘We always used = 2 eluates obtained from healthy subjects as control in
each experiment, and specific IgG binding was calculated by subtracting the
mean fluorescence intensity (MFI) of IgG binding in control eluates from
the MFI of IgG binding in patient eluates. Expressions of the chimera
olIbB3 and wt allbB3 cells were monitored by anti-CD61 binding, and the
specific PA Ab binding was compensated by CD61 expression.

PA Ab binding to platelets was determined as previously described.?

Detection of light chain usage by PA anti-allbf3 Abs

Platelet eluates were incubated with 293T cells that transiently expressed
human «lIbf3. This was followed by incubation with FITC-conjugated
anti-k, PE-conjugated anti-A Abs (Simultest Anti-Kappa/Anti-Lambda;
BD), and APC-conjugated anti-CD61 (Invitrogen). After washing, cells
were resuspended in Tyrode buffer that contained propidium iodine. Next,
they were analyzed by flow cytometry to evaluate anti-k and anti-\ Ab
binding to cells highly positive for CD61.

Resulis

Target epitopes of PA anti-«llbp3 Abs are mainly localized in
the N-terminus of the B-propeller domain in allb

We examined PA Ab reactivity to normal platelets and platelets
obtained from a patient with type I Glanzmann thrombasthenia
(GT), whose platelets completely lack surface olIbB3 expression
as we previously reported.?? In eluates from 9 of 10 patients with
ITP, the PA Ab reactivity to GT platelets was markedly lower than
their reactivity to normal platelets (Figure 2A). The marked
reduction in the reactivity to GT platelets was also observed in
other 3 eluates (supplemental Figure 1). These results indicated that
most PA Abs in these eluates were directed to allbB3. We then
examined PA Ab reactivity to 293T cells that expressed mouse
oJIbB3. We found that, in the eluates examined, the PA Abs did not
react with mouse «IIbB3 (Figure 2B). To identify which subunit
was essential for the binding, we examined the reactivity to mouse
allb/human B3 (m2b/H3a) and human allb/mouse B3 (H2b/m3a).
We found that the PA Abs reacted similarly to cells that expressed
H2b/m3a and cells that expressed human oIIbB3 (38.5%-100%).
However, PA Ab reactivity to m2b/H3a was markedly reduced in
all 9 eluates examined (1.3%-30.3%; Figure 2C). These results
confirmed that the target epitopes of PA anti-alIbB3 Abs were
mainly present in allb.
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Figure 1. Structure and alignment of the p-propeller
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domain of allb. (A) Human and mouse sequence align- A Blie1 Fli12 it t
ment of the B-propeller domain. The boxes indicate the Homan 1 RNLEPVGLIFYAGERGS DFHRDSHGH A TFVBAIRT LIPERAEGG Fih QTLETFEA
small loop structures of each B-sheet domain, and the ] . i M ¥
asterisks indicate amino acid difference between human Mouse 1 LHLISEEFSY AVELOPRIARGGRENPLLFU R DL RELGFQIFGTERY
and mouse sequences. (B) Abbreviation of each human- " .
mouse chimeric allb/human 83. m(X)H; human ailb mirz ¥2:3-4 Fadl 12
(black) carrying mouse sequences (white) from the Bumers 91 QULGASWVSESINIVALAE GSUFLARPESERIEEYSRC SRIVVENDRSEIERYLEACESEVYE
N-terminus to the X region. Hm(X)H; human allb was ) ,»* ) we R "
exchanged with the only X region for the corresponding Yousme 91 QULGASUNSRMDUVACAGHIY LEKRDEAE K TPVOGL FLABLESCORAEY SFCRARTHESYY KR EAGFELAYIRAGE
sequence of mouse allb. H(X)m; mouse allb carrying . .
human sequences from the N-terminus to the X region. W?;ﬁi ) F3:3-4 Naiaml
mH(X-Y)m; mouse allb was exchanged with the region of Baman 151 QVLGAFCRYYRELLAGAHVADI FSSTHPG L BHvSpUS LOF IS SR Y FBG VR Y vt
X to Y for the corresponding human allb. m(B-propel- e e ) *%* i Ao
ler)H; human allb was exchanged with the entire Mouse 180 YVLGAPEDYFFLELLARYALEN] ISTYRPGTLLERVRGRETYIREN GERES CATEERSNTLRAVED
B-propeller domain of allb for the corresponding mouse . i N .. . .
allb. (C) Assessment of PA Abs binding to mutated W43~4 Wia-L W12 ] f5:278 Gkt i,
allbB3-expressing cells. Binding of PA Abs (horizontal) Haman 273 PEYYRRLHNLRAIQUESYPOHSVAVTI NGUORIPLUVGAPLIGES RADREL ATVORVYL FLAPREPHALGAPSLLLTC
was analyzed in a subset of CD61 highly positive cells i % - ) . * g .
denoted by the rectangle (R7) in the dot blots House WS PR LIBE, DLLVOAPLIGIESRADREL A VORVYL FLEPRCPRALS
WB:1-2 WG 23 W6:3-4 Wiid-1 #7112 ¥7:2-3
Buman 367 APLGQLDRICRD N AMAPYCOPSCIDRVLVPLOLSECLEBRPSOVE DS R FTESRECRS LG A VR DDNOYIRL 104
% # E 3 2
House 350 APLGILARIGTD LA VEEPREEOYL T FLGUSEOLS RISV LIS TGEE O S LRG AV BORGY L TV
B ailb
m{X)H
X
Hm(X)H . % = = = |
X
HOOm B ]
X ¥
mH(X-Y)m CEmey ]
m{B-propelieriH | e
Control gluate TP eluate

