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Table 3 Differences in the prevalence of allergic diseases by sex (comparison between 1996 and 2006)

1996 P value P valuet 2008 P value P valuet
Male Female (univariate) (multivariate) Male Female (univariate) (multivariate)
(n = 8,043) (n = 8,036) (n=6,712) (n = 6,482)
BA 504 ( 6.3%) 320 ( 4.0%) < 0.0001 < 0.0001 401 ( 6.0%) 260 ( 4.0%) < 0.0001 < 0.0001
AD 304 ( 3.8%) 377 ( 4.7%) 0.004 < 0.0001 369 { 5.5%) 364 ( 5.6%) 0.767 0.24
AR 1875 (23.3%) 1390 (17.3%) < 0.0001 <0.0001 2028 (30.2%) 1567 (24.2%) < 0.0001 < 0.0001
AC 1064 (13.2%) 1087 (13.5%) 0.562 <0.0001 1688 (25.1%) 1633 (25.2%) 0.961 0.001

T adjusted for age, birth order, family history of allergy and presense of other allergic diseases.
BA, bronchial asthma; AD, atopic dermatitis; AR, allergic rhinitis; AC, allergic conjuncitivitis.

CHANGE IN THE SEX DIFFERENCE IN THE
PREVALENCE OF ALLERGIC DISEASES

In accordance with previous reports,23 a significant
matle predominance in the prevalence of BA and AR
in both 1996 and 2006 was found (Table 3). Interest-
ingly, however, the female predominance in the
prevalence of AD observed in 1996, disappeared, and
no sex differences were observed in 2006. This indi-
cates the increased prevalence of AD particularly
among boys during the 10-year period (Table 3).

DISCUSSION

In this study, we set out to determine the changes in
the recent trends seen in the childhood allergy epi-
demic in Japan. Using the same questionnaire and
targeting the same population of schoolchildren in
the corresponding area, we found that the prevalence
of BA had reached a plateau, while that of AD, AR,
and AC increased from 1996 to 2006. The results are
in line with the Japanese data reported as part of the
ISAAC survey of worldwide trends in the prevalence
of allergic diseases,*24 in which the prevalence of BA
plateaued or decreased, while that of AR and ARC in-
creased in the last 8 years. The data were further ex-
amined by evaluating the changes in severity, past
history, and sex ratio for each disease.

No significant changes in BA prevalence have been
found during the past 10 years. Moreover, there was
a statistically significant reduction in the distribution
of severe cases. There was no change in the sex ratio,
with a higher prevalence in boys than in girls. Mean-
while, those with a past history of BA increased, and
lifetime prevalence increased significantly. Given that
a past history was defined as the existence of BA
symptoms beyond the 2 most recent years, these re-
sults may indicate that the BA symptoms were better
controlled during the 10-year period, probably due to
improved long-term management plans and their
spread among general practitioners. However, it is
still uncertain whether those with a past history were
actually cured or their symptoms had ceased due to
medication, such as inhaled corticosteroids and/or
leukotriene receptor antagonists. In fact, in children
at high risk for asthma, 2 years of inhaled corticoster-
oid therapy showed no effect on the development of
asthma symptoms during the following treatment
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free year.25 This issue cannot be evaluated in the pre-
sent study because the questionnaire did not ques-
tion the use of such antiasthmatic medications.

Both the prevalence and severity of AD increased
significantly over the decade, which may reflect the
chronic nature of the disease and no notable improve-
ment in treatment strategies, despite progress in un-
derstanding the disease’s basic mechanisms.?6 A
deeprooted tendency to avoid steroid ointments
among Japanese due to excessive concern about side
effects, may exaggerate the rising trend in AD. More
effort in educating patients and caregivers with accu-
rate knowledge about the disease and its treatment
are necessary. It should be noted that the prevalence
increased more in boys than in girls in the past 10
years, resulting in the disappearance of the female
predominance seen in 1996. The same trend has
been observed in 13- to 14-year-old children in Eng-
land from 1996 to 2002.6 Although the reason for this
is not clear, one might speculate that boys are less
conscious of their appearance and less adherent to
skin care and treatment, which makes them more
susceptible than girls to the environmental influences
that increase AD symptoms.

Dramatic increases in the prevalence and severity
of both AR and AC were also found. In particular, the
prevalence of AC almost doubled, from 13.3% to 25.2%
over the 10-year period, while the number with a past
history of AC dropped, which indicates that AC-like
“itchy eye” symptoms became more persistent. Strik-
ingly, the prevalence of sJCP, defined as the presence
of both AR and AC symptoms plus aggravation dur-
ing the spring cedar pollen season, increased by 2.6
times, from 3.1% to 8.0%. The data suggests that part
of the reason for the increase in AR and AC is the in-
crease in JCP, formerly regarded as an adult disease,
among children. The increase in JCP prevalence can-
not be explained by the increase in the amount of pol-
len because the average amount of JC pollen was
greater between 1994 and 1996 (3,330/cm?/yr) than
between 2004 and 2006 (1,617/cm?2/yr) (data pro-
vided by the Kyoto Prefectural Pollen Information
Center). The increase in JCP has become a serious
social problem in Japan, and an increase in pediatric
patients has also been noted in other reports.2? On
the other hand, the data should be carefully inter-
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preted since JCP was not strictly defined in our ques-
tionnaire and overdiagnosis due to parents’ increased
awareness is possible, as those with both AR and AC
who experienced aggravated symptoms during the
spring season were regarded as having “suspected”
JCP. In addition, not only Japanese cedar but also
Japanese cypress and sweet vernal grass are the ma-
jor causes for pollinosis in the spring season in Japan.
These issues urgently require more elucidation.

Our findings should be interpreted within the in-
herent limitations. That is, we used self-reported
questionnaires to measure the prevalence of allergic
diseases. Although previously attested questionnaires
were used, some misclassification would be inevita-
ble. However, such misclassification would result in
both overestimation and underestimation. Therefore,
we can conclude that the prevalence is still valid
based on the large sample size.

In conclusion, although the prevalence of BA ap-
pears to have reached a plateau and its severity has
improved, both the prevalence and the severity have
increased for other allergic diseases, including AD,
AR, and AC, from 1996 to 2006 in Kyoto, Japan, with
the cumulative prevalence of BA still increasing.
Overall, the results indicate there is still a rising
trend in allergic diseases in Japanese schoolchildren.
Based on the present results, more attention should
be paid to skin and nasoocular symptoms which are
increasing and becoming more aggravated. In order
to develop better management and prevention strate-
gies, it is also important to constantly monitor the
changing trends in the prevalence of these diseases
and to evaluate possible factors responsible for
changes, such as alterations in lifestyle, environ-
mental factors, and general awareness and manage-
ment of symptoms.
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T cell activation

To investigate the events leading to the depletion of CD4™" T lymphocytes during long-term infection of human
immunodeficiency virus type 1 (HIV-1), we infected human CD34™" cells-transplanted NOD/SCID/IL-2Ry™"
mice with CXCR4-tropic and CCR5-tropic HIV-1. CXCR4-tropic HIV-1-infected mice were quickly depleted of
CD4* thymocytes and both CD45RA™ naive and CD45RA™ memory CD4™ T lymphocytes, while CCR5-tropic
HIV-1-infected mice were preferentially depleted of CD45RA™ memory CD4™ T lymphocytes. Staining of HIV-1
p24 antigen revealed that CCR5-tropic HIV-1 preferentiaily infected effector memory T lymphocytes (Tgy)
rather than central memory T lymphocytes. In addition, the majority of p24™* cells in CCR5-tropic HIV-1-infected
mice were activated and in cycling phase. Taken together, our findings indicate that productive infection mainly
takes place in the activated Tgy in cycling phase and further suggest that the predominant infection in Tgy
would lead to the depletion of memory CD4* T lymphocytes in CCR5-tropic HIV-1-infected mice.

© 2009 Elsevier Inc. All rights reserved.

Introduction

While it is evident that human immunodeficiency virus type 1
(HIV-1) causes acquired immunodeficiency syndrome (AIDS) in
humans, the mechanism by which HIV-1 accomplishes this remains
unclear. The gradual loss of peripheral blood (PB) CD4* T lymphocytes
during the asymptomatic phase of HIV-1 infection is one of the best
prognostic predictors for the onset of AIDS (O'Brien et al., 1996), and
CD4* T lymphocyte depletion is thought to be a serious pathological
change in AIDS (McCune, 2001).

