60T

Table 7. Consistency of the Results Obtained by Multiplex Polymerase Chain Reaction (PCR) with those Obtained by Commercially Available Viral Examination

Patient No.

Viral examination by

Viral examination by commercial laboratory test”

Results of viral serological tests”

Consistency

£10T “112-10T TS PO ulsjuf

multiplex PCR
EBV (—) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (+), EBNA IgG (+) yes
7 CMV (~) CMV antigenemia (—) IeM (=), 1egG (+)
EBV (—) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (+), EBNA IgG (+) yes
CMV (—) CMV serological test 1M (=), IeG (+)
11 EBV (—) EBV serological test | previous infection VCA-IgM (—), VCA-1gG (+), EA-IgG (—), EBNA IgG (+) ves
HSV (—) HSV-1 serological test IeM (—), 1gG (+)
18 CMV (+) CMV serological test: reactivation/IgM antibody (+)  1gM (+), IgG (+) yes
EBV (=) EBV serological test: primary infection VCA-IgM (+), VCA-IgG (+), EA-IgG (=), EBNA-IgG (+) no
19 EBV(+) EBV serological test: primary infection VCA-IgM (—) VCA-IgG (+) no
20 CMV (+) CMV pp65 antigenemia assay: positive IeM (—), 1eG () yes
CMV(+) CMV pp65 antigenemia assay: positive 1eM (), 1eG (+) ]
21 CMV serological test: reactivation/IgM antibody (+) yes
EBV(=) EBV serological test; primary infection VCA-IgM (+), VCA-IgG (-+), EA-IgG (+ —), EBNA-IgG () no
29 CMV (=) CMYV serological test: previous infection IeM (—), IeG (4)
EBV (—) EBV serological test: previous infection VCA-IgM (=), VCA-IgG (+), EA-IgG (+ ), EBNA-IgG (+) yes
CMV(—) CMYV serological test: previous infection IeM (=), IeG ()
37 EBV(~) EBV serological test: previous infection VCA-IgM (—), VCA-IgG (+), EA-1gG (+ ), EBNA-IgG (+) yes
HSV-1(—) HSV-1 serological test: previous infection IeM (=), 1eG (+),
40 CMV(+) colon biopsy™; immunohistochemistry: positive IeM (=), IgG (+—) yes
EBV(+) EB serological test: previous infection VCA-IgM (—), VCA-IgG (+), EBNA-IgG (-+) no

CMV: cytomegalovirus, EBV: Epstein—Barr Virus, HSV: herpes simplex virus
*: Performed by Mitsubishi Chemical Medience Corporation, Tokyo, Japan. Positivity of serological test was determined based on positive IgM antibody.

*%. Performed in our institution
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Table 8. The Comparison of Hepatitis Virus PCR with Rou-
tine Method

Age Sex Typeof Qualitative PCR Quantative PCR Commercially

hepatitis available PCR*
79 F  HBV positive 1.88%10° 7.94x 107
69 F  HRBV positive 4.39X10° 2 51x10
57 M HBV positive 1.49x10° 1.25%10°
80 M  HBV positive 1.59%x10° 1.26x10°
79 M  HBV positive 1.60%10° 7.94%10°
63 F  HBV positive 2.90%x10° 5.01x10°
75 M HBV negative 1.00X 10" <8.91x10°
63 M  HCV N.E. 2.51x10° 2.00x10°
70 F  HCV N.E. 7.94%10* 1.00x10°
46 M  HCV N.E. 3.98%10° 2.51x10°
80 M  HCV N.E. 2.51x10° 1.00x 107
66 M  HCV N.E. 5.01%x10° 1.00x 10
71 F  HCV N.E. 6.31x10° 1.26x10°
8 F  HCV N.E. 2.51%10° 6.31X10°

HBV: hepatitis B, HCV: hepatitis C, N.E.: Not examined
*: performed by Special Research Laboratory, Hachioji, Japan

sidual giant proerythroblasts. A diagnosis of PRCA due to
ParvoB19 was made, and the assay for ParvoB19 showed
6.9x10" copies/mL in accordance with a positive qualitative
PCR result and a positive serological IgM test for ParvoB19
{performed by SRL).

Discussion

The present study found a high incidence of viremia in
patients with unexplained liver dysfunction and undeter-
mined inflammation. The high proportion of hematologic
malignancies including allogeneic bone marrow transplanta-
tion, that were underlying diseases in the patients included
in this study may explain the high incidence of viremia. The
multiplex PCR procedure appeared to be very useful in the
clarification of uncertain liver dysfunction and inflammation.
The patients in this cohort turned out to be highly immuno-
deficient and susceptible to viral infection. The identification
of the high incidence of viremia may lead to better manage-
ment of these patients. k

TTV (22) was the most frequently detected virus in the
present study; however, the relationship between TTV-
positivity and the history of transfusion was unclear as
shown in Table 4, thus suggesting a previous TTV infection
in these TTV-positive patients. All patients in whom TTV
was detected exhibited mild to moderate hepatitis, as ob-
served in previous reports (22), except for patients 11 and
15. The lever dysfunction improved after a short time in
these 2 patients, suggesting a transient exacerbation of TTV-
related liver dysfunction by immunosuppressive treatment.
This possibility, however, should be elucidated in the future
in a larger cohort of immune-deficient patients because the
relationship between the changes of liver dysfunction and
TTV load was unclear in the follow-up examination. Similar
incidences of HHV-6 viremia and TTV were observed in the
present study. Apart from TTV that is widely distributed in
the healthy population (22, 23), HHV-6 viremia is consid-
ered to be re-activation of this virus (24); therefore, this

viremia indicates a severe immune-compromised condition.
The high incidence of HHV-6 viremia in the present study
could be explained by the high proportion of patients that
underwent allogeneic or autologous hematopoietic stem cell
transplantation or patients with hematologic malignancies, or
AIDS. HHV-6 viremia occasionally advances to encephalitis
or pneumonitis if its load is high (25). Therefore, identifica-
tion of HHV-6 viremia is very important, and antiviral treat-
ment is required. The present study, found that liver dys-
function was improved as the load of HHV-6 decreased in
all 6 patients that were re-assayed for HHV-6 (Tables 4, 5).
This suggests that liver dysfunction may be closely related
to HHV-6 infection. While 2 of 17 patients in whom HHV-6
was detected showed normal liver function (Table 6), which
is consistant with previous reports describing that hepatitis is
not a major clinical manifestation of HHV-6 infection (26).
In contrast, HHV-6-related hepatitis is reported in patients
that underwent heart transplantation (27); therefore, the ex-
act relationship between HHV-6 infection and hepatitis in
immune-compromised patients should be clarified in the fu-
ture. It was also important that the liver dysfunction acted as
a proband that led to the discovery of serious viremia in the
present study.

EBV and CMV infections can be categorized into 2
groups; primary infections that cause infectious mononu-
cleosis (IM), and re-activation of both viruses. The present
study, identified 2 patients with IM due to CMV (28) and 1
with EBV-IM (29). IM can be easily diagnosed because of
its characteristic clinical picture. However, the multiplex
PCR assay had definite advantages because it provided rapid
results. The clinical significance of the re-activation of these
2 viruses is similar to that of HHV-6, and again in this situ-
ation, the assay system appeared to be highly useful.

There were some discrepancies regarding EBV detection
between the results obtained by multiplex PCR and those
obtained by routine serological tests as previously described.
Patients 18 and 21, showed re-activation or primary infec-
tion patterns for both CMV and EBV when examined by
routine serological methods, while EBV was not detected by

~ the assay system. EBV-IM appeared to be atypical in these 2

patients because of the normal white cell count. Further-
more, cross-reactivity of EBV-specific 1gM antibodies with
CMV-antigens (30) or false positive EBV IgM serological
tests (31) occasionally observed. Therefore, their IM may
have been CMV-induced. EBV was detected in Patient 40,
regardless of the previous infection pattern determined by
the serological method. This patient had ulcerative colitis
and was in an immune-deficient state. Persistent EBV vire-
mia is likely in such conditions, and normal immune re-
sponses that produce the IgM antibody may be suppressed.
Although the assay system appears to be reliable, further
improvement of our system is necessary.

The authors state that they have no Conflict of Interest (COI).
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Cell therapies for severe ischemic diseases such as limb ischemia, acute myocardial infarction, and ce-
vebral ischemia have been developed through in vitre and in vive animal and clinical studies. Active cells for
angiogenic cell therapy are believed endothelial progenitor cells (EPCs). EPCs have been extensively investi-
gated to clarify their origin and biology. Many sources of EPCs have been proposed, including mononuclear
cells (MNCs) fraction containing CD34% or CD133% (AC133%), isolated CD34™ and ACI133" cells, and induction
and differentiation of EPCs from hematopoietic stem cells (HSCs). However, in vivo mechanisms by which
EPCs contribute to neovascularization should be clarified. Many in vitro, in vivo, and clinical studies have
been performed using these cells; angiogenic cell therapy will become an important regimen for severe isch-

emic diseases.

