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Abbreviation

BM: bone marrow

BW: body weight

CRP: C-reactive protein

CyA: cyclosporin A

ECV: extracorporeal blood volume
EPO: erythropoietin

FL: fms-like tyrosine kinase-3 ligand
G-CSF: granulocyte colony-stimulating factor
HSCs: hematopoietic stem cells

Ht: hematocrit

Hb: hemoglobin

IL: interleukin

MNCs: mononuclear cells

RBC: red blood cell

SCF: stem cell factor

SPF: specificpathogen-free

TBV: total blood volume

TPO: thrombopoietin

WBC: white blood cell



General Introduction



After many years of the study on the identity of potential bloodforming stem
cells so called hematopoietic stem cells (HSCs) [97], a lot of researchers have begun
exploring their potentials for therapeutic use. HSCs have been pursued as highly
desirable targets for gene therapy and regenerative medicine because of ‘their
selfrenewal and multilineage differentiation capabilities [37].

The successful HSC gene therapy for X-linked severe combined
immunodeficiency has been reported [13, 34]. These encouraging results represented
the first unequivocal demonstration of the clinical efficacy of gene therapy. However,
elation was short-lived, as 3 out of 11 enrolled children in this clinical trial have
developed T cell leukemia [35, 36, 94]. Thus, at present the risks and potential benefits
of gene therapy are being reconsidered and US National Institutes of Health (NIH)
recommended optimization using large animal models such as non-human primates,
because it might be difficult to establish the HSCs gene therapy approach for clinical
application [77].

In the mice HSCs marking study with retroviral vectors, the entire
hematopoiesis can be reconstituted by a single or few HSCs [65]. However, no data
about clonality of hematopoiesis in larger animals have been available. The
hematopoietic demand of a mouse may be very small. A typical mouse (25 g) makes, in
a two-year lifetime, the same amount of red blood cells (RBCs) as does a man in one
day, raising the possibility that HSCs kinetics in large animals are more complex than
small rodents [2]. As these results, we can easily and sharply imagine that the behaviors
of human HSCs might be very different in mice models. Large animal transplantation
models have proved to be essential for the assay of HSCs in human, because there are
no reliable data in mice model for extrapolation to human HSCs assay [8]. Among large

animals, non-human primates such as macaque monkeys may provide the best animal
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models because of their close phylogenetic distance to humans [54, 102, 103]. It was
essential to establish the non-human primate model to understand human hematopoiesis,
to examin the efficacy and safety of hematopietic gene therapy. Therefore, I tried to
establish the safe and efficient methods for collection of hematopietic stem cells and
autologous transplantation of HSCs in non-human primates. .

HSCs can be collected from the cytokine-mobilized peripheral blood, bone
marrow (BM), and umbilical cord blood. HSCs in BM can be mobilized into peripheral
blood by cytokine administration. Cytokine-mobilized peripheral blood stem cells are
the most useful for being advantage in clinical applications. Therefore, it is
indispensable to establish the massive collection of cytokine-mobilized peripheral blood
cells from non-human primates by safe and effective leukapheresis procedure as a first
step for preclinical study of HSCs gene therapy (Chapter 1). The second approach is to
develop the transplantation protocol in non-human primates (Chapter 2). My
non-human primate model will provide an important framework for preclinical study of

HSCs gene therapy.



Chapter 1.

Collection of Cytokine-Mobilized Peripheral Blood
Cells From Non-human primates.



Section 1:

Total Blood Volume in Cynomolgus Monkeys (Macaca

fascicularis).

Introduction

[t is essential to determine the correct total blood volume (TBV) for an index
such as extracorporeal circulation in case of cytokine-mobilized peripheral blood stem
cell collection and transfusion in case of hematopietic stem cell transplantation.
Withdrawal of blood is the most common laboratory procedure in animal experiments.
Recommendations regarding the frequency and maximum volume of blood to be
withdrawn have been established for non-human primates by using the radiolabelliﬁg
technique [28, 48, 101]. The TBV is influenced by age, sex, and boéiy weight (BW); and
the normal limits of TBV have been determined for humans and horses by using
noninvasive methods such as Evans blue dye dilution technique [17, 46, 67]. In the light
of animal welfare concerns, information about TBV is important for determining the
amount of and frequency with which blood be drawn in non-human primates. The
purpose of the present study is to clarify the normal value of TBV in non-human

primates by using Evans blue dye dilution technique.