To define the mechanisms behind CD4* T lymphocyte depletion, a
large number of studies have been conducted in humans, primates,
and humanized mice by using HIV-1, simian immunodeficiency virus
(SIV), and SIV/HIV-1 chimeric virus (SHIV) (Centlivre et al., 2007,
Koyanagi et al.,, 2008; McCune, 2001). One of the important findings
from previous studies was the dependence of pathogenesis on the co-
receptor preference, CXCR4, and/or CCRS (Berkowitz et al,, 1998;
Moore et al, 2004). CXCR4-tropic (X4) SHIV caused rapid and
complete depletion of all subsets of CD4" T lymphocytes in rhesus
macaques, which led to death from immunodeficiency (Nishimura et

* Corresponding author. Fax: +81 75 751 4812,
E-mail address: ykoyanag@virus.kyoto-u.acjp (Y. Koyanagi).
! These authors contributed equally to this study.

0042-6822/5 - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2009.08.011

al., 2004). On the other hand, CCR5-tropic (R5) HIV-1 is the dominant
type of HIV-1 found in patients, and clinical manifestation of HIV-1
infection resembles CCRS5-tropic SIV infection (Berger, Murphy, and
Farber, 1999). In both HIV-1-infected patients and SIV-infected rhesus
macaques, the drastic onset of immunodeficiency is rare (Ambrose et
al,, 2007; McCune, 2001), and CD4™ T lymphocytes in PB slowly
decrease in number, eventually leading to immunodeficiency.

X4 virus uses CXCR4 as the co-receptor and R5 virus uses CCR5 as
the co-receptor for viral infection into target cells (Berger, Murphy,
and Farber, 1999; Lusso, 2006). CXCR4 is expressed on naive T
lymphocytes and thymocytes, thus X4 HIV-1 can infect naive T
lymphocytes and thymocytes (Pedroza-Martins et al,, 1998). It is well
known that faster depletion of immature thymocytes and T
lymphocytes is observed after the appearance of X4 HIV-1 (Berkowitz
et al., 1998; Pedroza-Martins et al., 1998; Schnittman et al.,, 1990). On
the contrary, CCR5 is primarily expressed on CD4 7 effector memory T
lymphocytes (Tgym) and macrophages but not on naive and central
memory CD4* T lymphocytes (Tey) (Sallusto, Geginat, and Lanza-
vecchia, 2004). Therefore, the selective infection of Ty, is thought to
leave naive T lymphocytes and Ty intact. Depletion of Tgy by R5 virus
has been studied in SIV-infected rhesus macaques (Brenchley et al,,
2004; Li et al, 2005). In 14-28 days following infection, the
population of extra-lymphoid CCR5* Tgy was depleted up to 90%
(Centlivre et al., 2007; Mattapallil et al., 2005; Okoye et al., 2007). At
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the same time, an obvious reduction in CD4" T lymphocytes was not
found in the PB. In an attempt to compensate for the loss of CCR5*
Tem, CCR5™ Tew was persistently activated and divided in order to
prevent the collapse of the Tgy compartment (Brenchley, Price, and
Douek, 2006). However, CCR5™ Ty lose their regenerative capability
after prolonged period of proliferation, leading to decrease in both Tey
and Tey compartments (Brenchley, Price, and Douek, 2006). This
continuous shortage in CCR5™ Tgy and accompanying CCR5™ Tgy
exhaustion are thought to play an important role in the progression to
AIDS (Centlivre et al., 2007). Although the overloading of CD4*
memory T lymphocyte homeostasis serves a compelling model of
immunodeficiency in SIV infection, its relevance in HIV-1 infection is
still poorly defined. Therefore, it is necessary that memory T lym-
phocyte infection is studied in an experimental animal model recons-
tituted with competent human immune cells.

To investigate the dynamics of CD4" T lymphocyte depletion
following HIV-1 infection and the status of HIV-1-producing cells in
vivo, we infected human CD347 cells-transplanted newborn NOG
mice (NOG-hCD34 mice) with HIV-Tjg_cse (R5 HIV-1) or HIV-1y143

(X4 HIV-1). Our findings indicate that X4 HIV-1 infection can cause
the depletion of CD4™ thymocytes which results in the reduction in
both naive and memory T lymphocytes, while R5 HIV-1 infection can
selectively deplete memory CD4* T lymphocytes. Further analyses
indicate that R5 HIV-1 preferentially infects CCR7~ Tgy and that the
infected celis are predominantly activated and in an actively proli-
ferating state. These results suggest that preferential infection in the
activated Tey leads to selective depletion of memory CD4™" T lympho-
cytes in RS HIV-1-infected patients.

Results

Kinetics of PB CD4™ T lymphocyte depletion in R5 and X4 HIV-1-infected
mice

NOG-hCD34 mice were generated by human CD34* hematopoi-
etic stem cell transplantation-into neonatal NOG mice as described
previously (Baenziger et al,, 2006; Traggiai et al., 2004). A significant
level of human leukocytes was maintained in the whole PB of 13-44
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Fig. 1. Longitudinal analysis on plasma viral foad and CD4™ T lymphocytes in the PB of RS and X4 HIV-1-infected mice. NOG-hCD34 mice were intraperitoneally injected with 1x 10
TCIDsp of HIV-1jg.cs¢ (1 =7) or HIV-1y4.3 (1= 8) between 12 and 13 weeks olds. (A) The longitudinal analysis on the plasma viral load of HIV-1jg_cseinfected (left) and HIV-Tnps3-
infected (right) mice. (B-D) PB was routinely sampled and analyzed for CD45RA expression in CD4* T lymphocytes from mock-infected (1= 8), HIV-1jp cse-infected (n=7), and
HIV-1na.3-infected {(n = 8) mice, We assigned data into 7 periodic groups (data taken at 0, between 1-3, 4-6,7-9, 10-12, 13-15, and 16-18 wpi), and the average percentage and
standard deviation were calculated using data obtained from each mouse during each time period. The percentages of CD4* (B), CD45RA*CD4™ (C), and CD45RA™CD4Y (D) T
lymphocytes in the peripheral CD45* cells are shown, Error bars show standard deviations. Daggers represent statistical difference (P<0.05) when compared to the value at 0 wpi,
and asterisks represent statistical difference when compared to the value obtained from the mock-infected mice.
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week old mice (Supplemental Fig. 1A). Hematopoietic and lymphoid
organs such as thymus, bone marrow, spleen and lymph nodes were
highly repopulated with human mononuclear cells (Supplemental
Figs. 1B-E). The expression of CCR5 was mainly restricted within
the CD45RA™ memory subset in CD4* T lymphocytes, and CXCR4
was broadly expressed on both naive and memory T lymphocytes
(Fig. 4C and data not shown) as observed in humans (Ebert and
McColl, 2001).

NOG-hCD34 mice were inoculated with either an R5 HIV-1 (HIV-
1ir-csr) or an X4 HIV-1 (HIV-1y14.3) between 12 and 13 weeks old.
HIV-1 RNA was detected in the plasma of these mice as early as
3 weeks post-infection (wpi) and was maintained at high levels
(1x 10" to 10° copies per milliliter) until 28 wpi or until sacrificed
(Fig. 1A). PB of these mice was then analyzed for longitudinal
changes in CD4™* T lymphocytes by flow cytometry. In the PB of both
HIV-1jr.cse-infected and HIV-1y4-3-infected mice, depletion of human
CD4* T lymphocytes was consistently found (Fig. 1B). In HIV-Typ4.5-
infected mice, both CD4*CD45RA™ naive and CD4 " CD45RA™ memory
T lymphocytes were depleted, whereas in HIV-1jg_cse-infected mice,
CD4"CD45RA™ memory T lymphocytes were specifically depleted
(Figs. 1Cand D). These data indicate that the infection with HIV-1y14.4
caused faster and more severe depletion of both naive and memory
subsets of CD4™ T lymphocytes and the infection with HIV-1jp_csr
preferentially depleted memory CD4™ T lymphocytes.

Thymopathy in X4 HIV-1-infected mice

To investigate the effect of HIV-1 infection on the thymopoiesis in
NOG-hCD34 mice, the thymocytes from HIV-1-infected and mock-
infected mice were isolated and were analyzed with flow cytometry.
In mock-infected and HIV-1jg_csp-infected mice, CD4 and CD8 double
positive (DP) thymocytes were predominant (Fig. 2A). CD4 single
positive (SP) and CD8 SP thymocytes together made up a major
fraction of the thymocyte population, and double negative (DN)
thymocytes were only a minor fraction. In contrast, thymi from
HIV-1n14-3-infected mice were severely depleted of both (D4 SP
thymocytes and DP thymocytes (Figs. 2A-C). Furthermore, thymi
from HIV-1yp43-infected mice had greatly reduced number of all
subsets of thymocytes (Fig. 2D). CD4 SP and DP thymocytes showed
the greatest (approximately 100-fold) reduction, while CD8 SP
thymocytes showed relatively milder (approximately 10-fold) reduc-
tion (Fig. 2D). These data indicate that infection with HIV-1y4.3 led to
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disturbed thymopoiesis and that HIV-1jg_cs¢ infection did not affect
thymopoiesis.