Key words endothelial progenitor cell; cell therapy; angiogenesis; CD34; ACI33

I, INTRODUCTION

Over the past one and a half decades, cell therapies (thera-
peutic angiogenesis) for ischemic disease caused by arterial
infarction such as acute myocardial infarction, severe limb
ischemia, Buerger disease, and cerebral infarction have been
developed. First of all, the finding of endothelial progenitor
cells (EPCs) in peripheral blood is a key topic for therapeu-
tic angiogenesis. EPCs were first isolated as CD34" cells in
mononuclear cells (MNCs) from adult blood."” Asahara et
al.” reported that putative endothelial cell (EC) progenitors
or angioblasts were isolated from human peripheral blood by
magnetic bead selection on the basis of cell surface antigen
(CD34) expression. These cells differentiated into ECs in
virro. In animal models of ischemia, heterologous, homolo-
gous, and autologous EC progenitor cells incorporate into sites
of active angiogenesis. They concluded that EC progenitors
might be useful for augmenting collateral vessel growth to
ischemic tissues.

In response to tissue ischemia, EPCs are believed mobilized
from bone marrow to peripheral blood, and then migrate into
specific ischemic regions such as sites of nascent neovascu-
larization. Multiple sources of EPCs have been reported such
as MNC fraction of peripheral blood, bone marrow MNCs,
and granulocyte-colony stimulating factor (G-CSF)-mobilized
CD34*/ACI133" cells.”

2. MONONUCLEAR CELL THERAPY FOR ANGIO-
GENESIS

Target diseases of cell therapy for angiogenesis vary from
ischemic limb, myocardial infarction, and cerebral infarc-
tion: EPCs or stem cells for EPC are believed suitable as cell
sources for the treatment of these diseases. Autologous MNCs
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derived from bone marrow or peripheral blood are often used
to treat ischemic diseases. MNCs from peripheral blood of
patients pre-treated with G-CSF are also used in angiogenesis
cell therapy. Whatever resource of mononuclear cells is used,
it is expected that the cells contain EPCs or stem cells for
EPCs.

On the other hand, not only MNCs but also selected CD34"
cells have been used for the treatment of ischemic diseases.
While CD34 is a general marker of hematopoietic stem cells
(HSC), EPCs also express CD34 antigen and are differentiated
from CD34" cells derived from either bone marrow or periph-
eral blood cells. Since it seems not feasible efficiently to pu-
rify EPCs from MNC fraction or whole blood, many clinical
studies using MNCs containing CD34" cells have been con-
ducted. Asahara ef al. reported that chemically labeled CD34”
cells integrated into new capillaries that selectively form into
ischemic leg using murine model of limb ischemia, suggesting
that injected CD34" cells integrated into vascularization.

2.1. Cell Therapy for Limb Ischemia Matoba et al.”
attempted angiogenic cell therapy by intramuscular injection
of autologous bone marrow MNCs (BM-MNCs) in patients
with peripheral artery disease (PAD) and critical limb isch-
emia. Feasibility was shown by the randomized controlied
Therapeutic Angiogenesis by Cell Transplantation (TACT)
study. They reported that angiogenic cell therapy using BM-
MNCs could induce long-term improvement in limb ischemia,
leading to extension of amputation-free interval. Implantation
of BM-MNCs, including CD34" EPCs, into ischemic limbs
has been examined to increase collateral vessel formation in
preclinical and clinical studies. Takeishi-Yuyama reported
efficacy and safety of autologous implantation of BM-MNCs
in patients with ischemic limb due to PAD.* Their primary
outcomes were safety and feasibility of treatment, based on
ankle-brachial index (ABI) and rest pain, and analysis was
per protocol. ABI was calculated by measuring two blood
pressures (Pleg: the systolic blood pressure of dorsalis pedis

© 2013 The Pharmaceutical Society of Japan
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or posterior tibial arteries; and Parm. the highest of the left
and right arm brachial systolic blood pressure); ABlleg=Pleg/
Parm. They suggested that autologous implantation of BM-
MNCs could be safe and effective for achievement of thera-
peutic angiogenesis, because of the natural ability of bone
marrow cells to supply EPCs and to secrete various angio-
genic factors or cytokines.

Collection of BM-MNCs incurs a risk and is invasive for
patients. Several attempts to collect CD34” cells from periph-
eral blood of patients have been conducted. Since G-CSF is
well known to mobilize HSCs from bone marrow to periph-
eral blood, peripheral blood MNC fraction containing G-CSF-
mobilized CD34" cells has been used for the treatment of isch-
emic disease.® Huang ef al. reported a randomized trial de-
signed to compare patients implanted with G-CSF-mobilized
MNCs (group A) versus BM-MNC {group B) over a follow-up
period of 12 weeks. Comparative analysis revealed that at
12 weeks after cell implantation, improvement of ABI, skin
temperature, and rest pain was significantly better in group
A patients than group B patients. There was no significant
difference between the groups for pain-free walking distance,
transcutaneous oxygen pressure, ulcers, and rate of lower limb
amputation. They concluded that autologous transplantation of
either G-CSF-mobilized peripheral blood (PB)-MNC or BM-
MNC significantly promotes improvement of limb ischemia.

Horie et al® described the clinical effects of G-CSF-
mobilized autologous PB-MNC in patients with critical limb
ischemia. To investigate the long-term clinical outcomes of
PB-MNC implantation, they reviewed data for 162 consecutive
patients with limb ischemia who received this treatment at 6
hospitals. Significant negative prognostic factors associated
with overall survival were concurrent ischemic heart disease
and collection of a small number of CD34” cells.

2.2. Mononuclear Cells and Myocardial Infarction
Myocardial infarction is a typical ischemic disease. Dimmeler
et al.” reported that in patients with acute myocardial infarc-
tion, clinical studies preferentially used adult bone marrow-
derived cells. Most of the studies suggested that cell therapy
reduced infarct size and improved cardiac contractile function.

Flow cytometry analysis revealed'” that circulating lin-
eage-committed EPCs and CD34% cell counts significantly
increased in patients with acute myocardial infarction (7=16),
peaking on day 7 after onset, whereas they were unchanged
in contrel subjects (7=8) who had ne evidence of cardiac
ischemia, suggesting that lineage-committed EPCs and CD34"
cells, their putative precursors, are mobilized during an acute
ischemic event in humans. Kocher ef al.'" showed that bone
marrow from adult humans contains endothelial precursors
with phenotypic and functional characteristics of embryonic
hemangioblasts, and that these can be used directly to induce
new blood vessel formation in the infarct-bed (vasculogenesis)
and proliferation of preexisting vasculature {angiogenesis)
after experimental myocardial infarction. The use of G-CSF-
mobilized autologous human bone-marrow-derived angioblasts
for revascularization of infarcted myocardium has the poten-
tial significantly to reduce morbidity and mortality associated
with left ventricular remodeling.

177

3. CELL THERAPY FOR ISCHEMIC DISEASES WITH
SELECTED CELLS

Schattemar ef g™ using diabetic mouse as vascularization
model reported that CD34” cells derived from type 1 diabetic
humans produced fewer differentiated endothelial cells in
culture than did their type 2 diabetic- or non-diabetic-derived
counterparts. Li ef al.™ compared the effects of G-CSF-mo-
bilized PB-MNCs and CD34" cell-depleted G-CSF-mobilized
PB-MNCs in an ischemia model of athymic nude mice. The
capillary density was markedly increased and the rate of
limb loss significantly reduced in cell-transplanted groups
compared with control. In comparison with G-CSF-mobilized
PB-MNCs, the therapeutic efficacy of G-CSF-mobilized PB-
MNCs deprived of CD34" cells was impaired, suggesting
usefulness of CD34" cells. in neovascularization. Therefore
selected CD34" cells may be expected to contribute to vascu-
larization in the treatment of other ischemic diseases such as
peripheral ischemia (limb) or cerebral ischemia.

