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Abstract

Protocols for cryopreservation of monkey embryos are not well established. The objective of the current study was to determine
the efficacy of the polypropylene strip method for cryopreserving cynomolgus monkey embryos. Cynomolgus monkey embryos,
63 and 56 at the 4- to 8-cell and 56 blastocyst stages, respectively, were produced by intracytoplasmic sperm injection and in vitro
culture, and vitrified using a polypropylene strip. For these two stages, 95 and 86% survived after thawing and pregnancy rates
were 29.2% (7 pregnant females/24 recipients, with three live births) and 0% (n = 16 recipients). These were apparently the first
live births obtained from embryos fertilized by ICSI. In conclusion, 4- to 8-cell preimplantation cynomolgus monkey embryos
were successfully cryopreserved using a polypropylene strip.
© 2011 Elsevier Inc. All rights reserved.

Keywords: Cynomolgus monkey; ICSI; Vitrification; Polypropylene strip; Cryopreservation

1. Introduction Oocytes and embryos from both cattle and humans [4-8]
were successfully vitrified on a polypropylene strip. How-
ever, this method has apparently never been reported for
cryopreservation of monkey embryos. The objective of this
study was to determine the success of vitrification of cyno-
molgus monkey embryos, generated by ICSI, and transferred
to the oviducts of recipient females.

Monkeys are important laboratory animals, due to their
morphological, physiological, and metabolic similarities to
humans. Therefore, establishment of a bank of cryopreserved
monkey embryos, and a system to transfer frozen-thawed
embryos and obtain viable offspring is important for medical
and biological research. In primates such as cynomolgus
monkeys [1], the common marmoset [2], and rhesus mon-
keys [3], live births have been obtained from frozen-thawed 2. Materials and methods
embryos. In one study [3], rthesus monkey embryos were
produced by ICS], vitrified, thawed, and transferred, resulting 2.1. Animals

in the birth of live offspring. Experimental procedures were approved by the An-

imal Care and Use Committee of Shiga University of

" Corresponding author. Tel +81 77 548 2334; fax: +8177 543 Medical Science. Qocytes were collected from 20 sex-
1990. ually mature female cynomolgus monkeys, aged 4 to
E-mail address: torii@belle.shiga-med.ac.jp (R. Torii). 8 y and weighing 2.1 to 3.9 kg. Forty sexually mature
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females, >4 y old and weighing 2.0 to 3.8 kg, were
used as embryo transfer recipients. Temperature and
humidity in the animal rooms were maintained at 25 =
2 °C and 50 * 5%, respectively. Monkeys were housed
individually in cages (800 X 500 X 800 mm). The light
cycle was 12 h of artificial light from 08:00 to 20:00. In
the morning, each animal was fed 20 g/kg of body
weight of commercial pellet monkey chow (CMK-1;
CLEA Japan, Inc., Tokyo, Japan), supplemented with
20 to 50 g of sweet potato in the afternoon. Water was
available ad libitum.

2.2. Oocyte collection

Ovarian stimulation and oocyte collection were car-
ried out as previously described by Torii et al [9].
Beginning at menses, sex steroid hormones were down-
regulated by subcutaneous injection of 0.9 mg of a
GnRH antagonist (Leuplin; Takeda Chemical Indus-
tries, Ltd., Osaka, Japan). Two weeks later, 25 IU/kg
human follicle-stimulating hormone (hFSH; Fertinorm
P, Serono, Canton Zug, Switzerland) or 15 IU/kg hu-
man menopausal gonadotropin (hMG; Pergonal,
Teikoku Hormone Co., Tokyo, Japan) was injected
intramuscularly every day for 9 d (day of first injec-
tion = Day 1). On Day 5, the animals were anesthetized
with 5 mg/kg ketamine hydrochloride (Ketalar; Daiichi
Sankyo Co., Ltd., Tokyo, Japan) and 1 mg/kg xylazine
hydrochloride (Celactal; Bayer HealthCare, Osaka, Ja-
pan) and ovaries were examined with a laparoscope
(EN-7500M, Machida Endoscope Co., Ltd., Tokyo,
Japan) to confirm ovarian follicular development. Fol-
lowing this examination, hormone doses were adjusted
(15 to 22.5 IU/kg hFSH or 10 IU/kg hMG), in accor-
dance with follicular development. On the day after the
last hFSH injection, 400 IU/kg human chorionic gonad-
otropin (hCG; Puberogen, Sankyo Yell Pharmaceutical
Co., Tokyo, Japan) was injected im. Oocytes were
collected by follicular aspiration 40 to 41 h after hCG
treatment, using laparoscope (LA-6500, Machida En-
doscope Co., Ltd.,). The contents of enlarged follicles
were aspirated through a 20-gauge X 3/4-in. needle
(Terumo Co. Ltd., Tokyo, Japan). The laparoscope was
connected to a 10 mm diameter scope and equipped
with a video system.

Cumulus-oocyte complexes were placed in Alpha
modification of Eagle’s medium (MP Biomedicals
LLC, Solon, OH, USA), containing 10% Serum Sub-
stitute Supplement (SSS; Irvine Scientific, Santa Ana,
CA, USA) at 37 °C, in an atmosphere of humidified 5%
CO, and 95% in air for 1 to 2 h. Oocytes were stripped
of cumulus cells by mechanical pipetting after brief

exposure (<1 min) to 0.5 mg/mL hyaluronidase (Sigma
Chemical Co., St. Louis, MO, USA), adjusted with
m-TALP, a modified Tyrode solution, with albumin,
lactate, and pyruvate, containing 0.3% bovine serum
albumin (Sigma Chemical Co.) [10] containing
HEPES. Then, oocytes were transferred to m-TALP
without hyaluronidase, at 37 °C in 5% CO, until further
use. Oocytes were classified by stage as germinal ves-
icle, metaphase I, metaphase II, or degenerate.

2.3. Intracytoplasmic sperm injection

Intracytoplasmic sperm injection was carried out on
metaphase Il-stage oocytes, as described [11,12], in
m-TALP containing HEPES. A glass needle (Humagen
Fertility Diagnostics, Charlottesville, VA, USA), con-
nected to the injector and an inverted microscope
(Olympus Tokyo, Tokyo, Japan), with a micromanip-
ulator, was used for sperm injection. Intracytoplasmic
sperm injection was performed with fresh or frozen
sperm [13], collected by electric stimulation of the
penis with no anesthesia. Following ICSI, embryos
were cultured in GIBCO CMRL Medium-1066 (Invit-
rogen, Carlsbad, CA, USA) supplemented with 20%
fetal bovine serum (Invitrogen) at 38 °C in 5% CO, and
5% O,. Embryos (4- to 8-cell or blastocyst stages) were
generated in vitro.

2.4. Medium for freezing and thawing of embryos

The following solutions were used: for equilibration,
Tissue Culture Medium 199 (TCM 199; Invitrogen)
containing 7.5% ethylene glycol, 7.5% dimethyl sul-
foxide, and 20% SSS (equilibration solution: ES); for
vitrification, TCM 199 containing 15% ethylene glycol,
15% dimethyl sulfoxide, 0.5 M sucrose, and 20% SSS
(vitrification solution: VS); for thawing of embryos, (i)
thawing solution (TS), which was TCM 199 containing
1.0 M sucrose and 20% SSS, and (ii) diluent solution
(DS), which was TCM 199 containing 0.5 M sucrose
and 20% SSS; and for embryo washing, TCM 199
containing 20% SSS (washing solution: WS) [5]. These
media were used with an embryo freezing kit (Vitrifi-
cation Kit; Kitazato BioPharma Co., Ltd., Shizuoka,
Japan).