Histological detection of p24-positive cells

HIV-1 p24-positive cells productively produce HIV-1 virions. Since
human CD45% mononuclear cells were very few or absent in HIV-
1nwa-3-infected mice when sacrificed, they were not further analyzed
(data not shown). As presented in Fig. 3, the immunohistological
staining showed the presence of HIV-1 p24-positive cells in all of the
bone marrow, spleen, and lymph nodes. HIV-1 p24 staining co-
localized with CD4 staining. Also, a larger percentage of cells seemed
to be productively infected with HIV-1 in the spleen and lymph nodes.

Depletion of splenic memory CD4™ T lymphocytes

We isolated mononuclear cells from the spleen of HIV-1p_cse-
infected and mock-infected mice and then analyzed them by flow
cytometry. As shown in Fig. 4A, the percentage of CD4™ T lymphocytes
in the spleen of HIV-1jrcsp mice was smaller than that of mock-
infected mice by 2.7-fold (P=0.003), showing that HIV-1jg csp-
infected mice had significantly fewer splenic CD4* T lymphocytes.
Moreover, the percentage of splenic CD47CD45RA™ memory T
lymphocytes in HIV-1jz cse-infected mice was smaller than that in
the mock-infected mice (P=0.007), whereas the percentages of
splenic CD4"CD45RA™ naive T lymphocytes were indifferent
(P=0.17) (Fig. 4B). In mock-infected mice, a significant fraction of
CD4*CD45RA™ T lymphocytes were CCR5™ memory T lymphocytes
(Fig. 4C). In contrast, in HIV-1jg_cse-infected mice, we found approx-
imately 20-fold reduction in the percentage (Fig. 4C) and 100-fold
reduction in the number of CD4*CD45RA~CCR5" memory T lympho-
cytes {data not shown). These results suggest that the CCR5-
expressing memory CD4* T lymphocytes are depleted by direct RS
HIV-1 infection and that such reduction of CCR5-expressing (D41 T
lymphocytes would lead to the decrease in whole memory CD4™ T
lymphocytes.

Preferential HIV-1 productive infection in CD4-negative effector memory
T lymphocytes

To characterize the immunophenotypes of HIV-1 productively
infected cells in NOG-hCD34 mice, splenic mononuclear cells from
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Fig. 2. Thymopathy in X4 HIV-1-infected mice. (A) Representative profile of flow cytometric analysis in thymi of mock-, HIV-Tjg.cs, and HIV-1y,4 3-infected mice. The numbers in
dot plots indicate the percentage of cells in CD45* thymocytes. (B and C) CD4/CD8 ratio (B) and the percentages of DP cells in CD45* thymocytes (C) in mock-infected (n=4), HiV-
1jr-csp-infected (n = 5), and HIV-1y.4 3-infected (n = 6) mice. (D) Number of CD45%, CD4 SP, CD8 SP, and DP cells in thymi of mock-infected (n = 4), HIV-1jg_cse-infected (n=6), and
HIV-1ni4.3-infected (n=8) mice. The horizontal bars in D show the average values, and the error bars in B and C show standard deviations. Asterisks indicate statistical significance
(P<0.05) when compared to mock-infected mice, and daggers indicate statistical significance when compared to HIV-1jg_cse-infected mice.
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Fig. 3. Histological analysis on R5 HIV-1-infected mice. Representative immunohistological analysis of CD4 (green) and HIV-1 p24 (red) in the slices of bone marrow, spleen, and
lymph nodes of HIV-1j_cse-infected NOG-hCD34 mice. The low magnification images of the bone marrow slices were taken at x 80, and the high magnification images were taken at
% 160. The low magnification images of the spleen and lymph nodes slices were taken at x40, and the high magnification images were taken at x 80. The areas enclosed with the
white squares were enlarged. The arrows point at representative CD4* cells and the arrowheads point at representative CD4% p24™ cells. Scale bars, 50 pm.

HIV-1jg.cs-infected mice were further analyzed for HIV-1 antigen
p24 and the expression of lymphocyte surface markers. The anti-p24
antibody that we used did not react with any of the cells isolated
from the mock-infected mice (Fig. 5A), as reported previously
(Okuma et al., 2008). A significant fraction of splenic leukocytes
expressed HIV-1 p24 and thus was productively infected with HIV-1
(Fig. 5A). The productively infected cells expressed surface CD3 but
lacked surface CD4 (Figs. 5B and C). On average, over 90% of the p24™
cells were CD3 ™, yet only about 5% of these cells expressed surface
CD4 (Fig. 5C). Also, p24-expressing cells were positive for CD45RO
but not for CD45RA, suggesting that they were memory T
lymphocytes (73.7+24.3% for CD45ROTCD45RA™ in p24™ cells;
Figs. 5D and E). Central memory T lymphocyte (Tcy) can be defined
as a memory T lymphocyte that expresses CCR7, and effector memory
T lymphocyte {Tgy) can be defined as a memory T lymphocyte that
lacks CCR7 (Sallusto, Geginat, and Lanzavecchia, 2004). In p24-
positive cells, 88.043.75% was negative for CCR7 (Figs. 5D and F),
suggesting that Tgy dominantly and productively infect with HIV-1,

Productive HIV-1 infection in activated and dividing lymphocytes

To investigate the activation status of the productively infected
cells, splenic mononuclear cells were stained with anti-p24, anti-Ki67,
and anti-CD69 antibodies. Ki67 antigen is exclusively expressed in
proliferating cells, and CD69 is expressed on the surface of the
activated cells at the early phase (Sereti et al, 2007; Vatakis et al.,
2007). In splenic CD4* T lymphocytes from mock-infected mice or
p24-negative splenocytes from HIV-1p_cse-infected mice, only a

minor fraction of the cells expressed either Ki67 or (D69 (Figs. 6A
and B). In contrast, the majority of p24-positive splenocytes from
HIV-1g_csp-infected mice expressed Ki67 and/or CD69 (Figs. 6A and
B). Also, the percentage of cells positive for both Ki67 and CDG9 were
higher in p24-positive cells than in p24-negative splenocytes from
HIV-1jg.csp-infected mice and in splenic CD4™* T lymphocytes from
mock-infected mice (Fig. 6B). These results indicate that a signifi-
cantly higher frequency of p24-positive cells is activated and/or
proliferating cells. Notably, although the frequency was significantly
low, we could detect Ki677CD69™ resting T lymphocytes in p24-
positive cells (Figs. 6A and B).

To further analyze the cell cycle of HIV-1 productively infected
cells (i.e., p24-positive cells), we carried out Hoechst staining, which
quantifies DNA content of the cells. Ki67 staining in combination
with the Hoechst staining will sort cells into those in Go/Gya Gib, and
S/G2/M phases of the cell cycle (Wilpshaar et al., 2000). As shown in
Fig. 6C, non-stimulated human peripheral blood leukocytes (PBLs)
predominantly exist in Go/Gqa phases (Ki67~Hoechst'®", lower left
in the quadrant), while PHA-activated human PBLs predominantly
exist in cycling Gyp phase (Ki67*Hoechst'®, upper left in the
quadrant) and S/G,/M phases (Ki67 " Hoechst"=", upper right in the
quadrant). By using this method, we observed that p24-positive cells
contained a significantly higher frequency of cells in the Gy, phase. In
addition, the percentage of p24-positive cells in S/G,/M phases was
significantly higher than CD4™ splenocytes from mock-infected mice
(Figs. 6D and E). These findings indicate that the majority of HIV-1-
producing cells in the spleen of R5 HIV-1-infected mice are activated
and in cycling phase. On the other hand, we detected the p24-
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positive splenocytes in Go/G,, phases, although the frequency was
significantly lower than p24-negative splenocytes or CD4™ spleno-
cytes from mock-infected mice (Figs. 6D and E). These data suggest
that a fraction of resting cells productively infects HIV-1. Moreover,
we detected the significantly higher percentage of cells in S/G,/M
phases in splenic p24-negative cells of HIV-1j.csp-infected mice
when comparing to that in splenic CD4* T lymphocytes of mock-
infected mice (Figs. 6D and E).
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Discussion

To investigate the mechanisms of CD4™ T lymphocyte depletion by
HIV-1 infection, we utilize human CD34" cells-transplanted NOG
mice (Ito et al, 2002) and demonstrate that human CD4™ T lympho-
cytes were differentially affected by X4 and R5 HIV-1 infection (Figs.
1-4). X4 virus induced immediate depletion of both naive and
memory CD4™ T lymphocytes in periphery, while R5 virus gradually
depleted memory CD4™" T lymphocytes in the PB (Fig. 1) and spleen
(Fig. 4). Our data suggest that distinctive pathogenesis of X4 and R5
viruses in NOG-hCD34 mice was caused by thymopathy (Fig. 2) and
preferential infection of activated and dividing Tey (Figs. 5 and 6),
respectively. This is the first report addressing the mechanisms and
dynamics of HIV-1-induced CD4" T lymphocyte depletion in vivo.