While the active cells in bone marrow-derived and G-CSF-
mobilized MNCs for the treatment of limb ischemia or myo-
cardial infarction are believed CD34" cells or CD347/KDR”
EPCs, these MNCs contain heterogeneous blood cells. Yoon
et al™¥ conducted an experiment in rats receiving intra-myo-
cardial injection of either 7X10° Dil-labeled total BM cells
(TBMCs), the same number of Dil-labeled, clonally expanded
BM multipotent stem cells, or the same volume of phosphate-
buffered saline in the peri-infarct area. Histological exami-
nation with hematoxylin -and eosin staining and von Kossa
staining confirmed the presence of extensive intra-myocardial
calcification, suggesting that direct transplantation of un-
selected BM cells into the acutely infarcted myocardium may
induce significant intra-myocardial calcification in TBMCs rat.
Rosenzweig!® struck a note of warning against using intra-
coronary BM-MNCs in acute myocardial infarction:

Kawamoto et al.'® suggested that in myocardial infarction
CD34* cells exhibit superior efficacy for preserving myocar-
dial integrity and function than unselected circulating MNCs.
Similarly, two clinical trials comparing unselected MNCs with
selected CD34%/CXCR4" cells (EPCs) in patients with acute
myocardial infarction (AMD'™*® were conducted. In patients
with AMI who despite timely and successful treatment with
primary PCI developed impairment of the left ventricular
ejection fraction (LVEF), treatment with either selected or
non-selected BMCs did not lead to significant improvement
of LVEF. There was, however, a trend in favor of cell therapy,
particularly in patients with most severely impaired LVEF
and longer delay between the symptoms and revasculariza-
tion, which is considered the high-risk group. Use of selected
CD347/CXCR4* cells in patients with significantly reduced LV
function is safe, feasible, and warrants further investigation.

On the other hand, a recent metg-analysis of 18 randomized
controlled trials attempted to define the long-tetm impact of
progenitor cell therapy in the treatment of myocardial infarc-
tion.™ A total of 980 patients from 18 studies were analyzed.
Following BM-MNC transplantation, regional myocardial
anatomy displayed statistically and clinically significant im-
provements compared with controls, albeit without functional
changes. BM-MNC transplantation for myocardial infarction
was able to deliver benefits over regular therapy even at 18-
month follow-up, particularly when used fo treat AML CD34"
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cell therapy holds promise for myocardial infarction treatment
in the future. The study did not clarify any superiority dif-
ference between BM-MNCs and selected CD34™ cells for the
treatment of myocardial infarction.

Generally, CD34" cells that are purified from BM-MNCs or
PB-MNCs contain HSC and EPC. During culture, CD347 cells
form multiple cell clusters and EPC-like attaching cells with
endothelial cell lineage markers (CD31, vascular endothelial
cadherin).'” The major population of collected CD34" cells
does not express CD31 and other endothelial cell markers,
suggesting that they can differentiate into EPCs. Therefore
administered CD34" cells may be expected to differentiate
into EPCs, which could contribute to- vascularization. A chal-
lenge to develop CD34" cell therapy for ischemic diseases is
a relative low basal density of CD34" cells in the circulation.
Although G-CSF is well known to mobilize CD34" cells from
bone marrow into circulation, the concentration of mobilized
CD34" cells may not be enough to treat ischemia.

4. IN VITRO INDUCTION AND EXPANSION OF EPCs

Whereas cell therapy using EPCs has been widely per-
formed to rescue tissue damage due to critical ischemia, the
population of EPCs that can be purified from PB-MNCs or
BM-MNCs is limited. Therefore in vitro expansion and dif-
ferentiation of EPCs have been attempted.”

EPCs are thought derived from several kinds of cells; cells
characterized as CD347/AC133%/CD14" are also thought to
differentiate into EPCs. EPCs may release angiogenic factors
such as interleukin-§ (I1L-8), G-CSF, hepatocyte growth factor,
and vascular endothelial growth factor (VEGF). To obtain a
sufficient number of EPCs for treatment purposes may be very
important in cell therapy for critical ischemia.

4.1. Endothelial Progenitor Cells Derived from CD34"
or AC133* Cells EPCs were first isolated as CD34" cells,
and magnetically sorted CD34" cells containing HSCs dif-
ferentiated into endothelial cells in vitro.! CD34" cells are
thought to stimulate angiogenesis either by their ability to dif-
ferentiate into endothelial celis-or by enhancing the formation
and repair of endothelium and vascularization through para-
crine stimuli."'*¥ AC133-positive cells, which are typical
HSCs, also can differentiate into EPCs and endothelial cells.
A challenge for development for cell therapy using EPCs
or endothelial cells is to collect sufficient amounts of EPCs
or cell sources for EPC/endothelial cells. EPCs are thought
derived from CD34" or ACI33" cells that do not express
endothelial-lineage markers. If CD34" cells collected from
peripheral blood or BM-MNCs are expanded and efficiently
differentiated into EPCs in vitro, sufficient amounts of EPC
could be obtained for the treatment of ischemic diseases.

A common barrier against characterization and subse-
quent utilization of putative EPCs is the poor number of cells
obtained after purification from peripheral or cord blood.
EPCs represent a very small subset of PB-MNCs, ranging at
0.002-0.01% in peripheral blood and 0.2—-1% in umbilical cord
blood.'”” According to the cell numbers that have been used
for systemic infusion of allogenic EPCs in patients,”™® this
would have required a significant amount of blood if the cells
were not previously expanded in vitro.”)

Factors affecting expansion and differentiation of EPCs
are thought to include several endothelial cell growth factors
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such as VEGF and fibroblast growth factor (FGF) and cyto-
kines such as c-kit, Fit-3, [L-3, and IL-6. Other cytokines are
thought to contribute to expansion of HSCs, suggesting that
expanded HSCs will differentiate into EPCs. Growth factors
are essential for proliferation, differentiation and function of
endothelial cells. These biological cocktails may stimulate the
propagation of HSCs of which partial populations can differ-
entiate into EPCs.

The extracellular matrix (ECM) may also affect in vitro
expansion and differentiation of EPCs from CD34" or AC133"
cells. ECM is critical for all aspects of vascular biology. Vas-
cular endothelial cells require adhesion to ECM for migration;
endothelial cells migration is important for angiogenesis,
particularly during sprouting of new blood vessels from exist-
ing vasculature. Evidence from in vitro experiments indicates
that many of the interstitial and provisional ECM components
that are encountered during angiogenesis including interstitial
fibrin and collagen I are capable of supporting chemotactic
migration.

On the other hand, in vitro induction and expansion of
EPCs to form HSCs (CD34 or ACI33” cells) have been re-
ported efficiently induced on fibronectin (FN) as ECM. As
judged by positive staining for endothelial markers vWF and
VE-cadherin, the combination of VEGF with FN produced
significantly more endothelial colonies than collagens I or I'V
or vitronectin.”**"’ Considering that FN also enhanced VEGF-
mediated CD34" cell migration, Wijelath ef al. concluded that
VEGF and FN together significantly promote migration and
differentiation of CD34" cells into EPCs. These results also
indicate that essential ECM for the induction and expansion
EPCs is different from mature endothelial cells.

Concerning induction of EPCs, thrombopoietin (TPO) is
reported to enhance proliferation of EPCs from ACI1337 cells.
TPO is a well-known cytokine for megakaryocyte growth
and development factor. Collected AC133™ HSC cells do not
express TPO receptor. When ACI133% cells were cultivated in
the condition of EPC differentiation, a part of AC133" cells
expressed TPO receptor and markedly proliferated (Fig. 1).
TPO induced a fourfold increase in EPCs (CD31™E cells).
This result suggests that efficient induction of EPCs in vitro
with TPO contributes further to development of cell therapy
for critical ischemic diseases.

4.2, Early and Late EPCs At first, EPCs were thought
a source of endothelial cells.” A number of studies have de-
scribed therapeutic applications of EPCs against ischemic
diseases. Two types of EPCs have been described in vitro;
carly EPCs and late EPCs (also called endothelial outgrowth

Table 1.
OEC)

Comparison of Early EPC and Late EPC (Out Growth EPC;

Early EPC QEC

Morphology Spindle shape Cobble stone

Appearance Tw=3w 3w—
Proliferation Low High
Vessel formation in Negative or weak Positive
matrigel
Cytokine release High Low
Cell (surface} marker  CD31, eNOS CD31, eNOS
KDR, CD14, KDR, VE cadberin

VE cadherin (weak)
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Fig. 1. Time-Course Analysis of TPO-Treated AC133" Cells and Expression of TPO Receptor {CD110)
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represent mean®S.E. of wriplicate wells. (B} Flow cytometric analysis of CD110 expression on ACI33” cells cultured for 3d. The y-axis represents log fluorescence in-
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CDHOTACIS3 populations, respectively. Upper panels, peripheral blood; lower panels, cord blood (/. Bivl. Chem., Kanayasu-Toyoda er al., 2007).

Early EPCs

Late EPCs

HUVECs

Fig. 2.