Anti-COB1{GPlla)

Anti-lgG

We next examined PA anti-allbB3 Ab reactivity with several
aIlb chimeras. All allb chimeras were expressed with the human
B3 on 293T cells. The m(B-propeller)H and m(W4:4-1)H chimeras
comprised the human allb with substitutions for the mouse
B-propeller domain (L1-R449) and the N-terminal half of the
B-propeller domain (L1-W235), respectively, because there are few
amino acid differences between human and mouse in the C-terminal
half of the B-propeller domain (Figure 1B). Compared with wt
oIIbB3, all 15 of the eluates showed markedly impaired binding to
cells that expressed the m(B-propeller)H and those that expressed
the m(W4:4-1)H chimera (Figure 2D). These results were con-
firmed by the antigen capture ELISA method in selected patients
(supplemental Figure 2). In sharp contrast, most of the 15 eluates
tested showed high PA Ab reactivity with the converse ollb
chimeras, H(B-propellerym and H(W4:4-1)m, complexed with

human B3. The PA Ab reactivity was comparable with that
observed with wt human ollbB3 (Figure 2E). These results
indicated that the epitopes of PA anti-allbB3 Abs were mainly
localized to the N-terminal half of the B-propeller domain (L1-
W235) in allb.

Identification of 3 main recognition sites in the N-terminal half
of the p-propeller domain in «allb

Next, we aimed to identify critical target epitopes for PA anti-
olIbB3 Abs in the N-terminal half of the B-propeller domain in
allb. For this, we created human-mouse allb chimeras that had
serial changes in which small sections of human «llb were
exchanged with the corresponding mouse sequences. The series
extended from the N-terminus to the W4:4-1 loop (Table 2). We
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Figure 2. The epitopes of PA anti-allbB3 Abs are mainly localized in the N-terminus of the B-propeller domain of allb. (A) Binding of PA Abs to normal (black) or
allbp3-deficient platelets (GT platelets; white). C1 and C2 show control eluates. (B) Binding of PA Abs to 293T cells that expressed human (black) or mouse allbg3 (white; left).
Expression levels of human and mouse allbB3 were indicated in the right panel monitored by anti-CD61 Ab. (C) Relative binding of PA Abs to 293T cells that expressed mouse
allb/human B3 (m2b/H3a; black) or human allb/mouse B3 (H2b/m3a; white) compared with human allb3-expressing cells. (D) Relative binding of PA Abs to 293T cells that
expressed human allb replaced with whole B-propeller domain {(white) or the N-terminus to W4:4-1 loop (black) of mouse alib with human 3. (E) Relative binding of PA Abs to
293T cells that expressed mouse allb replaced with whole B-propeller domain (white) or the N-terminus to W4:4-1 loop (black) of human allb with human 3. Shown were

means of = 2 independent experiments.

noticed that the reactivity of many PA Abs decreased markedly
when a specific loop from human was exchanged for the correspond-
ing mouse sequence. Consequently, we identified 3 groups (A, B,
and C) on the basis of loops that appeared to be essential for PA Ab
reactivity: the W1:1-2, W1:2-3, and W3:4-1 loops (Table 2). Then,
we further characterized the autoantigenic epitopes in each group.