As previously shown in X4 SHIV-infected macaques (Ho et al,
2005; Nishimura et al., 2004), we observed the drastic loss of both
naive and memory T lymphocytes by X4 HIV-1-infected NOG-hCD34
mice (Fig. 1). We also found that CD4* thymocytes in NOG-hCD34
mice abundantly express CXCR4 (Fig. 2A) and that the CD4*
thymocytes including DP and CD4 SP were preferentially reduced in
HIV-1y4-3-infected mice (Fig. 2). It has been reported that intrathy-
mic infection by X4 HIV-1 can lead to severe T lymphocytopenia
(Berkowitz et al, 1998; Schnittman et al., 1990; Ye, Kirschner, and
Kourtis, 2004). Therefore, our results suggest that the primary me-
chanism for naive and memory T lymphocyte depletion in X4 virus
infection can be attributed to impaired thymopoiesis caused by
intrathymic infection.

In contrast to X4 HIV-1 infection, the depletion of PB CD4* T
lymphocytes was more gradual and less intense in R5 HIV-1 infection
and was confined to CD45RA™ memory CD4* T lymphocytes (Fig.
1D). The selective depletion of memory CD4* T lymphocytes by R5
infection was also found in the spleen (Fig. 4). On the other hand,
thymopathy was not detected in HIV-1jg_cse-infected mice (Fig. 2).
These findings suggest that the selective depletion of memory CD4* T
lymphocytes in PB and spleen of HIV-1z cse-infected mice caused
through a different mechanism from HIV-1yi4.3, and the mechanisms
are further discussed below.

To investigate the mechanisms of memory CD4" T lymphocyte
depletion in R5 HIV-1 infection in-depth, a series of flow cytometric
analyses was carried out. The majority of p24* productively infected
cells in the spleen were CD3* T lymphocytes (Figs. 5B and C).
However, these infected cells were negative for surface CD4 (Figs. 5B
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Fig. 5. Phenotype of productively infected p24* cells in the spleen of R5 HIV-1-infected mice, (A) Representative profiles of flow cytometric p24 staining in splenic nucleated cells
of mock-infected (n =4} and HIV-1jp cs-infected (n=6) mice. The numbers indicate the percentage of cells in splenic nucleated cells. (B and C) Staining of splenic nucleated cells
of HIV-1)p cg-infected mice for p24, CD3, and CD4. Representative profiles are shown in B, and the numbers in each quadrant indicate the percentage of cells in p24™ cells. The
percentages of each population in p24™ cells are shown in C. (D-F) Staining of splenic nucleated cells of HIV-1jg.cse-infected mice for p24, CD45RA, CD45R0, and CCR7.
Representative profiles are shown in D, and the numbers in each quadrant indicate the percentage of cells in p24™ celis (left) or in p24*CD45RA™CD45R0O™ cells (right). The
percentages of memory (CD45RA™CD45RO™) and naive (CD45RA™CD45R0O™) phenotyped cells in p24™ cells are shown in E. The percentages of Tey {CCR7~CD45RA~CD45R0™)

and Tey (CCR77CD45RACDA5RO™) in p24™ cells are shown in F. The error bars in C, E, and F show standard deviations. Asterisks indicate statistical significance (P<0.05)
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and (), although immunohistological analysis revealed that splenic
p24+ cells expressed CD4 molecules (Fig. 3). These results suggest
that surface CD4 molecules are severely down-regulated following
infection. In fact, it has been well documented that HIV-1 gene
products such as Nef (Fackler, Alcover, and Schwartz, 2007; Roeth and

Collins, 2006), Env (Crise, Buonocore, and Rose, 1990), and Vpu (Bour
and Strebel, 2003; Geleziunas, Bour, and Wainberg, 1994) have the
potential to down-regulate CD4 molecules from the surface of
infected cells (Lindwasser, Chaudhuri, and Bonifacino, 2007). Similar
down-regulation of surface CD4 has also been reported in lymph
nodes and PB of HIV-1-infected patients (Cheney et al., 2006; Kaiser et
al.,, 2007; Marodon et al,, 1999). Therefore, this down-regulation of
surface CD4 molecules in HIV-1z_csp-infected mice is physiologically
relevant and can play a role in the reduction of CD4™ T lymphocytes.

In HIV-1jz_csp-infected mice, more than 80% of the productively
infected cells were activated and in cycling phase (Fig. 6). It has been
well known that activated cells massively produce HIV-1 virions {Ho
et al,, 1995). Therefore, this result suggests that the persistent viremia
in RS infection (Fig. 1A} is primarily due to the productive infection in
the activated and proliferating cells. On the other hand, a fraction of
infected cells were quiescent T lymphocytes negative for both
activation and proliferation markers (Fig. 6). it is thought that HIV-1
cannot manifest productive infection in quiescent ceils (Stevenson
et al,, 1990; Zack et al., 1990). However, studies on ex vivo infected
human tonsil histocultures (Eckstein et al., 2001; Kinter et al., 2003),
small intestines and cervix of SIV-infected rhesus macaques (Li et al.,
2005; Zhang et al., 1999; Zhang et al, 2004), and HIV-1-infected
patients (Zhang et al., 1999) have established that quiescent T lym-
phocytes residing in the lymphoid tissues are capable of supporting
productive SIV or HIV-1 infection. Our results provide further support
that preductive infection of HIV-1 can take place in non-dividing cells,
presumably resting T lymphocytes, in NOG-hCD34 mice. Productive
infection not only in proliferative cells but also in quiescent cells may
be an important factor in CD4™ T lymphocyte depletion and persistent
virus infection.

The preferential infection of CD45RO+YCD45RA™ memory T
lymphocytes with R5 HIV-1 is also the evidence supportive for the
selective depletion of memory CD4* T lymphocytes (Figs. 5D and E).
Nevertheless, only 16.349.7% of splenic CD4* T lymphocytes
expressed CCR5 in NOG-hCD34 mice, and the severe depletion of
memory T lymphocytes in R5 HIV-1 infection cannot be explained by
cell death caused by infection solely. In this regard, it has been
reported that memory CD4™ T lymphocyte reduction in SIV-infected
macaques can be initiated by specific disruption of Tgy due to its
preferential infection in the acute phase (Centlivre et al, 2007;
Mattapallil et al,, 2005; Okoye et al., 2007). In response to the Tgy
reduction, Tey proliferates and supplies de novo Tgy (Sallusto,
Geginat, and Lanzavecchia, 2004). However, Brenchley et al. (2004)
and Okoye et al. (2007) have reported that R5 virus infection induces
chronic immune activation in macaques, which leads to the
attenuation of regenerative capacity of Tcy (Brenchley et al, 2004;
Okoye et al, 2007). In addition to the depletion of Tgy by direct
infection, the attenuation of regenerative potential of Tcy causes not
only the loss of Tey but also the shortage of Tgy and eventually leads
to the reduction of whole memory T lymphocytes {Brenchley et al.,
2004; Okoye et al., 2007). This hypothesis of the dynamics of CD4* T
lymphocyte depletion has been helpful for explaining the memory
CD4* T lymphocyte in effector sites of SIV-infected macaques. Our
observations in HIV-1jz.csr-infected mice, the severe depletion of
memory T lymphocytes despite the limited availability of CCRS5-
expressing CD4™" T lymphocytes and the preferential infection in Tgy,
can be explained by the aforementioned hypothesis proposed in the
previous literature (Brenchley et al, 2004; Okoye et al, 2007).
Notably, we found that the frequency of cells in S/G,/M phases
elevated in splenic p24-negative cells of HIV-1jr.cse-infected mice
when comparing to that in splenic CD4* T lymphocytes of mock-
infected mice (Figs. 6D and E). These data may explain that HIV-1
pathophysiology is caused by accelerated cells division, ultimately
leading to the exhaustion of CD4* T lymphocytes. Taken together, our
findings suggest that the selective infection of Tgy may be an
important event that governs CD4% T lymphocyte depletion not
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only in the effector sites of macaques during SIV infection but also in
lymphoid organs during HIV-1 infection.

In summary, we showed differential CD4* T lymphocyte reduction
in R5 and X4 HIV-1 infection. We report for the first time the selective
depletion of memory CD4" T lymphocytes and the preferential
infection of Ty in an experimental model of R5 HIV-1 infection. Our
data suggest that HIV-1 infection in Tgy can be an important step
leading to CD4™ T lymphocyte decline. Our findings confirm the
applicability of NOG-hCD34 mice as a useful model to study the
dynamics of HIV-1 pathogenesis including CD4" T lymphocytes
depletion in vivo.