Comparison of Morphology of Early EPCs, Late EPCs, and HUVECs

Morphology of early EPCs (left), late EPCs (middle), and HUVECs {right) by microscopy. Scale bar, 100 pm.

cells) (Table 1). Although early EPCs and late EPCs express
common features such as expression of CD31, LDL uptake,
and other endothelial markers, they have distinct characteris-
tics with respect to morphology (Fig. 2), proliferation ability,
and in vitro function such as vascular tube formation*>¥%0
The characteristics of early EPCs-are different from typical
endothelial phenotype; for example they exhibit weak ability
for neovascularization in vitro, but early EPCs produce angio-
genic paracrine factors.’?

During in vitro culture of CD34™ or ACI33" cells, early
EPCs appeared relatively rapidly (within 1 weak) as fibroblas-
tic cells that express CD31, KDR, or other endothelial lineage

marker. The appearance of late EPCs is delayed in comparison
with that of early EPCs, and these cells” proliferation ability
is much higher than that of either endothelial ‘cells or early
EPCs. The different abilities of ‘these EPCs stiggest the hy-
pothesis that early EPCs migrate into ischemic regions and
contribute to vascularization by recruiting circulating endo-
thelial cells whereas late EPCs secrete-angiogenic factors and
thus integrate into neovascularizaion. This synergistic model
remains to be fully elucidated.

The origin of EPCs raises controversial discussion.”® Con-
cerning the origin of early EPCs, Rehman et al.* reported
that these cells are derived from monocytes/macrophages
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and secrete angiogenic growth factors. The reasoning of this
hypothesis is that early EPCs express not only endothelial
lineage markers but also CD45, common leukocyte antigen.
Timmermans ef al. reported that the CD347/CD45* HSC cell
fraction did not generate late EPCs, but differentiated into EC-
like cells through a CD14" monocytic pathway.** On the other
hand, Kanayasu-Toyoda et al reported that early EPCs are
differentiated from AC133" cells not through CD14 expression.
The precise origin of early EPCs needs further investigation.

5. CONCLUSION

Cell therapies for severe ischemic diseases have been de-
veloped alongside clarification of the biology of EPCs. Many
sources of EPCs have been proposed; MNCs fraction contain-
ing CD34" or CDI133", isolated CD34" and AC133" cell, and in
vitro induction and differentiation EPCs from HSCs. Many in
vitre, in vive, and clinical studies have looked at these cells.
However, the origin of these cells remains to be elucidated,
and in vivo mechanisms by which EPCs contribute to neovas-
cularization should be clarified in future.
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tinin epitope.
structure.

vaccines.

fBackground: Rapidly producible vaccines are desired for forthcoming influenza pandemics.
Results: Anti-influenza immunity was induced by modified GFP exposing residues from a conserved B-sheet-type hemagglu-

Conclusion: A novel strategy for immunization targeting conformational epitopes was established by mimicking the epitope

Significance: Because of its instant producibility, this type of immunogen meets the requirement for next-generation influenza

~

J

The development of vaccination methods that can overcome
the emergence of new types of influenza strains caused by escape
mutations is desirable to avoid future pandemics. Here, a novel
type of immunogen was designed that targeted the conforma-
tion of a highly conserved region of influenza A virus hemagglu-
tinin (HA) composed of two separate sequences that associate to
form an anti-parallel f3-sheet structure. Qur previous study
identified this f-sheet region as the structural core in the
epitope of a characteristic antibody (B-1) that strongly neutral-
izes a wide variety of strains within the H3N2 serotype, and
therefore this B-sheet region was considered a good target to
induce broadly reactive immunity against the influenza A virus.
To design the immunogen, residues derived from the B-1
epitope were introduced directly onto a part of enhanced green
fluorescent protein (EGFP), whose surface is mostly composed
of B-sheets. Through site-directed mutagenesis, several modi-
fied EGFPs with an epitope-mimicking structure embedded in
their surface were prepared. Two EGFP variants, differing from
wild-type (parental) EGFP by only five and nine residues,
induced mice to produce antibodies that specifically bind to
H3-type HA and neutralize H3N2 virus. Moreover, three of five
mice immunized with each of these EGFP variants followed by a
booster with equivalent mCherry variants acquired anti-viral
immunity against challenge with H3N2 virus at a lethal dosage.
In contrast to conventional methods, such as split HA vaccine,
preparation of this type of immunogen requires less time and is
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gram (Frontier Biomedical Science Underlying Organelle Network Biol-
ogy), Ministry of Education, Culture, Sports, Science, and Technology,
Japan. This work was also supported by Mitsubishi Tanabe Pharma Corp.,
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therefore expected to be quickly responsive to newly emerged
influenza viral strains.

Humankind has encountered a number of influenza pan-
demics. In addition, frequently emerging minor mutations of a
vaccine target may also interrupt our efforts to prevent influ-
enza. Generally, influenza vaccine manufacturing takes months
(1), approximately half a year for egg-grown virus and at least 2
months for cell culture-grown virus. Such latencies may cause
severe problems, especially in pandemics. For example, in the
case of the most recent swine-origin pandemic influenza A in
2009 (H1N1pdm) (2), serious concerns arose in countries in the
southern hemisphere, such as Australia, because the outbreak
occurred immediately before the influenza season (3). To over-
come such limitations of conventional vaccination methods,
there is a need to develop new methods that can be instantly
updateable to newly emerged viral strains and/or induce viral
neutralization antibodies that target highly conserved regions.

In a previous study, we succeeded in isolating several clones
of human-type monoclonal antibodies produced by hybridoma
established from peripheral blood mononuclear cells of influ-
enza-vaccinated volunteers (4). Among them, one notable anti-
body clone, named B-1, demonstrated high neutralization titers
against a wide variety of influenza A viral strains belonging to
the H3N2 serotype, including strains isolated more than 40
years ago. Through an epitope-mapping study using synthetic
oligopeptides, B-1 antibody was shown to recognize a region of
hemagglutinin (HA) protein composed of two separate
sequences spanning residues 167-187 and 225-241 (supple-
mental Fig. S1). According to the known crystal structure of
HA, these two subregions appear to associate with each other
through an anti-parallel B-sheet structure to form one epitope
region located beneath the receptor-binding site (supplemental
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Fig. S1). Phylogenic analysis indicated that these sequences and
their corresponding sequences in other HA serotypes, includ-
ing HIN1pdm, are highly conserved in a serotype-dependent
manner, suggesting that their broad neutralizing properties
have arisen from this high conservation (5). Particularly, the
B-sheet portion composed of two sequences spanning residues
175-184 and 229238 (called the “upper” and “lower” subre-
gions, respectively) appears to be highly conserved; DKLYI-
WGVHH occupies 97.8% of the upper subregion, and RISI-
YWTIVK occupies 94.5% of the lower subregion among 12,879
HA sequences of H3N2 strains isolated from human within the
past 43 years.

A similar broadly neutralizing antibody clone, named D-1,
has also been established from another donor’s peripheral
blood mononuclear cells and, interestingly, recognizes a region
almost identical to that of B-1 (4). Currently, vaccinations with
synthetic oligopeptide(s) corresponding to highly conserved
epitopes are widely applied to produce antibodies that protect
against a broad range of viral strains (6, 7). Because B-1 and D-1
were the strongest and the broadest neutralizing antibodies
among those isolated from the peripheral blood mononuclear
cell population of each vaccinee, the B-1 (D-1) epitope, which
has not to our knowledge been previously mapped, was thought
to be an attractive candidate target for peptide-based vaccines.
Thus, we tested the ability of synthetic oligopeptides corre-
sponding to the epitope sequences to induce the production of
neutralizing antibodies against influenza virus. When periph-
eral blood mononuclear cells from human vaccinees were stim-
ulated by the oligopeptide(s) ex vivo, we observed production of
antibodies with viral neutralizing activity,” indicating that oli-
gopeptide stimulation may be effective for individuals that
already have certain memories. However, our attempt to
immunize naive animals with the synthetic oligopeptide(s) to
induce production of virus-neutralizing antibodies appeared
less successful,® probably because the antigenicity for primary
immunity was highly dependent on the conformation of the
epitope. In addition, according to previously determined crystal
structure models, this epitope region appears mostly buried
within the stable HA trimer (supplemental Fig. S1), and there-
fore immunization with intact HA would not be so effective to
target this region, although B-1 and D-1 were probably raised
against HA in vaccines.

In this study, to induce antibodies specifically recognizing
this region, we designed immunogens using a novel strategy
focusing on secondary structure. The basic strategy was to build
an epitope-mimicking structure directly on the surface of an
epitope carrier protein that originally exposes anti-parallel
B-sheet structure. The model carrier proteins we selected here
are two fluorescent proteins: enhanced green fluorescent pro-
tein (EGFP)* and mCherry (8). Despite the rather low overall
similarity between their sequences, their overall structures are

2 R. Kubota-Koketsu and K. lkuta, unpublished data.

35, Ideno, K. Sakai, M. Yunoki, R. Kubota-Koketsuy, Y. Inoue, S. Nakamura, T.
Yasunaga, and K. lkuta, submitted for publication.