Group A: the WI1:1-2 and W2:3-4 loops are essential for PA
anti-odlbB3Ab binding. In 2 samples (from PTs 17 and 23), the
PA Ab reactivity with m(W1:1-2)H, the human oIIb that carried the
mouse sequence from the N-terminus to the W1:1-2 loop, was
markedly impaired compared with PA Ab reactivity with m(W1:4-
1H (Table 2; Figure 3A). Moreover, these PA Abs showed
impaired binding with Hm(W1:1-2)H, the human oJIb that carried
only the mouse W1:1-2 loop (Figure 3A). These results suggested
that the W1:1-2 loop was essential for PA Ab reactivity in these
patients. Conversely, we tested whether we could restore PA Ab
reactivity with the mouse aIlb sequence by replacing sections with
a series of corresponding human sequences from the N-terminus.
We found that PA Ab reactivity in these 2 samples was only
restored when the mouse W2:3-4 loop was exchanged with the

corresponding human sequence. This was confirmed by the obser-
vation that the PA Ab reactivity was markedly impaired for
Hm(W2:3-4)H, the human allb that carried only the mouse W2:3-4
loop (Figure 3B). These results indicated that both the W1:1-2 and
the W2:3-4 loops were essential for PA Ab reactivity. Moreover, the
PA Ab reactivity with mH(W1:1-2-W2:3-4)m, the mouse allb that
carried the human W1:1-2 to W2:3-4 sequence, was not reduced
compared with the reactivity with the wt human ollb. This
supported our hypothesis that these PA Abs specifically recognized
the W1:1-2 and W2:3-4 loops (Figure 3C).

The W1:1-2 and W2:3-4 loops harbor 2 and 3 amino acid differences
between human and mouse, respectively. Therefore, we replaced each of
these amino acids in the human sequence with that in the mouse
sequence. The S29K and R32S mutations in the W1:1-2 loop and the
E136Q and R139G mutations in the W2:3-4 loop almost completely
abolished the reactivity of PA Abs from PT 17. The PA Abs from
PT 23 also showed markedly impaired reactivity with the R32S and
R139G mutations (Figure 3D-E). These results indicated that the S29,
R32, E136, and R139 residues in allb, particularly the 2 arginines, were
critical for the binding of PA Abs in these patients.
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Table 2. Percentage of PA Ab binding to human-mouse chimeric allbs complexed with human $3 relative to PA Ab binding to wi allbB3 in
293T cells

m(W1:4-1)H m(W1:1-2)H m(W1:2-3)H m(W2:2-3)H m(W2:3-4)H m(W3:4-1)H m(Wa:4-1)H
Group A ! : : ‘
PT 17 99.5* -15" -17 ~47 NT -2.9 03
PT 23 , 727 189r . -250 ~184 =86 . -206 15.2
Group B
PT3" 844 838 Age 12.7 CONT 2.9 79
PT 36 134.2 116.6* 1.5% NT 1.7 26 38
PT 41 887 975 oB03e NT B SR 446 223
PT 42 85.6 105.0* 47.5* NT 413 205 135
PT 12 89.7 s 874 . . b75 o 30.9 91 68 -17
Group C '
PT 1 752 : NT : 932 . 937 o2z 273 13.0
PT6 109.1 NT 232.2 115.9 103.1* 30.7¢ 30.7
PT 34 94,0 917 108.5 ‘ NT 88.3* ~3.4* 12.1
PT 45 94.3 91.4 95.3 NT 73.5* 13.5* 6.5
Others : : . R : ‘
PT2 87.5 80.3 45.8 36.0 NT 19.6 18.9
PT5 1015 ' 824 . . TAOD . 516 ‘ 434 897 18.3
PT7 104.9 NT 111.4 90.5 105.3 60.3 48.6
PT37 123.5 CioHPBET o T NTO e o 654 45.9

The PT no. designates the ITP sample that was tested for binding to cells that expressed the indicated chimeras. Values are percentages and represent the means of
= 2 independent experiments.

NT indicates not tested.

*Marked reductions (> 40%) in binding between 2 loops in addition to marked reduction (> 40%) in binding compared with binding with wt alibB3.