2.5. Vitrification of embryos

Embryos (4- to 8-cell or blastocyst stages) were
placed on a polypropylene film strip (20.0 mm long, 0.4
mm wide, and 0.1 mm high) with a small amount of
medium, and soaked in liquid N,. The polypropylene
strip was connected to a plastic handle and covered
with a cover slip (Cryotop; Kitazato BioPharma).
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Prior to freezing, equilibration solution and VS§
were warmed (30 min) to ambient temperature before
freezing. Each 500 pL of medium was poured into a
4-well dish (Nunc; Thermo Fisher Scientific, Roch-
ester, NY, USA). Embryos were removed from the
incubator and placed on the surface of ES for equi-
librium. Cytoplasm shrinkage was observed while
embryos sank in ES; the volume of cytoplasm re-
turned within 15 min. Four- to eight-cell embryos
were soaked in ES for ~10 min, and blastocysts were
soaked in ES for ~15 min, until complete recovery
of cytoplasm was confirmed. Embryos were then
transferred to the surface of VS, which was replaced
with fresh VS as needed. Afterward, embryos were
placed on a polypropylene strip with a minimal
amount of VS and soaked in liquid N, for 1 min. The
strip containing the embryos was capped and pre-
served in a liquid N, tank.

2.6. Thawing of embryos

Thawing solution and a 4-well dish were placed in
a 37 °C incubator for 1 h, and DS and warming
medium were warmed to ambient temperature before
embryos were thawed. Each 500 uL of medium was
poured into a 4-well dish, with warming medium in
two or more wells. Frozen embryos were removed
from liquid N, and immediately soaked in TS at
37 °C for thawing. Within 1 min, thawed embryos
were picked up with a stereomicroscope and trans-
ferred to DS for 3 min. Embryos were then washed
with warming medium for 5 min and transferred to
fresh warming medium for 5 min. After transfer to
fresh warming medium, the temperature was main-

Table 1

tained at 37 °C with a warming plate. The form of the
embryos and the state of cytoplasm were observed
after embryo washing. Surviving embryos were
transferred to CMRL Medium-1066 supplemented
with 20% fetal bovine serum and cultured at 38 °C in
5% CO, and 5% O,.

2.7. Embryo transfer and pregnancy detection

Embryos frozen at the 4- to 8-cell stage were
classified as “living” when all blastomeres retained
their shape after thawing. Frozen-thawed 4- to 8-cell
embryos were cultured from several hours to 5 d,
until they reached the 4- to 16-cell, morula, or blas-
tocyst stages. Frozen-thawed blastocysts developed
to become expanded blastocysts. One or two em-
bryos were transferred into each female recipient.

Embryo transfer was carried out as described [9],
with some modifications. Laparoscopy was carried
out on the alternate days from Days 10 to 14 of the
menstrual cycle after menstruation (ovulation day =
Day 0) until ovulation occurred. Recipients were
selected for embryo transfer 1 to 6 d after ovulation.
Neither the stage of the embryos nor the number of
days after the recipient’s ovulation were matched.
Embryos were aspirated into a catheter (ET-
C3040SM5-17; Kitazato Medical Service Co., Ltd.,
Tokyo, Japan) under a stereomicroscope. The cathe-
ter was inserted into the oviduct of the recipient
via the fimbria under the laparoscope, and the frozen-
thawed and the cultured embryo was transplanted
with a small amount of medium. Pregnancy was
determined by ultrasonography 30 d after ICSI.

Cryopreservation and transfer of cynomolgus monkey embryos fertilized by intracytoplasmic sperm injection (ICSI).

Treatment  Stage and no. of embryos  No. (%) of No. embryos No. recipients
frozen-thawed Surviving Transferred Implanted (%) Examined  Pregnant (%) Delivered
embryos

Vitrified 4-to 8-cell (n = 63) 60 (95.2) 4-16 cell (n = 42) 5%(20.8) 15 49(26.7) 2
Morula (n = 8) 2 (25) 5 2° (40) 1
Blastocyst (n = 5) 1(20) 4 1(25) 1f

Blastocyst (n = 56) 48 (85.7) Blastocyst (n = 21) 00 16 0 (0) —

Control — — 4-8 cell (n = 50) 13° (26) 28 108 (35.7) 6
— e Blastocyst (n = 126) 24° (19) 75 17" (22.7) 10

a

b

A twin pregnancy.

Three twin pregnancies.

Seven twin pregnancies.

Two miscarriages on Days 81 and 120.
¢ One miscarriage on Day 100.

f Stillbirth delivered on Day 161.

& Four miscarriages from 77 to 139 d.

" Seven miscarriages from 48 to 150 d.

<

d
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3. Results

Of the 992 oocytes collected from 20 cynomolgus
monkeys, 665 (67.0%) were metaphase II-stage
oocytes; 322 of the 665 oocytes were used for ICSI,
and the remainder were used for other experiments.
After ICSI, 119 embryos survived and were deemed
normal. Cryopreservation by vitrification was carried
out for 63 and 56 embryos at the 4- to 8-cell and
blastocyst stages, respectively. The results of vitrifi-
cation and embryo transfer are shown (Table 1).
After thawing, survival rates (based on morphology)
of 4- to 8-cell embryos and blastocysts were 95.2 and

85.7%, respectively. Of the 60 surviving 4- to 8-cell
embryos, 37 were cultured for up to 5 d (Day 0 =
embryo thawing) and transferred to recipients. Of the
48 surviving blastocysts, 21 were cultured for up to
1 d and the transferred to recipients. Seven pregnan-
cies resulted from the transfer of the 4- to 8-cell
frozen-thawed embryos (cultured to 4- to 16-cell,
morula, and blastocyst stages), making the preg-
nancy rate 29.2% (7 pregnant females/24 recipients).
Three live births resulted from the seven pregnan-
cies. (The length of gestation for each of the three
infants was 147, 160, and 172 d [Fig. 1].) One

Pre-freezing

Post-thaw

At transfer

Offspring
was dead

No
pregnancy

Pregnancy and  Offspring
delivery

— 1T

Fig. 1. Cynomolgus monkey embryos and offspring showing embryo morphology before freezing, after thawing, and before transfer. (1) An
embryo frozen-thawed at four cells and transferred to the recipient at eight cells after 1 d of culture. The infant was delivered on Day 160 after
ICSI and is growing up healthy. (The number of days does not include the freezing period.) (2) An embryo frozen-thawed at the six-cell stage
and transferred to the recipient at eight cells (after 1 d of culture). The infant was delivered on Day 172 after ICSI and is growing up healthy.
(3) An embryo frozen-thawed at the four-cell stage and transferred to the recipient at the morula stage after 4 d of culture. The infant was delivered
on Day 147 after ICSI and is growing up healthy. (4) An embryo frozen-thawed at eight cells and transferred to the recipient at the blastocyst stage
after 5 da of culture. Delivery took place on Day 161 after ICSL, but the death of the offspring was confirmed immediately upon delivery. (5) An
embryo frozen-thawed at the blastocyst stage and transferred to the recipient at the expanded blastocyst stage after 1 d of culture. The blastocyst
looks normal morphologically but did not result in a pregnancy. Bar indicates 50 wm.
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stillbirth was caused by placenta previa on Day 161.
Three pregnancies ended in miscarriage (the length
of gestation for each was 81, 100, and 120 d, respec-
tively). No frozen-thawed blastocysts resulted in
pregnancy (Fig. 1). After transfer of fresh embryos,
pregnancy rates for 4- to 8-cell embryos and blasto-
cysts were 35.7% (10/28) and 22.7% (17/75), respec-
tively (Table 1).