4 The abbreviations used are: EGFP, enhanced green fluorescent protein; FCA,
Freund’s complete adjuvant; FRNT, focus reduction neutralization test;
proK, proteinase K; RDE, receptor-destroying enzyme; MEM, minimum
essential medium.
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quite similar, with 11 B-strands on the surface surrounding the
fluorophore to form a barrel-like structure. Utilizing this scaf-
fold, the epitope-derived residues were introduced directly
onto the surface of EGFP and mCherry by site-directed
mutagenesis. We prepared four variants for each carrier pro-
tein. By using these as immunogens, we tested the induction of
anti-HA antibody production and the acquisition of anti-influ-
enza immunity. Using monoclonal antibodies isolated from
mice immunized with the modified EGFPs, we also evaluated
their viral neutralization activities.

EXPERIMENTAL PROCEDURES

Reagents—As a positive control for immunization, a seasonal
influenza vaccine, Biken HA (Research Foundation for Micro-
bial Diseases of Osaka University, Kanonji, Japan), containing a
mixture of HA-enriched extracts from A/Brisbane/59/2007
(HIN1), A/Uruguay/716/2007 (H3N2), and B/Brisbane/60/
2008 strains, was used at 100 ul/body. As an ELISA antigen to
test anti-HA reactivity, HA-enriched split vaccine prepared
from A/Hiroshima/52/2005 (H3N2) virus was used. As a probe
for cell infection by influenza A virus, anti-influenza-A NP anti-
body C43 (Abcam) was used (9).

Design of Variant EGFPs—The B-strands of EGFP to which
HA-derived residues were introduced were determined mainly
through the evaluation of the structural similarity between
a-carbons (Ce) from HA and EGFP in their crystal structure
(Protein Data Bank accession numbers 2VIU and 1EMA,
respectively), which was estimated by the root mean square
value calculated using PyMOL software (DeLano Scientific).

Mutagenesis—The oligonucleotides used for mutagenesis
are summarized in supplemental Table S1. All PCRs were per-
formed with KOD Plus DNA polymerase (Toyobo). The ORFs
of pEGFP-N and pmCherry-N (Clontech) were previously sub-
cloned onto pET-28a(+) plasmid vector (Merck Millipore) to
produce pET-EGFP and pET-mCherry, respectively. Using
each plasmid as a template, fragments containing the sequences
corresponding to N-terminal and C-terminal halves of EGFP or
mCherry were amplified by PCR with primer pairs P1/P2 and
P3/P4, respectively. In the course of this PCR step, mutations
were introduced by primers P2 and P3. These two fragments
were combined by PCR with the P1/P4 primer pair. The combined
fragment was subcloned onto the pET28a vector (Novagen) using
Ndel and EcoRI restriction sites. UL1 variants were produced by
introducing L1 mutations into the U1 varjants.

Protein Expression—kEscherichia coli Rosetta (DE3) pLysS
(EMD Millipore) cells were transformed by each plasmid pre-
pared as described above. Transformed cells were cultured in
LB (plus kanamycin) medium at 37 °C. When the optical den-
sity at 600 nm reached 0.5, protein expression was induced by
the addition of 0.2 mm isopropyl-1-thio-B-p-galactopyrano-
side. Importantly, the culturing temperature should be changed
to 18 °C immediately after the isopropyl-1-thio-B-p-galactopy-
ranoside addition because the maturation of several variants of
EGFP or mCherry was found to be inefficient with standard
culture at 37 °C. Cell culture was continued overnight. If EGFP
or mCherry and their variants were expressed successfully, the
collected cell pellet would already appear green or purple-red in
color, respectively.
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Anti-influenza Immunity by GFP Carrying HA-derived Structure

Protein Purification—After the protein expression, collected
E. coli cells suspended in PBS containing 0.1 mg/ml lysozyme
(Seikagaku Corp.) and 1 mMm phenylmethylsulfonyl fluoride
(Sigma) were incubated for 30 min on ice and lysed by sonica-
tion. After removal of the insoluble fraction by centrifugation,
the cell extract was applied onto a nickel-Sepharose Fast Flow
(GE Healthcare) column equilibrated with PBS containing 5
mM imidazole. After washing the column with PBS containing
40 mm imidazole, bound protein was eluted by PBS containing
300 mM imidazole. Colored fractions were dialyzed against 20
mu Tris-HCl (pH 8.0) and applied onto a Q Sepharose (GE
Healthcare) column equilibrated with 20 mm Tris-HCI (pH
8.0). After washing the column, bound protein was eluted by a
0-200 mm NaCl gradient.

The purity of each fraction was checked with Coomassie Bril-
liant Blue staining after SDS-PAGE. The EGFP- and mCherry-
enriched fractions were collected and dialyzed against PBS. If
necessary, protein was concentrated by Centriprep 10k (Milli-
pore). In SDS-PAGE, every variant protein was found to retain
its fluorescence in the gel but had a unique mobility when boil-
ing was omitted prior to sample injection (Fig. 1C), whereas
almost equal mobility was observed when samples were boiled
in SDS (Fig. 2C, without proteinase K treatment). Protein con-
centration was quantified by the Pierce 660-nm protein assay
(Thermo Scientific). In SDS-PAGE of mCherry or its variants
purified as described above and boiled in SDS, some extra bands
appeared below the full-length protein, whereas very little addi-
tional banding appeared in the non-boiled condition. This
observation indicates that these samples contain some
degraded fragments that cannot be fully separated by column
under native conditions because they have been integrated to
form the mature mCherry structure.

Circular Dichroism (CD)—Purified wild-type (parental)
EGFP and its UL1 and UL2 varjants were adjusted to 100 um in
20 mm Tris-HCl (pH 8.0). Far-UV CD spectra were measured in
a 0.1-mm path length cell from 260 to 190 nm using a CD
spectrometer (model 202, Aviv Biomedical). All measurements
were performed at room temperature under a nitrogen flow.

Protease Resistance and Thermostability Tests—To test pro-
tease resistance, EGFP and its variants, each at a final concen-
tration of 100 nM, were incubated with the indicated concen-
tration of proteinase K (proK) for the indicated time at 37 °C.
After the incubation, fluorescence was measured with excita-
tion and emission wavelengths at 470 and 507 nm, respectively.
To test thermostability, each EGFP or its variant at a final con-
centration of 100 nM was incubated in the absence or presence
of 0.1% SDS for 5 min at the indicated temperature. Fluores-
cence was measured as described above. Denaturation temper-
ature (7 ;) was estimated by fitting the plot to a sigmoidal func-
tion, F=F__ /(1 + exp(p(T,;— T))), where Fis the fluorescence
after heat treatment at T'(°C), and F,,,,,, is the fluorescence with-
out heat treatment. T, indicates the temperature at which the
fluorescence F = 0.5 X F_ ..

Immunization—To prepare immunogens, each purified var-
iant of EGFP or mCherry was adjusted to the appropriate con-
centration in PBS and mixed with an equal volume of Freund’s
complete adjuvant (FCA) or Freund’s incomplete adjuvant
(Wako) into an emulsion. Emulsion can be formed efficiently by
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plunging back and forth in two 2.5-ml syringes linked with a
three-way stopcock. Immunogen prepared as described above
containing 7.5 mg/ml EGFP variant with FCA: was inoculated
intraperitoneally into female 6-week-old BALB/c mice at 200 ul
(1.5 mg)/body. After 3 weeks, booster immunization was per-
formed with the same immunogen. Mice immunized with sea-
sonal influenza vaccine at 100 pl/body were used as a positive
control group, and mice immunized with PBS/FCA emulsion
were used as a negative control group. After 3 weeks, blood was
collected from the tail, and serum was used for tests. Hybrido-
mas described below were prepared from mice immunized in
that manner. For virus challenge, immunogen containing 750
or 75 pg/ml EGFP variants was prepared as emulsion with FCA
and inoculated into female 5-week-old BALB/c mice at 200 ul
(150 or 15 ug)/body. After 2 weeks, antigens prepared with the
same concentration of equivalent mCherry variants and
Freund’s incomplete adjuvant were inoculated intraperitone-
ally at 200 pl/body as a booster. After a further 2 weeks, influ-
enza A/Guizhou/54/1989 X Puerto Rico/8/1934 (H3NZ2)
mouse-adapted reassortant virus was infected intranasally at
6 X 10? focus-forming units/g body weight.