Materials and methods
Mice

NOD/SCID/IL-2Ry™" (NOG) mice (Ito et al., 2002) were obtained
from the Central Institute for Experimental Animals (Kanagawa,
Japan). The mice were maintained under specific pathogen-free con-
ditions and were handled in accordance with the Regulation on
Animal Experimentation at Kyoto University.

Purification and transplantation of cord blood-derived CD34 cells

The purification of cord blood-derived CD34 cells was conducted
as described previously (Ishikawa et al,, 2005; Ito et al., 2002). Fresh
human cord blood was obtained with parent written informed
consent from healthy full-term newborns and CD34 MicroBead Kit
{(Miltenyi Biotec Inc, Auburn, CA) was used to isolate hCD34™ cells
according to the manufacturer's instructions, Cells were either stored
at —80 °C or immediately transplanted when newborn mice were
available. CD34™ cells (5-12 x 10%) were intrahepatically injected into
newborn mice of ages between 0 and 2 days after total radiation of
10 cGy per mouse in MBR-1520 x-ray irradiator (Hitachi Medico,
Tokyo, Japan).

Peripheral blood collection and isolation of nucleated cells from organs

PB was routinely taken from NOG-hCD34 mice under ether
anesthesia via retro-orbital venousplexus as described previously
(Ishikawa et al,, 2005). The red blood cells in the PB were lysed in
preparation for flow cytometric analysis in 1x BD lysis buffer (BD
Pharmingen, San Diego, CA). When the mice were sacrificed, PB was
taken by cardiac puncture, Lymph nodes, thymi, spleen, and bone
marrow were taken from HIV-1-infected and mock-infected mice
upon sacrifice for histological or flow cytometric analysis. Lymph
nodes and thymi were gently homogenized using a homogenizer
pestle and spleens were crushed and rubbed on a steal mesh with 1-
mm grids to generate single cell suspensions in RPMI 1640
supplemented with 4% fetal calf serum (FCS). To collect bone marrow,
thigh bones were dissected at both ends and the interior was flushed
with RPMI 1640 supplemented with 4% FCS. The cells were imme-
diately used for flow cytometric analysis or stored in Cell Banker (Juji
Field Inc., Tokyo, Japan) at —80 °C until use. As there are some
variations in the combination of antibodies used to study the human
cell population in each mouse, the number of data collected for each
surface marker may differ. Data used for any longitudinal analysis
were taken from identical mice.

Flow cytometric analysis of human blood cells in transplanted mice

The staining for flow cytometric analysis was done with some
modifications to the protocol previously described (Sato et al., 2008).
Briefly, for the surface staining, the cells were blocked with FcR
blocker (Miltenyi Biotec Inc) for 5 min at room temperature (RT)
and then incubated with the appropriate antibodies at optimum

concentration in 1x phosphate-buffered saline (PBS) containing
2% FCS for 30 min at 4 °C, Fluorescein isothiocyanate-conjugated
(FITC-conjugated) anti-human CD19 (HD37; Dako, Tokyo, Japan), CD8
(DK25; Dako), CD14 (TUK4; Miltenyi Biotec Inc), CD4 (L3T4; eBio-
science, San Diego, CA}), CD3 (UCHT1; BD Pharmingen, San Diego, CA),
CCR5 (3A9; BD Pharmingen), and CD303/BDCA2 (AC144; Miltenyi
Biotec Inc} mouse IgG monoclonal antibodies (mAb); phycoerythrin-
conjugated anti-human CD3 (UCHT1; Dako), CD4 (MT310; Dako),
CD34 (AC136; Miltenyi Biotec Inc), CD11c (B-ly6; BD Pharmingen),
CXCR4 (12G5; BD Pharmingen), CCR7 (FAB197; R&D systems,
Abingdon, UK), and CCR5 (3A9; BD Pharmingen) mouse IgG mAb;
biotinylated anti-human CD45 (H130; eBioscience), CD45RA (HI-100;
BD Pharmingen), CD8 (RPA-T8; BD Pharmingen), CD4 (RPA-T4; BD
Pharmingen), and mouse IgG mAb; peridinin-chlorophyli-conjugated
(PerCP-conjugated) anti-human CD69 (L78; BD Immunocytometry
Systems, San Jose, CA) mouse IgG mAb; PE-Cy5-conjugated anti-
human HLA-DR (G46-6; BD Pharmingen) mouse IgG mAb; allophy-
cocyamin-conjugated anti-human CD45R0 (UCHL1; BD Pharmingen)
and CD8 (DK25; Dako) mouse IgG mAb were used. Each antibody was
controlled with appropriate isotype antibodies purchased from Dako
and BD Pharmingen. Streptavidin-PerCP (SA-PerCP) was purchased
from BD Immunocytometry Systems. Following the incubation, the
cells were washed and further incubated with SA-PerCP for 30 min at
4 °C, if needed. For the intracellular staining, the cells were per-
meabilized and fixed by treatment with BD Cytoperm/Cytofix
solution (BD Pharmingen) and were stained with FITC-conjugated
anti-HIV-1 p24 (clone 2€2) (Okuma et al., 2008) and anti-human Ki67
(B56; BD Pharmingen) mouse IgG mAb for 30 min at 4°C in 1x BD
PermWash buffer (BD Pharmingen). For DNA staining to analyze cell
cycle, the cells were incubated with Hoechst33342 (Invitrogen,
Carlsbad, CA) for 30 min at 4 °C as described previously {Wilpshaar
et al,, 2000). Data collection was performed on BD FACSCan (BD
Biosciences) for 3-color staining, BD FACSCalibur (BD Biosciences) for
4-color staining, and BD FACSCanto (BD Biosciences) for cell cycle
analyses using Hoechst33342, and the obtained data were analyzed
with CellQuest software (BD Immunocytometry System, San Jose, CA).

HIV-1 infection

NOG mice were injected intraperitoneally with RPMI 1640 (n=38)
or 1x10° 50% tissue culture infective doses (TCIDsq) of HIV-Tjrecsr
(n=17) or HIV-1y14.3 (n=28) between 12 and 13 weeks of ages. The
viruses used were prepared by transfection as previously described
(Sato et al., 2008). Infectious titers in the form of TCIDsq of each virus
stock were determined by endpoint dilution with phytohemaggluti-
nin-activated PBMCs as described (Koyanagi et al.,, 1997).

Detection of HIV-1 RNA in the plasma of infected mice

The detection of HIV-1 RNA in the plasma of the infected mice
was routinely carried out using Amplicor HIV-1 monitor v1.5
according to the manufacturer's protocol (Roche Diagnostics, Man-
nheim, Germany).

Immunohistological analysis

Organs were fixed in 1x PBS containing 4% paraformalhyde and
embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan)
after immersion in 10%-20% gradient sucrose, The OCT embedded
organs were then sliced and were permeabilized with 0.1% Triton-X
at RT for 10 min, incubated three times with 10 mM glycine for 5 min
and blocked with 5% normal goat serum at RT for 1 hr. The sections
were then incubated with mouse anti-HIV-1 p24 (Kal-1; Dako) IgG
mAD at 4°C overnight, followed by incubation with Alexa Fiuor 488-
conjugated goat anti-mouse IgG (Invitrogen) at RT for 2 hr. The
sections were further incubated with biotinylated mouse anti-
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human €D4 IgG mAb (RFT-4g; Southern Biotech, Birmingham, AL} at
4°C overnight, followed by incubation with Streptavidin-Alexa Fluor
647 (Invitrogen) and Hoeschst33342 at RT for 2 hr. All the antibody
staining was performed in blocking solution. Images were acquired
with a Leica TCS SP2 AOBS confocal laser microscope (Leica
Microsystems, Heidelberg, Germany).

Statistical analysis

Data were expressed as an average with standard deviation.
Significant differences between data groups were determined by
Student's t test or paired ¢ test. A P value less than 0.05 was con-
sidered significantly different.
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Objective. Multipotent germline stem (mGS) cells derived from neonatal mouse testis, similar
to embryonic stem (ES) cells, differentiate into various types of somatic cells in vitre and
produce teratomas after inoculation inte mice. In the present work, we examined mGS cells
for hematopoietic progenitor potential in vitro and in vivo.

Materials and Methods. mGS cells were differentiated on OP9 stromal cells and induced into
FIk1* cells. FIkI* cells were sorted and replated on OP9 stromal cells with various cytokines
and emerging hematopoietic cells were analyzed for lineage marker expression by fluorescein-
activated cell sorting, progenitor activity by colony assay, and stem cell transplantation assay.