4. Discussion

Cynomolgus monkey embryos, generated by ICSI,
were vitrified on a polypropylene strip; embryos frozen at
the 4- to 8-cell stage were cultured and transplanted to
recipients after thawing, and pregnancies were confirmed.
The birth of three live offspring demonstrated that vitrifi-
cation was useful for cryopreservation of 4- to 8-cell
embryos. To the best of our knowledge, this is the first
report of offspring obtained by the freezing and transfer of
cynomolgus monkey embryos fertilized by ICSL It is
noteworthy that live births were obtained following trans-
fer of human blastocysts vitrified by a method similar to
that used in the present study [5].

Although 21 blastocysts that were vitrified under the
same conditions as the 4- to 8-cell embryos were trans-
ferred to 16 recipients, pregnancy was not detected in any
recipient. However, after culture of frozen-thawed 4- to
8-cell embryos, five blastocysts were transferred to four
recipients, and a pregnancy was obtained. We concluded
that the culture environment for embryos growing to the
blastocyst stage and the technique of embryo transfer were
successful; i.e., although the vitrified blastocysts did not
result in pregnancies, they were confirmed to have
reached the expanded blastocyst stage. We inferred that
vitrified blastocysts did not result in pregnancy due to
freezing-induced damage, since offspring were obtained
by transfer of fresh blastocysts. Only the inner cell mass,
removed from the expanded blastocysts, bonded and pro-
liferated on mouse fetus fibroblast feeder cells; therefore,
some cells of the frozen-thawed blastocysts survived, but
cells related to implantation were damaged by freezing or
thawing.

Details regarding cryopreservation-induced damage
were not available. However, it is noteworthy that blasto-
cysts needed more time to equilibrate (~15 min until
complete recovery of cytoplasm was confirmed) than 4- to
8-cell embryos (~10 min); unfortunately, this increased
the chance of damage. Perhaps a shorter equilibrium for
blastocysts would increase the pregnancy rate.

The abortion rate was high, for both frozen and
fresh embryos. Offspring should be obtained more

efficiently, and microscopic embryo manipulation
and selection of recipients should be improved.
When more than one embryo was transferred, there
was a high rate of twin pregnancy; pregnancies with
more than one fetus may have increased the inci-
dence of pregnancy loss in the present study.

Live births have been obtained from frozen blastocysts
of rhesus monkeys after ICSI [3]. In that study, blastocysts
were cryopreserved on the film of frozen medium made
using the nylon loop method. Reducing the amount of
medium as much as possible was important in embryo
cryopreservation; using the frozen film of medium may be
close to ideal. In the present study, the medium around the
embryo on the polypropylene strip was reduced, but the
volume of medium was greater than the nylon loop
method. However, the convenience of using the polypro-
pylene strip was an important advantage in developing an
embryo-freezing system.

It was reported that slow freezing was better than
vitrification in the cryopreservation of cynomolgus
monkey embryos [14]. Slow freezing has also been
reported to result in pregnancy in the cynomolgus mon-
key [1]. However, this procedure takes longer than
vitrification. In addition, a freezer, which is a sophisti-
cated and expensive piece of equipment, is needed.

In conclusion, a simple and efficient method for
vitrifying 4- to 8-cell cynomolgus monkey embryos
resulted in the birth of live offspring following transfer
of thawed embryos into recipients. However, this
method was not suitable for use with blastocysts.
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CORRESPONDENCE

Migration of Cells From the Yolk Sac to Hematopoietic Tissues After In
Utero Transplantation of Early and Mid Gestation Canine Fetuses

We read with great interest the
article by Vaags et al. (1) regarding in
utero hematopoietic cell transplanta-
tion (IUHCT). The authors demon-
strate that in IUHCT of canines, an
injection of cells into the yolk sac en-
ables cells to migrate to and engraft
within hematopoietic tissues, suggest-
ing that yolk sac injection offers a safe
and effective approach for engraft-
ment (1). This study will be recognized
as valuable in basic experiments for
TUHCT of canines. However, we have
some questions and comments (pros
and cons) regarding this approach
from the viewpoint of future clinical
trials in humans.

First, it would be of crucial im-
portance that in humans, limb malfor-
mation (limb defect) (2) has been
reported in case of intervention in the
yolk sac, perhaps resulting from vascu-
lar defect. In the clinical setting of
IUHCT, one should consider this kind
of side effects. Interestingly, some of
the findings were also derived from a
canine model (2). We would like to
know whether the authors observed
the malformation, such as limb defect,
in IUHCT of canines.

Second, in this study, mortality
rates (safety) were determined through
dose escalation of donor cells, but levels
of chimerism (efficacy) were not deter-
mined. It would be interesting to know
whether levels of chimerism would in-
crease in a cell dose-dependent manner.
The authors designed an experiment
that the maximum injected cell dose, in
case of bone marrow mononuclear cells,
was more than 10" cells/kg, which would
be approximately 100 times higher than
white blood cells in recipients and would
result in fetal death. As the authors
mentioned, approximately 5X 10'° bone
marrow mononuclear cells/kg would
represent upper cell dose limits for
safety, and we suppose that this might
also be true of levels of chimerism.

Moreover, the levels of chimerism should
be determined in colony-forming unit as-
says, using donor cells labeled with ge-
netic markers such as green fluorescent
protein, but not with a dye that will di-
lute as cells divide.

With regard to pros, a canine
model of IUHCT has been known to be
beneficial and potential in many aspects;
a canine is prolific, and there are many
disease models in a canine (3), which
would make it easier to conduct experi-
ments in basic research. Notably, the
yolk sac of a canine is relatively large un-
til midgestation (I). Recent improve-
ments using ultrasound-guided IUHCT
have improved fetal outcomes (4). Until
when is it possible to inject cells into the
yolk sac through ultrasound-guided ap-
proach in a canine IUHCT?

With regard to cons, the yolk sac
in other animals, including humans,
usually disappears in early gestation
(within the first trimester); by ultra-
sonography, we can only observe the
yolk sac during 5 to 12 weeks of gesta-
tion in humans (5, 6), and in monkeys
and sheep, the yolk sac disappears
within 6 weeks of gestation. Therefore,
when one is ready for injection of ther-
apeutic cells in an appropriate timing,
it is impossible to inject cells into the
yolk sac of humans or these animals. In
our previous report (7) using a sheep
IUHCT model, an intravascular route
and an intraperitoneal route, but not a
yolk sac route, were compared, and we
suggested that an intravascular route
would not be superior to an intraperi-
toneal route. Thus, we proposed that,
in future clinical setting, an intraperi-
toneal route might be beneficial.

Taken together, yolk sac injec-
tion of cells may have the advantage,
especially in a canine JUHCT model,
for basic research, whereas intraperi-
toneal injection can be applied for
humans, as performed in previous hu-
man trials (8, 9).
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Introduction

Highly active anti-retroviral therapy (HAART) is widely used
for human immunodeficiency virus (HIV) therapy and involves the
combination of several drugs with different functions that are
currently being evaluated in clinical trials; some of these drugs are
currently available [1]. HAART treatment reduces plasma viral
load to undetectable levels and recovers CD4+ T cells to clinically
safe levels. Although HAART therapy has revolutionized the
treatment of HIV-1 infection, the need for life-long therapy,
difficulties with medication adherence and long-term medication
toxicities have led to the search for new treatment strategies that
will efficiently reduce the viral load and allow for stable
immunological homeostasis. The number of patients who are
HAART resistant has significantly decreased in the past 2 years
due to newly available drugs, but based on previous experience,
drug resistance is likely to increase again. Thus, additional
approaches for the management of HIV infection, or approaches

@ PLoS ONE | www.plosone.org

performed in combination with HAART therapy, are needed.
Gene therapy for HIV-1 infection has been proposed as an
alternative to antiretroviral drug regimens [2,3]. A number of
different genetic vectors with antiviral payloads have been utilized
to combat HIV-1, including antisense RNA against the HIV-1
envelope gene, transdominant protein RevM10, ribozymes, RNA
decoys, single chain antibodies, and RNA-interference [4,5].
These protocols use T cells or hematopoietic stem cells as a target
for gene modification. Autologous T cell transfer in HIV patients
began in the mid 1990’, and since that time, no serious adverse
events have been reported to be associated with infusions of
autologous T cells, and infusions are well tolerated. The majority
of these clinical trials used gene transfer by retrovirus or lentiviral
vectors for the delivery of the anti-HIV payloads.