ELISA—Fifty microliters of 2 ug/ml antigen solution were
adsorbed on the bottom of F96 Maxisorp Nunc-Immuno Plates
(Thermo Scientific) and incubated overnight at 4°C. After
blocking with PBS containing 25% (v/v) Blocking One (Nacalai
Tesque), the plate was reacted with serum or purified antibody
appropriately diluted in PBS containing 5% (v/v) Blocking One.
After five washes with PBS containing 0.02% Tween 20 (PBS-
T), the plate was reacted with HRP-conjugated secondary anti-
body ata 1:5,000 dilution. After five washes with PBS-T, 50 ul of
SureBlue TMB 1-component Microwell Peroxidase Substrate
(KPL) was added and incubated at room temperature. Color
development was stopped by the addition of 50 ul of 1 M H,SO,,
and optical density at 450 nm was measured.

Hybridoma Preparation—Mice that exhibited sera with a
high content of HA-reactive antibodies and high viral neutral-
ization titers were finally boosted by intraperitoneal inocula-
tion with the equivalent variant of mCherry without adjuvant at
0.2 mg/body. After 3 days, splenocytes were collected and fused
with mouse myeloma PAI cells by a standard polyethylene gly-
col fusion method. Fused cells were cultured on 5 X 96-well
plates at 100 ul/well. After forming colonies, culture superna-
tants were tested by ELISA against either HA vaccine prepared
from A/Hiroshima/52/2005 (H3N2) virus or EGFP. Cells con-
taining HA-reactive clones were diluted to 10-50 cells/ml and
mixed with fresh splenocytes from a naive mouse (~10° cells/
ml) and then cultured on a 96-well plate at 100 ul/well. Finally,
through a second screening by ELISA, HA-reactive clones were
stocked. To prepare antibodies produced by these clones, cul-
tured hybridomas were inoculated intraperitoneally into
female BALB/c mice previously stimulated with pristane
(Sigma) at 7 days prior to hybridoma inoculation. Antibodies
were purified by protein G columns from the ascites fluids
accumulated in hybridoma-inoculated mice.

In Vitro Viral Neutralization Assay—Viral neutralization by
antibodies was tested i# vitro by focus reduction neutralization
test (FRNT) (10). Sera collected from immunized animals were
treated with three volumes of receptor-destroying enzyme
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(RDE) (RDE(II) “SEIKEN,” Denka Seiken) for 16 h at 37 °C, and
the enzyme was inactivated by incubation for 30 min at 56 °C.In
the case of purified antibodies, this treatment was omitted.
After adjusting to the appropriate concentrations, the RDE-
treated sera or antibodies were mixed with an equal volume of
MEM containing 2,000 focus-forming units of either influenza
A/Hiroshima/52/2005 (H3N2), A/New Caledonia/20/1999
(HIN1), or A/duck/Czechoslovakia/1/1956 (H4N6) virus.
After incubation for 1 h at 37 °C, 100 ul of the complexes were
applied to 90% confluent Madin-Darby canine kidney cells in a
96-well plate. After incubation for 1 h at 37 °C, medium was
changed to MEM containing 10% FBS, and incubation was con-
tinued overnight. Infected cells were visualized by an immuno-
fluorescence assay as described below and counted. The
changes in number of infected cells were represented as per-
centages calculated as 100 X (N~ — N)/N_, where N is the
number of infected cells in the presence of antibody, and N~ is
the average number of infected cells in the absence of antibody.

When antibody treatment was performed after viral adsorp-
tion, Madin-Darby canine kidney cells were previously incu-
bated with virus in cold MEM without antibody for 1 h at 4 °C.
After the removal of supernatant, cells were incubated with
cold MEM containing the appropriate concentration of anti-
bodies for 30 min at 4 °C followed by further incubation for 30
min at 37 °C. After changing the medium to MEM (plus 10%
EBS), the assay was continued as described above.

Immunofluorescence Assay—Infected cells were treated with
4% (w/v) paraformaldehyde for 20 min and with 0.1% (v/v) Tri-
ton X-100 for 5 min at room temperature. Cells were then
treated with antibody appropriately diluted in PBS for 1 h. After
washing with PBS, cells were treated with secondary antibody
labeled with Alexa Fluor 488 at 1:5,000 dilution for 1 h. After
washing with PBS, cells were observed by fluorescence micros-
copy, and if necessary, cells with fluorescent focus were
counted.

RESULTS

Design and Preparation of Modified EGFPs and mCherries Car-
rying Epitope-like Structure on Their Molecular Surfaces—
The anti-parallel B-sheet region in HA focused on in the pres-
ent study is composed of two separate sequences: residues 175—
184 (upper) and 229 —238 (lower). EGFP variants were first con-
structed by introducing substitutions at several positions that
take part in its B-barrel scaffold. Corresponding to the side of
the B-sheet in the epitope, two types of variants were possible:
one type mimics the side facing the central axis of the HA
trimer, and the other mimics the side facing laterally (Fig. 1, A
and B). To design the former variant, named UL1, amino acids
at EGFP residue positions 94, 96, 98, 100, 102, 179, 181, (183),
185, and 187 were substituted to Lys, Tyr, Trp, Val, His, Arg,
Ser, (Tyr), Thr, and Val, respectively, which were originally
located at residue positions 176, 178, 180, 182, 184, 229, 231,
(233), 235, and 237 in HA1 of the major H3N2 strain. Upper
region-only and lower region-only versions, named Ul and L1
respectively, were also constructed. Likewise, the latter variant,
named UL2, was designed by introducing Asp-175, (Leu-177),
Ile-179, Gly-181, His-183, Ile-230, Ile-232, Trp-234, Ile-236,
and Lys-238 of HA1 onto EGFP at residue positions 177, (179),
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181, 183, 185, 163, 165, 167, 169, and 171 (Fig. 1, A and B).
Conformational similarity between the mutated region on
EGEFP and the corresponding region of the B-1 epitope was
evaluated as the root mean square between Ca atoms (Table
S$2). No calculated root mean square value exceeded 2 A. The
relevance of these conformational gaps is discussed collec-
tively with the results from immunization tests (see “Discus-
sion”). Each EGFP variant was expressed in E. coli and puri-
fied. Fluorescence of the expressed protein was used as a
helpful indicator of whether it has been folded successfully
or not because the fluorophore formation of fluorescent pro-
teins generally depends on folding accuracy of the entire
molecule, including the B-barrel (11). Several variants were
hardly expressed with the correct fluorescent conformations
under culture at 37 °C, but by culturing at a lower tempera-
ture, such as 18 °C, every variant was expressed successfully.
Every purified EGFP variant retained its fluorescence and
distinct mobility after SDS-PAGE under non-boiling condi-
tions (Fig. 1C). Equivalent variants of mCherry were pre-
pared similarly to the EGFP variants.

Although the overall B-barrel scaffold of fluorescent proteins
is nearly assured by their fluorescence (12, 13), we confirmed
the structural relevance of EGFP UL1 and UL2 variants using
far-UV CD spectra. Both variants demonstrated spectra similar
to that of wild-type EGFP, indicating practically no change in
secondary structure (supplemental Fig. 52).

Stability of EGFP Variants against Degradation and
Denaturation—GFP and its derivatives are known to demon-
strate high stability against protease digestion, detergent, and
heat treatment (12), which are favorable for application as a
scaffold for our immunogen carrier. We tested the protease
resistance and thermostability of EGFP variants used here.
Upon proK treatment, wild-type EGFP showed no significant
decrease in fluorescence for up to 2 days at 37 °C. This finding
indicates the maintenance of overall structure, because fluores-
cent proteins should generally lose their fluorescence by
destruction of the B-barrel structure, even after the formation
of their fluorophores (12, 13). Similarly, every variant used here
maintained its fluorescence under proK treatment (Fig. 2, A
and B). SDS-PAGE under non-boiling conditions revealed a
fluorescent band for every proK-treated variant positioned
slightly lower than that of variants with no proK treatment,
whereas only proteolytic fragments appeared as a ladder when
samples were boiled in SDS prior to electrophoresis (Fig. 2C).
Upon heat treatment for 1 min at 80 °C, wild-type EGFP dem-
onstrated no significant decrease in fluorescence (Fig. 2D). In
the presence of 0.1% SDS, wild-type EGFP showed a sigmoidal
decrease in fluorescence as temperature increased, with a dena-
turation temperature (T;) of 62 °C (Fig. 2E). Each variant EGFP
also demonstrated high thermostability comparable with wild-
type EGFP in the absence of detergent (Fig. 2D). In the presence
of 0.1% SDS, each variant EGFP demonstrated a distinct T,
value ranging from 58 to 76 °C (Fig. 2E). Similar to wild-type
EGEP (14, 15), every EGFP variant showed a decrease in fluo-
rescence at low pH. Wild-type and variants except UL2 showed
50% fluorescence at pH 6.0 (pH 6.4 for UL2) compared with the
fluorescence at pH 7.2, but the change in fluorescence was fully
reversible at values as low as pH 3.0 (data not shown). Collec-
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FIGURE 1. Modifications on EGFP and mCherry. A, schematic representation of EGFP and mCherry variants. B, left panels, monomeric HA structure (Protein
Data Bank accession number 2VIU) with residues introduced to EGFP or mCherry indicated by blue (upper region) and red (lower region). B, right panels, EGFP
carrying UL1 and UL2 mutations is illustrated by introducing modifications onto the EGFP structure (Protein Data Bank accession number 1EMA). The images
were created with PyMOL (DelLano Scientific) and WinCoot (23). G, acrylamide gels after SDS-PAGE of EGFP or mCherry variants under non-boiling conditions.