Group B: the WI:2-3 loop is essential for PA anti-odIb33Ab 2)H (Table 2; Figure 4A). The sample from PT 36 showed
binding. In 5 samples (from PTs 3, 12, 36, 41, and 42), the PAAb  complete loss of PA Ab reactivity with m(W1:2-3)H. The reactivity
reactivity was impaired with m(W1:2-3)H compared with m(W1:1-  with Hm(W1:2-3)H was essentially the same as the reactivity with
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Figure 3. Group A: the W1:1-2 and W2:3-4 loops are essential for PA anti-allbB3 Ab binding. (A) Relative binding of PAAbs in 2 patients (PTs 17 and 23) to m{(W1:4-1)H
(black), m(W1:1-2)H (white), and Hm({W1:1-2)H (shaded) compared with wt allbp3. (B) Relative binding of PA Abs to H(W2:2-3)m (black), H(W2:3-4)m (white), and Hm(W2:3-4)H
(shaded). (C) Relative binding of PAADs to mH(W1:1-2-W2:3-4)m that the mouse «llb carried the human W1:1-2 to W2:3-4 sequences. (D) Relative binding of PAAbs to S29K (black) and
R32S (white) mutants. (E) Relative binding of PA Abs to P135L (black), E136Q (white) and R139G (shaded) mutants. Shown were means of = 2 independent experiments.
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Figure 4. Group B: the W1:2-3 loop is essential for PA anti-«llb3 Ab binding. (A) Relative binding of PA Abs in 5 patients (PTs 3, 12, 36, 41 and 42) to m{W1:1-2)H (black),
m{W1:2-3)H {white), and Hm(W1:2-3)H (shaded) compared with wt allb3. (B) Relative binding of PA Abs to mouse allb replaced from the N-terminus to the indicated loops
with the corresponding human sequences. (C) Relative binding of PA Abs to human ollb replaced the indicated loop with the corresponding mouse sequences. (D) Relative
binding of PA Abs to mH{W1:2-3)m (black), mH(W1:2-3-W3:3-4)m (white), and mH(W1:2-3-W3:4-1)m (shaded). (E} Relative binding of PAAbs to T42A (black), G44N (white},

experiments.

m(W1:2-3)H (Figure 4A). These results suggested that the W1:2-3
loop was essential for PA Ab reactivity in these samples. Again, we
tested whether we could restore PA Ab reactivity with the mouse
ollb sequence by replacing sections with a series of correspond-
ing human sequences from the N-terminus (Figure 4B). We
found that the PA Ab reactivity in the sample from PT 36 was
almost fully restored with H(W1:2-3)m, which had the human
amino acid sequence from the N-terminus to the W1:2-3 loop.
The sample reactivity from PT 36 with mH(W1:2-3)m was the
same as that observed with the wt human «lIbB3 sequence
(Figure 4D). These results suggested that the W1:2-3 loop
contained an epitope(s) for PA anti-allbB3 Abs in the sample
from PT 36.

In contrast, the PA Abs in the samples from PTs 3 and 12 showed
restored reactivities with H(W3:3-4)m, and the samples from PT 41 and
PT 42 showed restored reactivities with H(W3:4-1)m and H(W2:3-4)m,
respectively (Figure 4B). These results suggested that loop(s) other than
the W1:2-3 may be important for PA Ab reactivity in these patients. To

localize the epitope(s) important for PA Ab reactivity in these patients,
we constructed human adlb expression vectors in which each surface
loop from W1:2-3 to W3:3-4 was replaced with the corresponding
mouse sequence (Figure 4C). We found that the PA Abs from these
4 patients showed impaired reactivity with Hm(W1:2-3)H and Hm(W2:
3-4)H. This indicated that both the W1:2-3 and the W2:3-4 loops were
involved in PA Ab binding efficiency. In addition, the W3:3-4 loop also
appeared to be involved in PA Ab reactivity in samples from PTs 3 and
12 (Figure 4C). Furthermore, PA Ab binding was fully restored to levels
observed with wt allb, when the samples from PTs 3 and 12 reacted
with mH(W 1:2-3-W3:3-4)m and the samples from PTs 41 and 42 reacted
with mH(W1:2-3-W3:4-1)m (Figure 4D). These results suggested that
the PA Abs from PT5 3 and 12 mainly recognized the W1:2-3, W2:3-4,
and W3:3-4 loops and that the PA Abs from PTs 41 and 42 recognized
the W1:2-3 and W2:3-4 loops.

There are 3 amino acid differences between human and mouse
in each W1:2-3 and W2:3-4 loop. These are the T42A, G44N, and
P45A in the W1:2-3 loop and P135L, E136Q, and R139G in the