In order to develop a new approach for HIV therapy, we
previously constructed an HIV-1 Tat-dependent expression
retroviral vector in which the Escherichia coli (E. coli) endoribonu-
clease gene mazF was fused downstream of the trans-activation
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response element (TAR) so that the gene expression of mazF is
induced upon HIV-1 replication [6]. When MazF-transduced cells
were infected with HIV-1 IIIB, the replication of HIV-1 was
efficiently inhibited without affecting CD4+ T cell growth. MazF-
transduced primary CD4+ T cells derived from monkeys also
suppressed simian/human immunodeficiency virus (SHIV) repli-
cation [6]. Thus, autologous transfer of genetically modified CD4+
T cells conditionally expressing the MazF protein will be a
promising strategy for HIV gene therapy. Generally, the shift from
the chronic phase to the AIDS phase is due to the balance between
viral growth and immune suppression, and the remarkable
decrease in CD4+ T cells causes the subsequent deficiency of
the immune system, the hallmarks of AIDS. The benefit of the
MazF-based gene therapy strategy is that gene-modified CD4+ T
cells may be protected from HIV-1-associated cell death and are
therefore likely to help the immune system maintain a stable
condition.

In this preclinical study, we examined the in wivo safety and
persistence of MazF-transduced autologous GD4+ T cells (named
MazF-Tmac cells) using a non-human primate model. Cynomol-
gus macaque primary CD4+ T cells were retrovirally transduced
with the MazF vector, infused into the autologous monkeys, and
the persistence and safety of the MazF-Tmac cells was monitored
more than half a year. We found that infused MazF-Tmac cells
were detected in the peripheral blood throughout the experimental
period. Additionally, experimental autopsy revealed the distribu-
tion of the infused lymphocyte in total body.

Results

Manufacturing of MazF-transduced CD4+ T cells using ex
vivo-expanded cynomolgus macaque CD4+ T cells

In order to infuse more than 1x10° MazF-transduced
autologous cells, isolated primary CD4+ T lymphocytes were ex
vivo stimulated, transduced with the MT-MFR-PL2 retroviral
vector (Figure 1A), and expanded as described in the Materials
and Methods. The resultant MazF-Tmac cells were transplanted
into autologous monkeys via intravenous infusion (Figure 1B). We
initially used concanavalin A (Con A) for the stimulation of CD4+
T cells (CD4T-1), but Con A only induced a 12-fold cell expansion
after 7 days. In order to improve the ex vizo expansion, we used
anti-CD3/anti-CD28 monoclonal antibody-conjugated beads
(anti-CD3/CD28 beads), which are known to yield a more
efficient cellular expansion [7,8]. As we expected, the fold
expansion of CD4+ T cells (CD4T-2 and CD4T-3) stimulated
with anti-CD3/CD28 beads was much higher than with Con A
stimulation (Table 1). In order to improve the engraftment
efficiency of CD4+ T cells, busulfan was orally administered to the
macaques prior to the transplantation, and the gene-modified
MazF-Tmac cells were infused into each monkey intravenously at
1.6-2.7x10° cells.

Transduction efficiency and cell surface markers of MazF-
Tmac cells

The efficiency of MazF transduction and phenotype of cell
surface markers of the MazF-Tmac cells were analyzed using flow
cytometry. The MazF vector transduction efficiency of CD4T-2
and CD4T-3 cells was 61.8% and 60.0%, respectively, while only
34.5% for CD4T-1 (Table 1). As shown in Table 2, 99% of the
expanded MazF-Tmac cells were CD3 and CD4 double-positive,
and in these cells, more than 90% expressed CD95/CD28, which
are known central memory phenotype markers [9]. Central
memory cells generally have a longer life span compared to
effecter memory cells [10]; thus, a higher percentage of central

@ PLoS ONE | www.plosone.org
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memory cells in MazF-Tmac cells is likely to result in longer
persistence after transplantation. Furthermore, to assess the
activation status of MazF-Tmac cells, we measured the expression
of CD25, which is also known as IL-2 receptor alpha and is an
activated T cell marker. CD25 expression of MazF-Tmac cells
from CD4T-2 and CD4T-3 was low. In contrast, almost 100% of
the CD4+ T cells were found to express CD25 with a higher
expression level 2—4 days after stimulation (data not shown). Thus,
these data indicate that a large number of MazF-Tmac cells
entered into resting or non-activated states during the ex wviwo
culture. CXCR4, a co-receptor for X4 tropic HIV entry, was
found to be expressed in expanded CD4T-2 and CD4T-3 MazF-
Tmac cells. Furthermore, we observed that there was no
significant difference in the measured cell surface markers between
Con A- and anti-CD3/CD28 bead-stimulated MazF-Tmac cells
(Table 2).

Longitudinal analysis of infused MazF-Tmac cells

To examine the i vivo safety and persistence of infused MazF-
Tmac cells, peripheral blood from each monkey was collected to
monitor the hematological effects and the proviral copy number of
the transduced retroviral vector in the genome over six months.
There was no significant change in the body weight of the
monkeys throughout the experiment (Figure 2A). During the
period of 2—4 weeks post-transplantation, severe reduction in the
white blood cell (WBC) count, hemoglobin (Hb) concentration,
and platelet (PLT) levels were observed in the monkeys CD4T-1
and CD4T-2, while only slight reduction was observed in CD4T-
3. These negative effects are considered to be due to the effect of
the busulfan treatment, which is known to cause partial bone
marrow depletion and functional defects in blood-forming tissues.
No other adverse events were observed throughout the experi-
ments. The transient reduction of lymphocytes gradually recov-
ered, and the cell number became stable two months after the
transplantation (Figure 2A).

The percentage of persistent MazF-Tmac cells in CD4+ T cells
was determined using real-time PCR and flow cytometric analyses.
The percentage of MazF-Tmac cells gradually decreased in
CD4T-1- and CD4T-2-transplanted monkeys, while in the
CD4T-3-transplanted monkey, a drastic reduction of the infused
MazF-Tmac cells was observed 3—4 weeks post-transplantation but
was not observed at later time points (Figure 2B). Although the
levels of MazF-Tmac cells gradually decreased over time, the
infused MazF-Tmac cells were detected even after six months
post-transplantation. It is reasonable to assume that a population
of infused MazF-Tmac cells can persist for a long-term period,
likely forming a resting condition.