Images were taken under illumination on a 312-nm UV light box.

tively, we concluded that the EGFP variants used here were as
stable as wild-type EGFP under physiological conditions and
could be used equivalently for further examinations.

Reactivity and Viral Neutralization Activity of Sera from
Modified EGFP-immunized Mice against H3-type HA—To test
these EGFP variants as immunogens to induce production of
anti-HA antibodies, we inoculated mice intraperitoneally with
each variant as an emulsion with FCA. After a booster with the
same immunogens, we collected serum from each mouse and
tested the reactivity against either EGFP or HA by ELISA. As
expected, every serum sample from wild-type and variant
EGFP-immunized mice demonstrated major reactivity against
EGFP (data not shown). We found sera from several mice
immunized with EGFP U1 and UL1 variant that demonstrated
significant reactivity with H3-type HA in vaccine solution (Fig.
3A). We also tested the ix vitro viral neutralizing activity of each
serum. FRNT (10) with the antisera revealed viral neutralizing
activities almost parallel to immunoreactivities against HA (Fig.
3B). These results indicate that immunogenicity depends
mainly on the inner side of the upper region.

FEBRUARY 15,2013 -VOLUME 288-NUMBER 7

Recognition of Cells Infected with H3N2-type Influenza Virus
by Monoclonal Antibodies Raised against Modified EGFP—Of
the mice immunized with either EGFP U1 or UL1 variant, two
mice in each group whose sera showed positive reactivity with
HA were finally boosted with the equivalent variant con-
structed on the mCherry scaffold. Hybridomas were prepared
from their splenocytes. Culture supernatants of cell clones were
screened by ELISA against either HA vaccine or wild-type
EGFP. Although most clones demonstrated EGFP-specific
reactivity as expected, several clones demonstrated HA-specific
reactivity (Fig. 3C). HA-specific hybridoma clones were selec-
tively isolated, and the monoclonal antibody secreted from each
clone was purified. Reactivities of purified antibodies against
HA were confirmed by ELISA (Fig. 3D). Unexpectedly, in the
immunofluorescence assay, five of eight clones demonstrated
very weak reactivity against Madin-Darby canine kidney cells
infected with H3N2 virus (supplemental Fig. S3).

Viral Neutralization by Anti-variant-EGFP Monoclonal
Antibody—We tested the in vitro viral neutralizing activity
of the monoclonal antibodies isolated above against H3N2
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FIGURE 2. Protease resistance and thermostability of EGFP and its variants. A, EGFP and its variants (100 mm) were treated in the absence or presence of 1
mag/ml proK. After 48-h incubation at 37 °C, proteins were separated by SDS-PAGE with (bottom panel) or without (top two panels) boiling in sample buffer
containing SDS before electrophoresis. In unboiled samples, a fluorescence image was also taken before Coomassie Brilliant Blue (CBB) staining. B, fluorescence
of EGFP and its variants treated with or without proK as described in A was measured over time. C, EGFP and its variants were incubated with the indicated
concentration of proK for 48 h at 37 °C, and fluorescence was measured. D, EGFP and its variants (100 nm) were incubated for 5 min at the indicated temperature
in the presence (bottom) or absence (top) of 0.1% SDS, and fluorescence was measured. E, denaturation temperatures (T,)) calculated by fitting each denatur-

ation curve with a sigmoid function are summarized. Error bars, S.E.; ND, not determined.

virus by FRNT. In the antibody concentration range tested
here, one Ul-derived clone and four UL1-derived clones
demonstrated positive neutralizing activity. Notably, all
FRNT-positive clones except 1E12 were nearly negative in
the immunofluorescence assay, as described above (supple-
mental Fig. S3). Two FRNT-positive clones, 3H11 and 5E11,
were further tested after the adsorption of virus (supplemen-
tal Fig. 54). In our experimental conditions, as many as 60%
of virions would have already started to enter the cells during
incubation at 4 °C without antibody. When B-1 antibody was
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used as a positive control, ~40% of viruses at maximum were
protected to infect after the adsorption onto cells. We found
that both 3H11 and 5E11 also showed 40% protection at
maximum after the viral adsorption. This observation may
indicate that these antibodies recognize a state of HA after
adsorption, in which the conformation may be changed to
expose the epitope region (see “Discussion”). We also tested
the viral neutralization of 3H11 and 5E11 against non-H3
strains HIN1 and H4N6. H1-HA was categorized as group 1,
whereas H3-HA and H4-HA have been assigned to group 2

BEDE\

VOLUME 288-NUMBER 7-FEBRUARY 15,2013

€107 ‘g1 19quI00(] WO X LISUHAINA VIVSO 18 /810°0qf ssasas//:dny woxy papeofumo



Anti-influenza Inmunity by GFP Carrying HA-derived Structure

-
o
—
L

0D450 / HAvaccine >
o

1004 [
804

604

Focus reduction rate (%) UJ

. 40 °
°
8 8
054 204 °
e © °
® g °© 8§ 8
e o 3 & s B I
ool % ~ ~ & — o ————
PBS WT u1 L1 uL1 uL2 HA PBS WT U1 L1 U1 uL2
C , aut aUL1
0.8
0.3
o o 2 o7 °©
£ 5
3 3 06 o
®©
Y >
:: 0.24 Z 051
T T os] ©
=
S B 03l
©
= Qa
[m} 0.24
o) o ©
0.14 & o o° OO% ° °
0.0 T T 0.0 T T T T
0.0 05 1.0 0.0 05 1.0 1.5 20
0D450 / wt EGFP 0D450 / wt EGFP
304 -e- 1F8(U1) = 1004 - - 1F8(U1) @
- A= 309 (U1) ® - A~ 309 (U1) oz
Q 254 -m- 408(U1) © 804 -&- 06t Y
8 -0+ 1E12(UL1) © -0 1E12 (ULY) % .
@ 204 --o-361UL) o 60 -4 3GT(ULY ne L
:: -~ - 3H11 (ULT) ks] --0- 3H11 (UL1) g 7.
T ¥ oremiun B 40d --o-4BrLY i -
= <+ - SE11 (UL1) 3 - BE11(ULT) % ~""<1y .
O 054 . 2 3 % & sl
o T _E# o 04 @ ....... ‘é;x-."_ §
00] ®--s-miil - R 2\‘
20 A
1E<4  1E3 001 04 1 10 04 7 10 100
Antibody (ug/ml) Antibody (ug/mi)

FIGURE 3. Induction of anti-influenza neutralizing antibodies by modified EGFPs. A, sera from mice immunized with EGFP or its variants were diluted
400-fold and tested by ELISA against HA vaccine. A PBS-immunized group was used as a negative control. n = 5 each for PBS, wild-type (WT), U1, UL1,
and UL2; n = 3forL1.0D450, optical density at 450 nm. B, viral neutralization by serum samples from mice immunized with each immunogen was tested
by FRNT. An HA vaccine-immunized group (HA) was used as a positive control. RDE-treated serum was further diluted (ultimately 80-fold) and incubated
with an equal volume of influenza H3N2 virus solution at 2,000 focus-forming units/mi. This complex was applied to Madin-Darby canine kidney cells,
and infected cells were counted afterimmunofiuorescent staining with an anti-NP antibody. Neutralization titer was estimated by focus reduction rate.
C, culture supernatant of hybridomas prepared from splenocytes of two U1- or ULT-immunized mice whose serum demonstrated anti-HA reactivity
were screened by ELISA against HA vaccine and wild-type EGFP. D, HA-reactive antibodies from each screened hybridoma clone were tested with

ELISA against HA vaccine. E, using monoclonal antibodies raised against EGFP U1 and UL1 variants, viral neutralization was tested by FRNT. Error bars,

S.E.

(16, 17). Residues corresponding to those we introduced on
the UL1 variant are highly similar in H4-HA but not less
similar in H1-HA (nine and six of 10 residues conserved,
respectively). We found that neither 3H11 nor 5E11 demon-
strated significant neutralization activity against HIN1
infection. Unexpectedly, H4N6 also showed no significant
focus reduction by treatment with either 3H11 or 5E11.
Because the differing residue between H3-HA and H4-HA is
positioned in the upper region, this finding, together with
the result shown in Fig. 3B, may also reflect the significance
of the upper region in immunogenicity. Collectively, anti-
bodies raised against the EGFP ULl variant were able to
neutralize virus in a serotype-dependent manner.