Results. mGS cells, like ES cells, produce hematopoietic progenitors, including both primitive
and definitive erythromyeloid, megakaryocyte, and B- and T-cell lineages via FIk1* progeni-
tors. When transplanted into the bone marrow (BM) of nonobese diabetic/severe combined
immunodeficient (NOD/SCID) yc™" mice directly, mGS-derived green fluorescent protein
(GFP)-positive cells were detected 4 months later in the BM and spleen. GFP* donor cells
were also identified in the Hoechst33342 side population, a feature of hematopoietic stem cells.
However, these mGS-derived hematopoietic cells did not proliferate in vivo, even after exposure
to hematopoietic stressors, such as 5-fluorouracil (SFU) injection or serial transplantation.

Conclusion. mGS cells produced multipotent hematopoietic progenitor cells with myeloid and
lymphoid lineage potential in vitro and localized in the BM after intra-BM injection but, like
ES cells, failed to expand or show stem cell repopulating ability in vive. © 2009 ISEH -
Society for Hematology and Stem Cells. Published by Elsevier Inc.

Hematopoietic stem cells (HSCs) are defined as blood cells
displaying the potential for self-renewal and multilineage
differentiation. HSC transplantation has been widely used
for treating hematological malignancies and inherited
disorders. Peripheral blood and cord blood stem cells, as
well as bone marrow cells, have been intensively studied
and shown to be effective for clinical use. Recently, embry-
onic stem (ES) cells have been proposed as an alternative
candidate source of HSCs. Many approaches have been at-
tempted to obtain HSCs from ES cells, but this is chal-
lenging unless using enforced expression of genes, such
as Hoxb4 [1] or Cdx4 [2] in ES cells. Even if a robust
method for HSC derivation from ES cells were discovered,

Offprint requests to: Momoko Yoshimoto, M.D., Ph.D., Wells Center for
Pediatric Research, Indiana University School of Medicine, Indianapolis,
IN 46202, USA; E-mail: myoshimo@iupui.edu

one would still need to address donor-host differences in
histocompatibility antigens to permit ES-derived HSC
engraftment in patients.

Multipotent germline stem (mGS) cells have been estab-
lished from neonatal mouse testis and have been proven to
have similar potential to ES cells, including germline trans-
mission [3]. If mGS cells could be isolated from human
testis and were utilized to produce HSC, then the problem
of major histocompatibility complex (MHC) incompati-
bility would be solved because it might be possible to
establish the patient’s own mGS cells. In that sense, mGS
cells may have a big advantage over ES cells in human
application for cell therapies.

The methods for inducing hematopoietic cells from ES
cells have been well-developed [4]. FIkl is a candidate
marker for mesoderm [5] and hemangioblast [6,7] cells,
and Flkl progeny have been proven to differentiate into

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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all hematopoietic cell lineages [8]. Using the OP9 stromal
cell line as a feeder layer, hematopoietic cells are effec-
tively induced from ES cells [9], and FLK1"-derived defin-
itive hematopoietic cells are obtained [10].

In a previous report [3], mGS cells have been shown to
differentiate into CD45% hematopoietic cells, including
Gr-1"Mac1™ myeloid cells and Ter119™ erythroid cells,
but the potential for mGS cells to differentiate into hemato-
poietic stem/progenitor has not been reported. We have
observed multipotent hematopoietic progenitor cells with
myeloid and lymphoid potential emerging from mGS
FLK1% cells using the OP9 feeder cell system and describe
the localization of mGS-derived hematopoietic cells in the
bone marrow (BM) cavity when directly injected into the
BM of immunodeficient mice. However, the mGS-derived
hematopoietic cells present in the host, like differentiated
wild-type ES-derived hematopoietic cells, do not prolif-
erate or display multilineage repopulating ability in vivo.

Materials and methods

Cell culture

mGS cells were established from mouse neonatal testis of DBA/2
mice or a green fluorescent protein (GFP)—expressing transgenic
mouse (C57BL6 x DBA/2 F1 background), as described previ-

1401

ously [3]. The CCE ES cell line was kindly provided by Dr. S.
Nishikawa (RIKEN, Kobe, Japan). The ES cell line D3 was trans-
fected with GFP gene driven by the ubiquitous CAG promoter.
These CCE and D3 cell lines are derived from the 129 mouse
strain. GFP™ mGS and D3 were used for the transplantation assay.
The mGS or ES lines were maintained as described previously [3].

Differentiation to hematopoietic progenitor cells was induced
as described [8,11]. Briefly, 10* of undifferentiated mGS and ES
cells were seeded onto T-25 flask with confluent OP9 stromal cells
(a gift from Dr. Kodama) in o~minimum essential medium supple-
mented with 10% fetal bovine serum and 5 x 107°M 2-mercap-
toenthanol. After 4 days, cultured cells were harvested with cell
dissociation buffer (Gibco, Grand Island, NY, USA) and Flk1*
cells were collected using a FACSVantage flow cytometer (Becton
Dickinson, Mountain View, CA, USA). The 5-10 x 10° Fik1™+
cells per well in six-well plate with confluent OP9 stromal cells
were cocultured again with added cytokines, such as 100 ng/mL
mouse stem cell factor (SCF), 10 ng/mL human thrombopoietin
(TPO), 10 ng/mL mouse Flt-3 ligand (FL), 4 u/mL human eryth-
ropoietin (EPO), and 100 u/mL mouse interleukin (IL)-7. Mouse
SCF, human TPO, and human EPO were kindly provided from
Kirin Brewery (Tokyo, Japan). Mouse FL and IL-7 were
purchased from R&D Systems (Minneapolis, MN, USA). For T-
cell induction, Flk1* cells were cocultured with OP9-DL1 [12]
stromal cells (kindly provided by Dr. Zuniga-Pflucker, University
of Toronto) with 50 ng/mL IL-7.
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Figure 1. Surface markers of mGS and ES cells. Surface markers of undifferentiated mGS cells (A, lower panel) are similar to those of ES cells (A, upper panel).
mGS cells were induced on OP9 stromal cells for 4 days and were confirmed to express FIk1 (B).
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Hematopoietic colony-forming cell assay

In order to analyze emergence of immature hematopoietic progen-
itor cells from mGS cells, on each day after induction of Flk1™
cells on OPY, cells were harvested and plated in methylcellulose
for colony-forming assay using a modification of the technique
described previously [13,14]. All cultures were performed in
triplicate and the number of colony-forming cells was scored at
day 8 to 10. For megakaryocyte colonies, the cells were plated
in Megacult (Stem Cell Technologies, Vancouver, Canada)
according to manufacturer’s instruction.

Antibodies and staining

The following primary antibodies were used: rat anti-mouse
E-cadherin (ECCD2, from Calbiochem. San Diego, CA, USA),
fluorescein isothiocyanate (FITC)-conjugated hamster anti-rat
B1 integrin (Ha2/5), rat anti-mouse CD31 (MEC 13.3), allophyco-
cyanin (APC)-conjugated rat anti-mouse c-kir (2B8), phycoery-
thrin (PE)-conjugated rat anti-Flkl (AVAS12), PE-conjugated rat
anti-mouse Ter119 (TER-119), APC-conjugated rat anti-mouse
CD45 (30-F11), biotin-conjugated rat anti-mouse Gr-1 (RB6-
8C5), biotin-conjugated rat anti-mouse Mac-1 (M1/70), purified
rat CD41 antibody (MWReg30), and rabbit anti-embryonic
hemoglobin antibody [15] (a gift from Dr. Takakura, Osaka Univer-
sity). PE-conjugated or alkaline phosphatase—conjugated anti-rat
IgG, APC-conjugated streptavidin, or FITC—conjugated anti-rabbit
immunoglobulin G were used as secondary antibodies. All anti-
bodies except ECCD2 were purchased from Pharmingen (San
Diego, CA, USA). For detection of side population (SP) cells, BM
cells were stained with Hoechst 33324, as described previously
[16-18]. Stained cells were analyzed using FACSCalibur or LSRII
(Becton Dickinson).

Immunohistochemistry

Femurs of recipient mice were fixed with 4% paraformaldehyde,
embedded in the optimal cutting temperature compound and
frozen sections of 7-pum thickness were mounted on silan-coated
glass slides and were stained with rabbit anti-GFP antibody (BD
Bioscience Clontech, Palo Alto, CA, USA), as described previ-
ously [19]. Cytospin preparations and culture dishes were also
stained with various antibodies, as described previously [20,21].

Mice and transplantation
Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) yc™! mice were kindly provided from the Central Institute
of Experimental Animals (Kawasaki, Japan) and kept under
specific pathogen-free conditions in accordance with the guide-
lines of the facility. Cultured mGS-derived hematopoietic cells
and OP9 cells were collected and injected into the femoral BM
of NOD/SCIDyc™" mice that were irradiated with 2.4 Gy before
transplantation. The 2 x 10> BM mononuclear cells were injected
as a positive control. After transplantation, mice were prophylac-
tically provided sterile water with neomycin sulfate (Gibco BRL).
For serial transplantation, BM cells were collected from trans-
planted NOD/SCIDyc™" mice 4 months after primary transplan-
tation and stained with anti-CD45.1" (recipient) and CD45.2"*
(donor) antibodies. CD45.2% donor cells were sorted on FACS-
Vantage (Becton Dickinson) and injected into the BM of 2.4-Gy
irradiated NOD/SCIDyc™" mice. Peripheral blood (PB) and BM
were analyzed 3 to 4 months after secondary transplantation.