Detection of anti-MazF antibodies in monkey blood

Although the levels of MazF-transduced CD4+ T cells gradually
decreased in the peripheral blood, some were detected throughout
the half-year experimental period, suggesting that MazF-Tmac
cells showed little or no immunogenicity towards cynomolgus
macaques. Because gene therapy for HIV is aimed at reconstitut-
ing an HIV-resistant immune system, genetically modified cells
must not only inhibit virus replication, but also maintain their
expected trafficking behavior and persist @ viwo. Although the
evidence of longitudinal persistence of MazF-Tmac cells supports
the low immunogenicity of MazF-Tmac cells, it is important to
assess the production of antibodies against MazF. As shown in
Figure 3 and Figure S1, we detected no production of anti-MazF
antibodies in the CD4T-2 monkey blood after transplantation of
the MazF-Tmac cells.
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Figure 1. Diagram of autologous CD4+ T cell transplantation using a non-human primate model. (A) Design of gene transfer vector. The
MazF gene derived from E. coli was inserted directly into the downstream of HIV-LTR sequence. The HIV-LTR-MazF-polyA cassette was introduced in
the opposite direction of the MoMLV-LTR. A truncated form of the human ALNGFR was also introduced into the retrovirus vector as a surface marker.
The ALNGFR gene is under the control of the human PGK promoter. (B) Flow diagram of gene-transduced CD4+ T cell manufacture. (1) Peripheral
blood was collected by apheresis, (2) CD4+ T cells were selected by positive selection and stimulated ex vivo with Con A or anti-CD3/CD28
monoclonal antibody-conjugated beads. (3) The MT-MFR-PL2 vector was transduced twice on days 3 and 4. (4) The transduced cells were expanded
for an additional 3-5 days until the total cell number reached more than 10°. (5) On day 7-9, the expanded cells were collected, washed, and infused

to the autologous macaques through venous blood.
doi:10.1371/journal.pone.0023585.g001

In vivo safety of MazF-Tmac cells

It is a great advantage to use primate models for investigating
the safety of gene-modified cells, as they can be used for surgical
pathological analysis. Therefore, we performed experimental
autopsies six months after transplantation. To examine the safety
of MazF-Tmac cells, specimens from several organs were fixed in
buffered formaldehyde and embedded in plastic. Serial sections
were made using a diamond saw. Slides were then stained with
hematoxylin-eosin. Histopathological findings of the specimens
were contracted with Bozo Research Center (Tokyo, Japan), and
no severe adverse events relating to MazF-Tmac cell infusion was

observed (Table 3 and Figure S2).

Table 1. Demographic data and summary of expansion fold
and transduction efficiency.

Examination of the anti-viral efficacy of MazF-Tmac cells
harvested from monkey

In order to examine whether the Tat-dependent expression of
MazF and anti-viral efficacy was maintained in the MazF-Tmac
cells after infusion, CD4+ T lymphoid cells from a CD4T-1-
transplanted monkey (214 days post-infusion of MazF-Tmac cells)
were selected and expanded ex vivo (Figure 4A). After 7 days of
expansion, the genetically modified cells expressing a truncated
form of the human low affinity nerve growth factor (ALNGFR+)
were concentrated with an anti-CD271 monoclonal antibody
(Figure 4B). CD271-positive cells and CD271-negative cells were
expanded for an additional 4 days. Both groups of expanded cells
were infected with SHIV 89.6P [11] at the multiplicity of infection
(MOI) of 0.01. Culture supernatants and cell pellets were analyzed
at 6 days post-infection. As shown in Figure 4C, the replication of
SHIV 89.6P was significantly suppressed in CD271-positive cells

doi:10.1371/journal.pone.0023585.t001
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CDAT-1 CDAT-2 CDAT-3 Table 2. Cell surface markers of expanded MazF-Tmac cells.
Bqdy Weight;’(rkg’ o 7,';;5’.'2,‘5 : . 3 . :
Method for stimulation Con A Anti-CD3/CD28  Anti-CD3/CD28 cD4T-2 CD4T-3

Beads Beads S T T -

Nurnber of stimulate e = cb3 87, - 999
CD4+ T cells (x107 cells) CD95(—)/CD28(+) (Naive) (%) 07 12 04
Days for expansion (days) 7 7 9 CD9SEH/CD28(H (CM) %) 930 947 912
Number of infused 1. 1 27 CD95(+)/CD28(~) (EM) (%) 62 39 83
MazF-Tmac cells (x10%cells) =~ == S CXCRAG) o NA 920 794
Expansion Fold 12310 87 D25 (%) N/A 304 245
Gene transfer efficiency (%) = 345~ 618 0800

CM: Central Memory, EM: Effector Memory.
doi:10.1371/journal.pone.0023585.t002
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Figure 2. Hematological analysis and engraftment of the MazF-transduced CD4+ T cells. (A) The body weight and several hematological
features were measured at the indicated time points, and the number of WBC, Hb, and PLT were represented. Each macaque was monitored
throughout the study period. (B) The in vivo persistence of retroviral-transduced CD4+ T cells in the peripheral blood. PBMCs were collected at the
indicated time points. The percentage of CD4+ T cells was analyzed using flow cytometry, and the proviral MazF vector copy was analyzed using real-
time PCR. By compounding these two data, the copy number of the mazF gene in CD4+ T cells was calculated.

doi:10.1371/journal.pone.0023585.9g002

in comparison with CD271-negative cells. Although western blot
analysis managed to detect the expression of MazF, MazF was
below the detection limit (data not shown). However, the
expression of MazF was clearly induced when the same CD271-
positive cells were transduced with the Tat expression retroviral
vector M-LTR-Tat-ZG [6] (Figure 4D). These data suggest that
the conditional expression system in MazF-Tmac cells is still active
at 6 months post-transplantation.

Distribution of MazF-Tmac cells

To examine the distribution and persistence of the infused
MazF-Tmac cells in a monkey, lymphocytes isolated from several
organs were analyzed using flow cytometry and real-time PCR. As
shown in Figure 5A and 5B, ALNGFR+ cells were detected in
CD4+ T cells isolated from several lymph nodes (LNs), spleen, and

@ PLoS ONE | www.plosone.org

peripheral blood. A similar tendency was obtained using real-time
PCR (Figure 5C). In contrast, MazF-Tmac cells were not detected
in the bone marrow, liver, thymus, and small intestine (data not
shown). These data strongly suggest that infused MazF-Tmac cells
mainly circulate in the secondary lymphoid organs.

In vivo distribution of MazF-Tmac cells treated with or
without retinoic acid ‘

Based on the findings that MazF-Tmac cells were well
distributed among secondary lymphoid organs but not in small
intestine, we performed additional experiment using one cyno-
molgus monkey (CD4T-4). In order to investigate the editing effect
of the homing receptor to efficiently recruit the gene-modified cells
to intestinal tissues in a non-human primate model, the
distribution of retinoic acid-treated MazF-Tmac cells was
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isolated from the monkey CD4T-2 at day 0, 33, 75, and 103 after transplantation and were used to detect anti-MazF antibodies on a MazF protein-
immobilized microplate. The plasma samples were diluted to 500,000-fold, 50,000-fold, and 10,000-fold and added to each well. After the incubation,
antibodies which reacted with immobilized MazF were tried to detect as described in Materials and Methods. No MazF-specific antibodies were

detected.
doi:10.1371/journal.pone.0023585.g003

examined in a cynomolgus macaque. The experimental procedure
is described in Figure 6A. Non-treated and retinoic acid-treated
MazF-Tmac cells were designated as MazF-Tmac-N and MazF-
Tmac-R, respectively. Expressions of integrin-o4 and integrin-p7
were remarkably increased in the presence of retinoic acid
(Figure 6B). Thereafter, MazlI-Tmac-N and MazF-Tmac-R were
labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE) and PKH26, respectively. The CFSE-labeled cells were
mixed with an equal number of PKH26-labeled cells (Figure 6C),
and 6.8x10% of the mixed cells were infused into a CD4T-4
monkey. Note that the transduction efficiency of the MazF vector
was 65% (data not shown). Three days after the transplantation,
experimental autopsy was performed to obtain samples of several

Table 3. Analysis of in vivo safety (Histological finding about
autopsy sample).

CDA4T-1

e

e
N/A

Cymph made T
Spleen

Bone marrow -

Thymus

Small‘intestine’

Liver

Kidney

Pancreas

stomach
Lung
Heart

—: No remarkable changes; *: Minimal; + Mild; ++ Moderate.
N/A: No equivalent sample available.