FEBRUARY 15,2013 -VOLUME 288+NUMBER 7

Acquisition of Immunity against Influenza Virus by Immuni-
zation with EGFP/mCherry Variants—We finally tested
whether the mice inoculated with the designed immunogens
acquired immunity against the influenza virus. Mice were first
immunized with either 150 or 15 ug of wild type, U1, or UL1
variant of EGFP. Mice were boosted by equivalent variants of
mCherry. These mice were then infected intranasally with reas-
sortant mouse-adapted H3N2 virus. Approximately 6 days after
infection, four of five mice in the positive control group that was
immunized with seasonal influenza vaccine demonstrated
recovery of body weight, with one mouse dead. Similar survival
rates were observed in the EGFP/mCherry Ul- and UL1-in-
fected groups at high dosage (150 ug/body) (Fig. 44). The effect

JOURNAL OF BIOLOGICAL CHEMISTRY 4987

€107 ‘81 J0quI20a(] U0 X LISYHAINN VIIVSO 18 /510°00f mansy//:djiy wioyy papeojumo(



Anti-influenza Immunity by GFP Carrying HA-derived Structure

A 100 -
PEd Vaccine, U1(150), UL1(150)
80 1 b
1
G Vaccine | |
604 - — - I
% 5\?150 o T wiciso), wrgs),
5 i U1(15), UL1(15
@ 404 ===+ WT 15 g Lok, (15), uL1(1s)
X —--=-U1150 pg 1
204 =" U1 16 g o
........... UL1 150”9 l
———— ]
o UL115 g L PBS
0 7 14 21
DPI .
B 1101 vaccine 1104 pBs
1004 100
S 90 S 90|
= =
% 804 % 804
z 70 z 70
& F ™
o | )
@ 10 @ 103
0 . . . 04 , . .
0 7 14 21 0 7 14 21
DPI DPI
109 WT (15 ug) 1107 WT (150 pg)
100 1004
S &
= 90 I o0
s 80 3 80
2 80 ]
ES 2
3 70 & 704
O Q
RRTE T
0l . . . 04 . . .
0 7 14 21 0 7 14 21
DPI DPI
109 U1 (15 ug) 191 U1 (150 pg)
100 __ 100] o
S S N\
~ 90 ~ 904 2
z 2N
‘S 80 © 80
2 2
_§~ 70 .§~ 704
o 105: m 10?
04 . . , 0 , , ,
0 7 14 21 0 7 14 21
DPI DPI
104 UL1 (15 pg) 1104 UL1 (150 pg)
100+ 100
:\O\ 90 :’\? 90
z z
2 g0 D g
(53 (3]
H :
_§\ 704 _§, 4
@ 107 M 47
ol v . . R . . .
0 7 14 21 0 7 14 21
DPI DP{

FIGURE 4. Acquisition of anti-influenza immunity by modified EGFPs and mCherries. Mice were immunized with either EGFP orits U1 or UL1 variantat 15
and 150 pg/body. After boosting with the equivalent variant of mCherry, mice were intranasally infected with influenza A H3N2 mouse-adapted virus. Mice
immunized with seasonal vaccine were used as positive controls, and mice immunized with PBS mixed with adjuvant were used as negative controls. After
infection, survival rate (A) and change in body weight (B) were recorded daily for 3 weeks. DPJ, days postinfection.
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of immunization with high dose U1l or UL1 variant was more
apparent in recovery of body weight. In each group, one of five
mice began to recover from 7 days after infection. Although the
recovery rates were slower than those of the positive control
group, four and three mice in the high dose Ul- and UL1-in-
fected groups, respectively, recovered body weight, whereas
few signs of recovery were observed in either the PBS-immu-
nized group or wild-type EGFP/mCherry-immunized groups
within 3 weeks (Fig. 4B).

DISCUSSION

We have demonstrated a novel approach to induce immunity
specifically against conformational epitopes characterized by
B-sheet structure, proposing one form for the next generation
of influenza vaccines. Although fluorescent proteins, such as
those used here, may be unsuitable epitope carrier molecules
for practical uses, they were sufficient to evaluate the validity of
our strategy, and their fluorescence was quite helpful in con-
firming retention of the B-barrel structure in each variant,
which is the most important point in this study. A similar
approach can be found in recent investigations of amyloidosis,
in which the B-sheet conformation of the pathogenic polypep-
tide is characteristic to its toxicity; several modified GFPs in
which residues corresponding to the B-sheet region of the
altered form of amyloid- peptide were embedded in its surface
B-barrel have been shown to interfere with the formation of
toxic amyloid-B oligomer (18, 19). Conversely, our results sug-
gest that proteins designed to carry a mimic of the surface
structure of a toxic form of amyloid protein, such as amyloid-f3
or prion protein, may be used as vaccines against amyloidoses
like Alzheimer disease and prion disease.

EGFP UL1 variant differs from wild-type EGFP by only nine
residues. More strikingly, the Ul variant carrying just a five-
residue difference was able to induce the production of anti-HA
antibodies and anti-influenza immunity, although the isolated
antibodies demonstrated weaker reactivity against HA and
virus neutralization titers than those against the UL1 variant.
The structural gaps represented as average root mean square
values between the backbone Ca atoms of the mutated region
of EGFP variants and that of the corresponding region of HA
were ~1.4 A for Ul and 1.7 A for the UL1 variant. Our results
indicate that such degrees of structural gap are allowable to
induce primary immunity against a conformational epitope.

Because the target region focused on here seems mostly bur-
ied within the stable trimeric HA complex corresponding to the
previously determined crystal structure models, questions
remain concerning how it could induce antibodies, such as B-1,
and how some antibodies raised against modified EGFPs, in
which an epitope mimicking the structure of this region is
embedded in the surface, could actually neutralize live virions.
Using fluorescent cross-correlation spectroscopy, which
enables the detection of interactions between elements by
measuring the synchronism of fluorescent fluctuations (20, 21),
we confirmed the H3-type-specific interaction between virion
and B-1 antibody in a freely diffused state.” Antibodies againsta
nonapeptide derived from H3-HA spanning residues 98 -106

5Y. Inoue, F. Fujii, and K. Ikuta, unpublished data.
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(YPYDVPDYA), currently widely used as an epitope tag,
namely the “HA tag,” are known to react with intact trimeric
HA despite the sequence also being located in a less accessible
region in the crystal structure of HA trimer (14). One possible
model for this phenomenon is the existence of a certain confor-
mational mode of HA that exposes the inner side of the globular
head domain, whereby B-1 (or a similar antibody) attacks such
HA variants harbored on the viral surface, although they may be
non-functional proteins produced by occasional misfolding. An
alternative model is that the antibodies recognize HAs in a cer-
tain conformational state as they emerge at a stage of the viral
life cycle during which the B-sheet (upper/lower) regions are
exposed. Recall that the FRNT-positive antibody clones iso-
lated here demonstrated nearly negative results against H3N2-
infected cells in the immunofluorescence assay. This finding
may indicate that these antibodies attack HA in a limited con-
formation. Our observation that 3H11 and 5E11 antibodies
demonstrated viral neutralization even after viral adsorption
onto the cell surface also supports this model (supplemental
Fig. S4).

In this study, we could not obtain any antibodies with neu-
tralization titers as high as that of B-1 (supplemental Fig. $4). In
Western blotting analysis, B-1 demonstrated only weak reactiv-
ity against U1, L1, and UL1 variants (data not shown), probably
because the upper/lower-like structure presented on the sur-
face of EGFP does not cover enough of the B-1 epitope.
Although this type of immunogen may not be sufficient to
induce the production of strong neutralizing antibodies like
B-1, it has the advantage of rapid production. Especially in the
case of outbreak of a newly emerged viral strain that is resistant
to seasonal vaccines available at the time, vaccines that can be
produced instantly should be more helpful than conventional
vaccines that require several months to be supplied (1). Recom-
binant immunogens produced according to the strategy pro-
posed here require less effort for strain selection because they
target a highly conserved region. Even in the case of an emer-
gence of strains carrying mutations at the target region,
updated immunogens can be produced quickly through a
simple redesign and expression in an appropriate system.
One of the most concerning current threats is the possible
adaptation of highly pathogenic avian influenza A H5N1
virus into humans to cause serious pandemics (22). We have
already confirmed that EGFP variants corresponding to res-
idues from H5-HA as well as H1-HA can be prepared suc-
cessfully. After steps of improvement, we expect this type of
designed immunogen to be a highly valuable backup strategy
for forthcoming pandemics.
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