RNA extraction and reverse transcriptase

polymerase chain reaction (RT-PCR) analysis

Total RNA was prepared using Trisol (Gibco BRL). Complemen-
tary DNA (cDNA) synthesis was performed using Superscript II

Figure 2. Primitive and definitive erythroid cells are differentiated from mGS-—derived Fik1™ cells. mGS-derived FIk1™ cells were cultured on OP9 cells and
small round cells and cobblestone-forming areas were found [(A) day 3, (D) day 9). May-Giemsa staining of a cytospin preparation [(B); day 3, (E); day 9)].
Immunostaining of E1 antigen and Ter119 (C,F). (C) El antigen; green. (F) E1 antigen; green Ter119; red. Nuclear staining with Hoechst 33324; blue.

Magnification (A,D): x100; (B,CE,F): x200.
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and oligo (dT),.;g primers (Invitrogen, Carlsbad, CA, USA)
following manufacturer’s instructions. The same cDNA sample
was used for PCR amplification with different primer sets, using
standard protocols using AmpliTaq Gold (Applied Biosystems,
Foster City, CA, USA). The primer sequences were as follows:
BH1 forward: AGTCCCCATGGAGTCAAAGA, reverse: CTC
AAG GAG ACC TTT GCT CA, B major forward: CTG ACA
GAT GCT CTC TTG GG, reverse: CAC AAA CCC CAG AAA
CAG ACA, GAPDH forward: TCC CAC TCT TCC ACC TTC,
reverse: CTG TAG CCG TAT TCA TTG TC. For PCR to detect
GFP, the primer sequence were as follows: GFP forward: CTG
GTC GAG CTG GAC GGC GAC G, reverse: CAC GAA CTC
CAG CAG GAC CAT G. Cycling parameters included: denatur-
ation at 94°C for 30 seconds; annealing at various temperatures
for 30 seconds; elongation at 72°C for 40 seconds. The number
of cycle varied between 25 and 35 cycles.

Results

mGS cells can differentiate into Flkl™

cells on OP9 stromal cells

It has been reported that mGS cells are very similar to ES
cells in their differentiation ability into multiple cell line-

A

1403

ages in vitro and in vivo [3]. Undifferentiated mGS and
ES cells express ECCD-2, Bl-integrin, CD31 and c-kit,
but are negative for Flk-1 expression (Fig. 1A). In order
to examine the differentiation potential of these cells, we
cocultured mGS or ES cells with OP9 stromal cells and as-
sayed for emergence of Flk1™" cells 4 days after induction
because Flk1 is thought to be a representative marker for
mesodermal cells [5]. The percentage of Flk1* cells
derived from mGS cells (50%) was very similar to ES cells
(48%) (Fig. 1B).

Primitive and definitive erythropoiesis

can be derived in vitro in mGS culture

In order to examine red blood cell emergence from mGS-
derived Flk1" cells, Flk1™ cells were sorted and cocultured
on OPY stromal cells with added EPO. Three days later,
small round hematopoietic cells were found (Fig. 2A).
The cytospin preparation of these cells and May-Giemsa
staining revealed the round, nucleated cell morphology of
primitive erythrocytes (Fig. 2B). Immunostaining with an
antiembryonic hemoglobin antibody confirmed that these
cells were primitive erythrocytes (Fig. 2C). After 9 days
of coculture, cobblestone-forming areas were observed in
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Figure 3. Erythropoiesis from mGS Flk1™ cells shows two different waves. Flk1™ cells were cultured on OP9 with erythropoietin (EPO) and with or without
ACK45. The nonadherent cells in the culture were collected every other day, counted the number (C), examined the surface markers (B) and hemoglobin gene
expression (A). Sequential RT-PCR analysis shows expression of B H1 hemoglobin mRNA, followed by B-major hemoglobin mRNA expression (A). E12.5
fetal liver (lane 1), E8.0 embryo (lane 2), mGS- Flk1" cells on OP9 for 4 days (lane 3), for 6 days (lane 4), for 8 days (lane 5), for 10 days (lane 6), for 12
days (lane 7). Flk1* cells were cultured on OP9 cells with EPO and with (white circle) or without ACK45 (black square) (C). Most cells in the culture were
Ter119" erythrocyte (B). Definitive erythropoiesis was blocked by ACK45 (C). GAPDH = glyceraldehydes phosphate dehydrogenase.
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the cultures (Fig. 2D). Morphologic analysis of nonadher-
ent cells revealed enucleated red blood cells (Fig. 2E). Im-
munostaining confirmed the cells to be definitive
erythrocytes that express Terll9, but not embryonic
hemoglobin molecules (Fig. 2F). Next, mGS Flk17 cells
were cocultured on OP9 cells in the presence of EPO or
EPO and Ack45 (a blocking antibody of the c-kit signaling
pathway). In this culture system, most of the emerging
blood cells were Terl19" erythroid cells (Fig. 3B), but
the growth factor requirements of the cultured cells in
each condition showed different patterns: an initial
c-kit-independent period (days 4-8; Fig. 3C) and a second
c-kit—dependent period during which erythropoiesis was
blocked by the presence of the Ack45 antibody (days 8-
14, Fig. 3C). Erythrocytes in the initial wave expressed
fHI1 hemoglobin mRNA, while only B-major hemoglobin
mRNA was expressed in the second wave of erythropoiesis
(Fig. 3A). These results indicated that cells in the initial
wave represented primitive erythrocytes, while definitive
erythrocytes comprised the second wave [22]. Thus,
mGS cells can give rise to primitive and definitive erythro-
poiesis in vitro in the same manner as differentiated ES
cells.

Flkl cells derived from mGS cell can differentiate into
multiple lineages including B and T cells

When mGS-derived Fik1* cells were cocultured on OP9
cells with added SCF, granulocyte colony-stimulating
factor (G-CSF), IL-3, and EPO, Flk1™ cells can also differ-
entiate into Mac1TGr1 ™ cells and Ter1 197 cells (7.3% and
20.9%, respectively) similar to ES cells (7.6% and 24.3%,
respectively) (Fig. 4A). Furthermore, mGS-derived Flk1™"
cells also gave rise to CD19" B cells and CD4*CD8" T
cells when cultured on OP9 cells or OP9-DL1 cells with
added IL7 (Fig. 4C and D).

Flki™ cells derived from mGS cell

can differentiate into multipotent progenitors

To determine whether mGS cells can give rise to clono-
genic hematopoietic progenitors, Flk1" cells derived from
mGS cells were cocultured on OP9 cells and all the cells
after 4 to 10 days culture were plated in methylcellulose
with added growth factors. Burst-forming unit-erythroid
(BFU-E), colony-forming unit granulocyte-macrophage
(CFU-GM), and CFU-Mix were observed (Fig. 5Aa-d).
Interestingly, the number of CFU-mix was decreased after
8 days’ coculture (Fig. 5Ba), and CFU-GM was the main
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Figure 4. Myelolymphoid potential of mGS cells. Mac1*Grl1 ™, Terl 19", CD19™, and CD4+CD8™ cells were differentiated from mGS-derived Fik-1* cells
within OP9 culture (A,B,C) or OP9-DL1 culture (D). For Macl™Grl™, Terl197" cells, cells were collected from 8-10 days culture (A,B). The numbers of
myeloid and erythroid cells differentiated from mGS and ES cells were similar (B). For CD197 (C), and CD47CD8™ cells (D), cells were collected from 14~
21 days culture. These FACS data are representative among three independent experiments.
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population detectable after 10 day’s culture of mGS cells on
OP9 cells. To examine whether production of these clono-
genic progenitors from Flk1™ cells was influenced by cyto-
kines, Flk1™ cells were cocultured on OP9 cells with only
EPO or with SCF, TPO, and FL. The numbers of all kind
of colonies were increased when cocultured with SCF,
TPO, and FL (Fig. 5Bb). Thus, mGS-derived Flk1™ cells
generate multipotent hematopoietic progenitors, and this
effect was promoted by addition of multiple cytokines,
similar to differentiated ES cells.