“Due to the Aging,

Side effect due to the busulfan administration.
doi:10.1371/journal.pone.0023585.t003
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organs as described in the Materials and Methods. Both the
CFSE- and the PKH26-labeled CD4+ T cells were detected in the
peripheral blood and several LNs by FACS analysis (Figure 6D).
The percentage of the infused cells in the LNs was low compared
to the peripheral blood, indicating that a large number of the
infused cells did not migrate to the secondary lymphoid tissues and
circulated in the peripheral blood at this time point. In the case of
the inguinal and axillary LNs, the percentage of MazF-Tmac-R
cells was low compared to MazF-Tmac-N cells. In contrast, a
higher percentage of MazF-Tmac-R cells was observed in the
mesenteric LN compared to MazF-Tmac-N cells. MazF-Tmac-N
cells were evenly distributed in the three LNs analyzed, while the
MazF-Tmac-R cells seemed to be preferentially distributed in the
mesenteric LNs. Moreover, a large number of MazF-Tmac-R cells
were distributed in the small intestine, while MazF-Tmac-N cells
were not. To further evaluate the homing effect of the MazF-
Tmac cells, the distribution of the labeled-MazF-Tmac cells in
cryopreserved organs was analyzed using fluorescence microscopy
(Figure 6E). A number of the PKH26-labeled MazF-Tmac-R cells
were observed in the mesenteric LNs and in Peyer’s patches.
Taken together, retinoic acid-treated MazF-Tmac cells seem to be
selectively recruited to mesenteric LNs and then transported to
Peyer’s patches. The distribution of MazF-Tmac-R cells in the
intestinal villi remains to be determined.

Discussion

MazF is a toxin encoded by the E. coli genome and plays a role
in growth regulation under stress conditions in E. cof [12]. MazF
can act as an endoribonuclease (RNase) that specifically cleaves
cellular mRNAs at ACA sequences [13]. Therefore, MazF
induction in E. coli virtually eliminates almost all cellular mRNAs
to completely inhibit protein synthesis. However, MazF-induced
cells retain full capacity for protein synthesis, as MazF-induced
cells are able to produce a protein at a high level if the prerequisite
mRNA is engineered to be devoid of all ACA sequences without
altering its amino acid sequence [14]. This indicates that RNA
components involved in protein synthesis are protected from

August 2011 | Volume 6 | Issue 8 | e23585

— 133 —



RNase Based Gene Therapy of HIV

A
CcD271(-) Detection of SHIV
CD4T-1 SHIV o
day 214 cozrt A[_cells | | o ton s"‘;':: r':a‘;;'l':t“g
selection MOI10.01 )
Real-Time PCR
.. CD4+Tcell > CD271(+) _'_:?_ __________________________
isolation MazF-Tmac -
and cells Transduction Detection of
expansion of Tat [:> MazF by
expression Western
vector blotting
B Before selection CD271 (+) CD271 (+)
j y J
11 4.43% 94.54% 98.75%
@
CD271-APC
C D
1.0E+08 CD271
£ selected
@
2 Tat - +
=
)
O 1.0E+07
§ MazF
4
=
# o-Tublin
1.0E+06

CD271()

CD271(+)
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expression of MazF in a Tat-dependent manner was observed.
doi:10.1371/journal.pone.0023585.g004

MazF cleavage. Indeed, ribosomal RNAs (rRNAs) and transfer
RNAs (tRNAs) are protected from MazF cleavage in E. coli [15].

RNase-based anti-HIV gene therapy is an attractive strategy to
suppress HIV-1 RNA replication. In the case of MazF, there are
more than 240 ACA sequences in HIV-1 RNA, suggesting that
HIV has almost no chance to gain MazF-related escape mutations.
This approach seems to have a substantial advantage over the
other known antiviral strategies, including antiviral drug therapy,
and RNA-based gene therapies, such as antisense RNA, ribozyme,
and siRNA.

MazF overexpressed in mammalian cells preferentially cleaves
messenger RNAs (mRNAs), but not ribosomal RNAs [16]. As
HIV-1 RNA has more than 240 ACA sequences, we assumed that
the viral RNA is highly susceptible to MazF, leading to inhibition

@ PLoS ONE | www.plosone.org

of viral replication under a conditional expression system. Indeed,
conditional expression of MazF with Tat suppresses replication of
both HIV-1 IIIB and SHIV 89.6P without affecting cellular
mRNAs, suggesting that this Tat-dependent expression system of
MazF is an attractive payload for HIV gene therapy [6]. It is an
intriguing phenomenon that viral RNAs are efficiently and
preferentially cleaved without affecting cellular mRNAs, and we
are now addressing this question. Meanwhile, MazF is a bacterial
protein, and its expression is induced by Tat protein; thus, it is
important to assess the safety and immunogenicity of mazF gene-
modified cells i vivo. In order to determine the safety of our Mazk-
retrovirus system i vivo, we infused MazF-transduced CD4+ T
cells into cynomolgus macaques. In human gene therapy trials,
engraftment of 1-2% of genetically modified cells in the peripheral
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doi:10.1371/journal.pone.0023585.g005

circulation has been observed following infusions of about 10
billion cells [17], and higher cell doses results in higher levels of
engraftment [18,19]. Infusions of lower than 5x10° cells do not
reliably result in measurable engraftment levels [19]. Therefore,
we decided to infuse more than one billion cells into cynomolgus
macaques, reflecting one-tenth of the scale of the human model.
Indeed, the mazF gene-modified cells were detected over a six
month period at a high level, and no histopathological disorders
and no MazF-specific antibody production was observed during
the experiment, demonstrating that MazF-Tmac cells showed little
or no immunogenicity to monkeys. Moreover, MazF-Tmac cells
harvested from the CD4T-1-transplanted monkey 6 months post-
infusion showed resistance to the replication of SHIV 89.6P,
indicating that the long-term persistent MazF-Tmac cells are
functional. The expression of MazF in the SHIV-infected MazF-
Tmac cells was below the limit of detection due to a low MOI such
as 0.01, while in the MazF-Tmac cells transduced with the Tat
expression retroviral vector M-LTR-Tat-ZG at 45% efficiency,
expression of MazF was clearly induced, indicating that Tat
dependent MazF expression system was maintained in the cells
even 6 months after the autologous transplantation.

Because gene therapy for HIV is aimed at reconstituting an
HIV-resistant immune system, genetically modified cells must

@ PLoS ONE | www.plosone.org

inhibit virus replication and maintain persistence i vivo. Although
ex vivo gene therapy targeting CD4+ T cells or CD34+
hematopoietic stem cells has been shown to promote long term
persistence of infused cells in peripheral blood in human, it is
difficult to obtain information about the distribution pattern of
these cells in the whole human body. In order to obtain such
information, the monkeys were sacrificed and lymphocytes were
isolated from several organs after 6 months of monitoring.
Importantly, the infused MazF-Tmac cells were detected in
secondary lymphoid tissue, such as several LNs and spleen, and in
peripheral blood, although individual differences between CD4T-
1, -2, and -3-transplanted monkeys were observed. No histopath-
ological disorders were observed in the organs containing MazF-
Tmac cells, indicating that there were no lesions relating to MazF-
Tmac cells. The distribution of MazF-Tmac cells in the lymphoid
tissues of CD4T-3-transplanted monkey was lower compared to
the CD4T-1 and -2-transplanted monkeys. One reason for this
phenomenon is likely the lower dosage of busulfan used to treat the
CD4T-3-transplated monkey. Busulfan is an alkylating agent with
potent effects on hematopoietic stem cells that is commonly used
for stem cell transplantation. In rhesus macaques, a low-dose of
busulfan has an impact on bone marrow stem/progenitor cells
with transient and mild suppression of peripheral blood counts
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[20]. Thus, the lower engraftment efficiency of CD4T-3 (MazF-
Tmac) cells might be due to the milder busulfan treatment.
In contrast to the LNs and spleen, a limited number of cells

were detected in non-lymphoid tissues such as small intestine and
liver. Considering HIV-1 infection, the gastrointestinal (GI) tract,
which contains the vast majority of lymphoid tissues in the total
body to protect mucosal membranes from foreign antigens, is the

@ PLoS ONE | www.plosone.org

dominant site of HIV replication rather than LNs, which were
originally thought to be the main infection sites [21]. In GI tract,
CD4+ T cells are dramatically decreased during the acute phase of
HIV infection [21,22,23]. In rhesus macaques, a similar depletion
was also reported during the acute phase of simian immunode-
ficiency virus (SIV) infection, with CD4+ memory T cells
specifically targeted [24,25]. Notably, the rate of mucosal CD4+
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T cell depletion in pathogenic SIV-infected monkeys correlates
with the disease progression in the rhesus macaque [26]. Indeed,
recent studies provide evidence that the depletion of mucosal
CD4+ T cells leads to damage of the gut mucosal layer resulting in
translocation of microbial products, such as lipopolysaccharide
(LPS), ultimately causing chronic and systemic immune activation,
which is one of the hallmarks of HIV/SIV infection and one of the
predictors of disease progression [27,28]. Although HAART
therapy is effective in controlling viral replication and recovering
CD4+ T cells in the peripheral blood, restoration of CD4+ T cells
is delayed in the GI tract [21,29]. Thus, the repair of depleted
CD4+ T cells using gene therapy might attenuate the breakdown
of the mucosal layer and prevent mucosal immune system
deficiency. To change the tissue distribution of infused CD4+ T
cells, the enhancement of homing receptor expression in T
lymphocyte is necessary. Integrin o4p7 is known to facilitate the
migration of lymphocytes from gut-inductive sites where immune
responses are first induced (Peyer’s patches and mesenteric LNs) to
the lamina propria [30,31]. Expression of the homing receptor is
induced by the addition of retinoic acid [32], which is produced
mainly from retinol (vitamin A) by dendritic cells in the mesenteric
LNs. As shown in Figure 6D and 6E, although these are
preliminary data with only one monkey, editing of the homing
receptors integrin-oi4 and integrin-B7 by retinoic acid enhanced
the recruitment of MazF-Tmac cells to the mesenteric LNs, small
intestine, and Peyer’s patches. These results may indicate that
MazF-Tmac cells treated with retinoic acid selectively accumulate
in the mesenteric LNs and then migrate into Peyer’s patches. It has
been reported that the HIV-1 envelope protein gp120 binds to and
signals through the activated form of integrin «4B7 [33]; however,
we expect that retinoic acid-treated MazF-T cells will persist in
distal organs without the additional spread of HIV replication
because of the HIV-1 resistance observed in the MazF-Tmac cells.
Therefore, we speculate that the combination of several culture
methods to edit the homing receptor will enhance the recruitment
of MazF-Tmac cells to distal lymphoid organs, resulting in a more
efficient therapeutic.

In summary, we showed long-term persistence, safety and
continuous HIV replication resistance in the mazF gene-modified
CD4+ T cells in a non-human primate model i vivo, suggesting
that autologous transplantation of mazF gene-modified cells is an
attractive strategy for HIV gene therapy.

Materials and Methods

Vector design and viral production

The GALV-enveloped gamma retroviral vector MT-MFR-LP2
was generated as previously described [6]. MT-MFR-PL2
expresses a truncated form of the human low affinity nerve
growth factor gene (ALNGFR) [34] under the control of a
functional PGK promoter and the MazF gene under control of the
HIV-LTR promoter (Figure 1A). The ALNGFR is a surface
marker that allows identification of transduced cells.

Animals

Four cynomolgus macaques (Macaca fascicularis, 67 years old),
CD4T-1, CD4T-2, CD4T-3, and CD4T-4, were used in this
experiment and were maintained at the Tsukuba Primate
Research Center for Medical Science at the National Institute of
Biomedical Innovation (NIBIO, Ibaraki, Japan). The study was
conducted according to the Rules for Animal Care and the
Guiding Principles for Animal Experiments Using Nonhuman
Primates formulated by the Primate Society of Japan [35] and in
accordance with the recommendations of the Weatherall report,
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“The use of non-human primates in research”. The protocols for
the experimental procedures were approved by the Animal
Welfare and Animal Care Committee of the National Institute
of Biomedical Innovation (DS18-100). All surgical and invasive
clinical procedures were conducted by trained personnel under the
supervision of a veterinarian in a surgical facility using aseptic
techniques and comprehensive physiologic monitoring. Ketamine
hydrochloride (Ketalar, 10 mg/kg; Daiichi-Sankyo, Tokyo, Japan)
was used to induce anesthesia for all clinical procedures associated
with the study protocol such as blood sampling, gene-modified cell
administration, clinical examinations and treatment.

Ex vivo expansion of CD4+ T cells, and transduction of

the MazF vector

Peripheral blood from cynomolgus macaques was collected by
apheresis as previously described [36]. For the dissolution of red
blood lymphocytes, collected blood was treated with ACK lysing
buffer (Lonza, Walkersville, MD) and was washed twice with
phosphate buffered saline (PBS). Then, CD4+ T cells were isolated
using anti-CD4 conjugated magnetic beads (Dynal CD4 Positive
Isolation Kit, Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Isolated CD4+ T cells were cultured
at 5x10° cells/ml in GT-T503 (Takara Bio, Otsu, Japan)
supplemented with 10% FBS (Invitrogen), 200 IU recombinant
human interleukin-2 (IL-2; Chiron, Emeryville, CA), 2 mM L-
glutamine (Lonza), 2.5 pg/ml Fungizone (Bristol Myers-Squibb,
Woerden, The Netherlands) and activated for three days with
either 5 pg/ml concanavalin A (Con A, Sigma Chemical, St.
Louis, MO) for CD4T-1 or a combination of anti-CD3 clone FN-
18 (Biosource, Camarillo, CA, USA) and anti-CD28 clone 1.293
(BD Biosciences, Franklin Lakes, NJ) monoclonal antibodies
conjugated to M-450 epoxy magnetic beads (Invitrogen) at cell-
to-bead ratio of 1:1 (CD4T-2 and CD4T-3). On day 3, the
activated CD4+ T cells were transduced with the MazF retroviral
vector MT-MFR-PL2 in the presence of RetroNectin® (Takara
Bio) according to manufacturer’s instructions. Transduction was
repeated on day 4. CD4+ T cells were further expanded to day 7
to 9 until the total cell number reach more than 10°. The closed
system MazF-Tmac cell manufacturing was performed using gas
permeable culture bags; Cultlife 215 (Takara Bio) and Culdlife
Eva (Takara Bio) were used for CD4+ T cells expansion and
Cultilife spin (Takara Bio) was used for transduction of the MazF
retroviral vector.

Transplantation of expanded CD4+ T cells

Prior to the transplantation, each macaque was treated with
busulfan (Ohara Pharmaceutical, Shiga, Japan). Busulfan has been
used extensively as a preparatory regimen for allogenic hemato-
poletic stem cell transplantation based on its toxicity to
hematopoietic stem cells. Furthermore, it has been reported that
in non-human primates, hematopoiesis was significantly decreased
after a single, clinically well-tolerated dose of busulfan, with slow,
but almost complete, recovery over the next several months [20].
The effects of busulfan on lymphocyte engraftment, however, are
not well documented. Although cyclophosphamide is widely used
in immune gene therapy trials in humans for lymphocyte
transplantation, there is no information available for cyclophos-
phamides effect on T-cell transplantation in the cynomolgus
macaque. It should be noted that we have chosen busulfan for our
CD4+ T cell transplantation because busulfan is shown to cause a
reduction in the peripheral blood count in human trial [37], we
have had success in using busulfan for cynomolgus macaque bone
marrow transplantation and according to internal information,
busulfan causes a reduction of the peripheral blood count in
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cynomolgus macaques. Busulfan was orally administered to the
macaques twice at 10 mg/kg each (CD4T-1 and CD4T-2) or
6 mg/kg each (CD4T-3) [38]. The expanded cells were harvested,
washed three times with PBS, and re-suspended in PBS containing
10% autologous plasma. The collected cells were infused
intravenously to monkeys at the speed of 1 ml per minute.