Megakaryopoiesis through Flkl™

cells derived from mGS cells

We also evaluated megakaryocyte production from mGS-
derived Flk1" cells. Eight days after Flk1™ cells were co-
cultured on OP9 cells in the presence of TPO and SCF,
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large round cells with proplatelets were observed
(Fig. 5Ca). These cells expressed the cell surface protein
CD41, a well-recognized marker of the platelet lineage
(Fig. 5Cb). Cytospin preparations of culture fluid from
these culture dishes showed large multinucleated cells
that were CD41-positive (Fig. 5Cc and Cd). These cells
contained both CFU-megakaryocyte and CFU-mega-mix
confirmed by specific megakaryocyte progenitor cultures
(Fig. 5Ce and Cf). CFU-megakaryocyte progenitors were
maintained during culturing between day 8 and day 12 of
mGS-derived Flk1* cells in the presence of TPO and
SCF (Fig. 5D). Differentiated ES cells also showed similar
trends of megakaryocyte colony production (data not
shown). Thus, Flkl* cells derived from mGS cells were
shown to produce megakaryocytes as well as megakaryo-
cyte progenitor cells.

D

{colony number)
140 =
120
100 -
¢ Epo 80 . Mega
B TPO+FLAILG 60 | . ® Mega-mix
40 |
201
ol

Mix day8 day10 dayl2

Figure 5. Colony-forming ability and megakaryocyte potential of mGS Flk1*-derived cells. mGS-derived Flk-17 cells produce hematopoietic progenitor
cells that can form various kinds of colonies [(Aa) mixed colony, (Ab) granulocyte-macrophage (GM) colony, (Ac) burst-forming unit erythroid (BFU-
E), (Ad) mast cell colony]. Mixed colonies were predominant when mGS-derived FIk1* cells were cultured on OP9 cells for 4 to 6 days (Ba). Blue bar:
mixed colony, yellow bar: GM colony, red bar: Erythroid colony. The number of all kinds of colonies was increased when mGS Flk1% cells were cultured
on OP9 with thrombopoietin (TPO) and interleukin (IL)-6 (Bb). Blue bar: with erythropoietin (EPO), red bar: with TPO and IL6. Megakaryocyte or pro-
platelet mGS-derived Flk1* cells were observed within OP9 culture for 8—12 days. Proplatelet like cells (arrow Ca), Immunostaining of cultured cells
with CD41 antibody secondary detected by alkaline phosphatase—conjugated antibody (Cb blue). Immunostaining of a cytospin preparation with CD41 anti-
body secondary detected by peroxidase conjugated antibody (Ce, Cd brown). After transferring cultured cells into Megacult conditions, megakaryocyte colo-
nies (Cf) include mega-mix colonies (Ce) were found. These cells expressed acethylcholinestrase as evidenced by brown staining. The CFU-Mega was
maintained during culturing day 8 to 12 in the presence of TPO and stem cell factor (D). Yellow bar: Megakaryo-colony, red bar: Mega-Mix colony. Magni-

fication: (Ca, Cb) x100; (Ce, Cd) x200; (Ce, Cf) x100.
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Fikl-derived hematopoietic cells can engraft in the BM

of NODISCIDyc™" mice by intra-BM injection

Finally, day-6 cocultured mGS-derived Flk1* cells and
OP9 cells were recovered and injected directly into the
BM of NOD/SCIDyc™" mice (n = 4). As a positive
control, 2 x 10° BM mononuclear cells were injected
into the BM of NOD/SCIDyc™" mice. Every 4 weeks after
transplantation, PB was analyzed for evidence of donor-cell
engraftment. While the BM cells engrafted, mGS-derived
cells were barely detected (<0.1%, Fig. 6A). After 7
weeks, fluorescein-activated cell sorting (FACS) analysis
revealed donor mGS-derived GFP™ cells in the BM, but
at low chimerism of <0.1% (data not shown). PCR anal-
ysis confirmed the presence of GFP-DNA in the BM and
the spleen (Fig. 6C). Four months after transplantation,
a very small number of donor CD45"GFP™ cells were
detected in the BM and the spleen by FACS analysis and
confirmed by PCR (Fig. 6A, C, and D). Furthermore,
when BM cells of transplanted mice were stained with
Hoechst33324, GFP™ cells were detected in the SP region
(Fig. 6E and F). Immunostaining of the femur revealed
that GFP" cells were attached to the endosteal region,
where HSCs are considered to reside (Fig. 6B). Three of
four transplanted mice were confirmed to display this

type of “stem cell-like” engraftment (0.03% = 0.03%).
Thus, mGS-derived hematopoietic cells are found in the
BM 4 months after transplantation. It is of note that no tera-
toma formation was observed in any of the transplanted
animals.

mGS-derived hematopoietic cells did not

show stem cell potential by serial transplantation

Because HSCs are enriched in the SP fraction and normally
reside in the endosteal region of the BM [23-25], we spec-
ulated that hematopoietic progeny of mGS-derived Flk1™
cells engrafted in the BM and remained in the stem cell
fraction. In order to prove that these GFP" cells in the
BM were HSCs, we hypothesized that hematopoietic stress
may induce further expansion of the donor HSCs and thus,
5FU injection and serial transplantation were performed.
5FU was injected intraperitoneally at a standard dose of
100 ug/g into transplanted mice that received mGS-derived
hematopoietic cells and the PB was analyzed with CD45.1
and CD45.2 antibodies every week after SFU injection.
When the blood cell count recovered, we expected donor-
derived cells would increase in number in PB, however,
no donor mGS-derived cells were observed (data not
shown). For secondary transplantation analysis, we
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Figure 6. Transplanted hematopoietic cells from GFP' mGS cells can be detected in bone marrow (BM) 4 months after transplantation and displays stem
cell phenotype. After transplantation, peripheral blood (PB) was analyzed every 4 weeks (A). BM cells from recipient mice 4 months after transplantation
were analyzed by LSRII (D, E, F). GFPTCD45™ cells were detected (D). When the BM cells of the recipient mice were stained with Hoechst 33324, GFP*
cells were detected in the SP region (E, F). In the section of recipient BM, GFP" cells were found attached to the endosteal region (B, arrow). RT-PCR shows
donor-derived DNA in the BM and spleen at 7 weeks and 4 months after transplantation (C).
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collected BM cells of primary recipient mice. Interestingly,
more donor cells were detected in the lineage-negative pop-
ulation of the recipient BM cells (Fig. 7A) than in the whole
BM (Fig. 7B). There were only 0.001% donor cells that dis-
played myelolymphoid lineage markers (Fig. 7B and C).
Then we sorted CD45.2% mGS-derived cells from the
BM of primary recipient mice (Fig. 7A) and injected 10*
mGS-derived donor cells into the BM of irradiated
secondary recipient NOD/SCIDyc™! mice. However,
none of the host mice displayed donor-derived cells in the
PB or BM after 4 months of the secondary transplantation.
Thus, mGS-derived multipotent hematopoietic cells en-
grafted in the BM, but could not show stem cell potential
by expanding and repopulating all the hematopoietic line-
ages posttransplantation for > 16 weeks.

mGS-derived hematopoietic cells did not

express CXCR4 or CDX4, but expressed HOXB4

Because mGS-derived hematopoietic cells did not engraft
in the BM efficiently, we examined these cells for evidence
of expression of a well-known and important homing
receptor, CXCR4 (Fig. 8C). Indeed, very few mGS-derived
CD45™ cells expressed CXCR4. Also, c-kit expression was
only 3% and the c-kit"Sca-1" population represented only

1407

0.09% of the culture elements. Because CDX4 and HOXB4
overexpression have enabled ES cells to engraft in vivo [2],
the expression level of these genes was examined in mGS-
derived cells using both RT-PCR and quantitative PCR.
mGS-derived cells, as well as fetal liver and BM stem/
progenitor cells, did not express mRNA for CDX4
(Fig. 8A). However, using the embryonic aorta-gonado-
mesonephros (AGM) tissue as a reference (positive control
tissue), the relative expression of HOXB4 in mGS-derived
cells (0.76) was higher than embryonic day 16.5 fetal liver
cells (0.02), BM lin~ cells (0.09), BM Sca-1"c-kit*lin~
cells (0.43), and CCE-derived cells (0.15) (Fig. 8B). From
these results, it appears that the lack of CXCR4 expression
of mGS-derived cells may be a primary reason that the
transplanted cells could not expand in the recipient BM
compartment.

Discussion

We report that multipotent hematopoietic progenitor cells
are derived from mGS cells. mGS cells differentiate into
Flk1™ cells similar to differentiated ES cells. From mGS-
derived Flk1" cells, erythroid, myeloid, lymphoid, and
megakaryocyte hematopoietic progenitors were induced
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Figure 7. Analysis of primary recipient mice transplanted with mGS—derived hematopoietic cells. There are small percentages of mGS-derived cells in
lineage negative fraction in the recipient bone marrow (BM) cells (A). When analyzing total recipient BM cells, mGS-derived cell can be detectable in

very small percentage (B), but showed multi-lineage cell types (C).
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