Flow cytometry analysis

The cell surface markers of the expanded cells and peripheral
blood mononuclear cells (PBMC) were analyzed using FAGSCa-
libur (BD Bioscience) and FACSCanto (BD Bioscience), and data
analysis was performed using CellQuest software (BD Bioscience),
FACSDiva software (BD Bioscience) or FlowJo software (Tree
Star, Inc., Ashland, OR). The following antibodies were used for
staining: anti-CD3 (SP34-2, PerCP), anti-CD4 (1.200, FITC), anti-
CD25 (2A3, FITC), anti-CD28 (CD28.2, PE), anti-CD95 (DX2,
FITC), anti-CXCR4 (12G5, PE) and anti-integrin-B7 (FIB504,
PE), which were obtained from BD Bioscience. The anti-CD49d
(HP2/1, FITC) antibody was obtained from Beckman Coulter
(Fullerton, CA), and the anti-CD271 (LNGFR, PE and APC)
antibodies were obtained from Miltenyi Biotec GmbH (Bergisch
Gladbach, Germany).

Measurement of hematological data

Two ml of blood was prepared every week. Blood samples were
used to measure the white blood cell (WBC) count, red blood cell
(RBGC) count, hemoglobin (Hb) concentration, hematocrit values,
mean corpuscular volume, mean cell hemoglobin concentration
and platelet (PLT) count using a Sysmex K-4500 instrument (T'oa-
iyouddenshi, Kobe, Japan). The concentrations of the biochemical
markers in blood samples were also monitored including total
proteins, albumin, blood urea nitrogen, glucose, glutamic
oxaloacetic transaminase, glutamic pyruvic transaminase, alkaline
phosphatase, creatine phosphokinase, lactate dehydrogenase,
creatine, sodium, potassium, chlorine and C-reactive protein
using an AU400 instrument (Olympus Medical Systems, Tokyo,

Japan).

Quantification of gene-modified CD4+ T cells

The existence and persistence of genetically modified CD4+ T
cells were monitored by measuring the proviral genome of the
transgene using quantitative real-time PCR. DNA samples were
extracted from 2x10° PBMCs using a Gentra Puregene Blood Kit
(QIAGEN, Hilden, Germany). The proviral copy number of the
transgene was calculated from 400 ng of genomic DNA with
quantitative PCR using a Cycleave RT-PCR Core Kit (Takara
Bio) and Provirus Copy Number Detection Primer Set (Takara
Bio) according to the manufacturer’s instructions. The reaction
was performed with the Thermal Cycler Dice Real Time System
(Takara Bio), and the data was analyzed using Multiplate RQ),
software (Takara Bio). For each run, a standard curve was
generated from the pMT-MFR-PL2 plasmid, whose copy
numbers were already known. Based on the standard curve, the
amount of infused cells was quantified.

Detection of anti-MazF antibodies in macaque blood
after transplantation of MazF-Tmac cells

To examine whether anti-MazF antibodies can be generated
after the transplantation of MazF-Tmac cells, the plasma isolated
from the macaques was analyzed. In order to detect anti-MazF
antibodies, purified MazF protein or anti-monkey IgG (Nordic
Immunological Laboratories, Tilburg, The Netherlands) was pre-
coated onto the wells of a 96-well microplate and subsequently
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blocked with PBS-1% BSA. The plasma samples were isolated
from the CD4T-2 at day 0, 33, 75, and 103 after transplantation
and were diluted to 500,000-fold, 50,000-fold, and 10,000-fold.
Cynomolgus macaque IgG purified from normal macaque plasma
with Melon Gel IgG purification Kit (Thermo Fisher Scientific,
Rockford, IL, USA) was used as a control for this reaction. The
two-fold serial dilutions of the IgG (1 ng/ml to 64 ng/ml) and the
diluted plasma samples, as described above, were separately added
to each well. After an overnight incubation at 4°C, the wells were
washed with PBS-1% BSA. The POD-conjugated anti-monkey
IgG (Nordic Immunological Laboratories) was then added to the
wells. After 4 hours of incubation at room temperature, the wells
were washed three times with PBS-1% BSA followed by the
addition of the substrate solution (o-Phenylenediamine, Sigma).
The optical density of each well was read at 490/650 nm using a
680XR microplate reader (Bio-Rad Laboratories, Hercules, CA)
after stopping the reaction with HoSOy, stop solution (Figure S1).

Examination of the anti-viral efficacy of MazF-Tmac cells
harvested from a monkey

To examine the function of the mazF gene in cells harvested
from a MazF-Tmac-transplanted monkey, the frozen lymphoid
cells from CD4T-1 at autopsy (214 days post-infusion of MazF-
Tmac cells) were recovered, CD4+ T cells were selected using a
CD4+ T Cell Isolation Kit (Miltenyi Biotec), stimulated with anti-
CD3/CD28 beads at a cell-to-bead ration of 1:1, and expanded in
GT-T503 medium supplemented with 10% FBS, 200 IU
recombinant human interleukin-2, 2 mM L-glutamine, 2.5 pg/
ml Fungizone, 100 units/ml penicillin, and 100 pg/ml strepto-
mycin. After 7 days of expansion, the genetically modified cells
expressing ALNGFR+ were concentrated with an anti-CD271
monoclonal antibody (CD271 MicroBeads, Miltenyi Biotec) and
expanded for 4 days. The cells from the CD271-negative fraction
were also harvested and expanded as control non-gene modified
CD4+ T cells. The expanded CD271-enriched cells and CD271-
negative cells were infected with SHIV 89.6P at the MOI of 0.01
and cultured for 6 more days. Culture supernatants and cell pellets
were harvested at 6 days post-infection. RNA in the culture
supernatant was recovered with the QIAamp Viral RNA Mini Kit
(QIAGEN) and SHIV RNA levels in the culture supernatant were
determined by quantitative real-time PCR with a set of specific
primers specific for the SHIV gag region [39]. In order to detect
the Tat-dependent expression of MazF in the CD271-enriched
MazF-Tmac cells harvested from the monkey, the cells were
transduced with the Tat expression retroviral vector M-LTR-Tat-
ZG [6] in the presence of RetroNectin® as per the manufacturer’s
instruction. Twenty hours after Tat transduction, the cells were
harvested, counted by trypan blue exclusion assay, washed twice
with PBS, and 5x10° cells were suspended in 50 pl of 1x SDS
sample buffer. The cell samples were incubated at 95°C for
10 min, and 5 pl of each cell sample was used for western blot
analysis. For gel electrophoresis of proteins, the sample solutions
described above were loaded into the wells of a 4-20% Tris-
Glycine gel (Atto, Tokyo, Japan). After completion of electropho-
resis, the gel was transferred to a polyvinylidene fluoride (PVDEF)
membrane (Millipore, Billerica, MA) with papers containing
transfer buffer using the semi-dry method at 60 mA (constant
voltage) for 60 min. The membrane was cut in half horizontally
around the 20 kDa protein band of the pre-stained protein marker
(Bio-Rad Laboratories). The upper part of the membrane was
used to detect the o-tubulin (50 kDa) as an internal standard, while
the lower part of the membrane was used to detect MazlF
(12 kDa). After blocking, the membranes were then incubated
overnight at 4°C in the blocking buffer (5% skim milk in PBS)
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