Materials and Methods
Breeding.

A large-scale cynomolgus monkey breeding colony derived from animals of
the Philippines, Indonesia, and Malaysia was established in 1978 at Tsukuba Primate
Center, National Institute of Infectious Diseases (Ibaraki, Japan) [43]. More than 4400
animals have been born over the past 22 years, with 201 normal births being obtained,
on average, from 229 pregnancies (live birth rate; 87.8%) in a year. Approximately 180
cynomolgus monkeys, including juvenile monkeys and retired breeders, were supplied
for research every year. Individual housing and timed mating systems are effective for
prevention of horizontal infection of pathogens, resulting in establishment of a SPF
colony that is free of blood parasites, intestinal parasites, herpes virus B and simian
varicella virus. Our SPF definition does not include more ubiquitous or poorly defined
viruses of non-human pﬁmates (foamy viruses, adenoviruses, other herpes viruses, or
reoviruses) [11]. These animals are periodically screened to maintain their health status.
These highly screened monkeys with detailed health records have been used in a variety

of biomedical research experiments, including the study reported here.

Animals and husbandry.

To evaluate BW-dependent changes in the TBV value, I used 64 (34 male, 30
female) cynomolgus monkeys aged 15.5 + 9.7 years (Table 1.1.1). All cynomolgus
monkeys were bred and kept at the Tsukuba Primate Research Center (Ibaraki, Japan).
All monkeys were housed indoors at 23-27°C and 50-70% humidity with 12 air changes
per hour and a 12-hour/12-hour light/dark cycle. Animals were individually housed in
stainless steel cages and fed 70 g of commercial monkey chow (Type AS; Oriental

Yeast, Chiba, Japan) and 200 g of fruit daily. All monkeys were healthy as assessed by

-9-



annual examinations for health control. This study was conducted according to the
Rules for Animal Care and Management of the Tsukuba Primate Research Center [42]
and the Guiding Principles for Animal Experiments Using Non-human Primates
formulated by the Primate Society of Japan [68]. The protocols of the experimental
procedures were approved by the Animal Welfare and Animal Care Committee of the

National Institute of Infectious Diseases (Tokyo, Japan).

Measuring the total blood volume.

TBV was measured using the Evans blue dye (Sigma Chemical Co., St. Louis,
MO, USA) dilution technique [17, 33, 46] with slight modification. This method was
reported as noninvasive because Evans blue dye showed no adverse effects including
carcinogenic effect in the Ames test [32]. The concentration of Evans blue dye in the
blood stabilized 5 to 10 min after the injection. From the saphenous vein, I collected 1
ml blood again into a tube containing 1.5 mg EDTA just before intravenous (i.v.)
injection of 0.5 ml Evans blue solution (0.5% w/v in phosphate-buffered saline). At 10
min after injection of the Evans blue solution, 1 ml blood was collected again into a
tube containing 1.5 mg EDTA. The plasma was separated from blood after centrifuging
at 3,000 rpm for 10 min. The optical density (OD) at 610 nm of the Evans blue dye in a
sample of plasma was determined by using a spectrophotometer (DU-640; Beckman
Instruments, Inc., Fullerton, CA, USA). In addition, the OD of Evans blue dye serially
diluted with normal monkey plasma was determined to obtain a standard curve of dye
dilution. The correlation between dilution and OD in this standard curve always
exceeded 0.9. The dilution factor for the Evans blue dye in the plasma S%mele was
calculated by extrapolating the OD of the sample to the standard curve. The Hematocrit

(Ht) was measured by using an automatic blood cell analyzer (Sysmex K-4500; Toa
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iyoudenshi, Kobe, Japan). The TBV was calculated by using the following process.

1) Total plasma volume (ml) = dilution factor x 0.5 (ml ; Evans blue solution volume).
2) Plasmacrit (%) = 100-Ht

3) TBV (ml) = Total plasma volume / (Plasmacrit x 0.01)

Statistical analysis was achieved by using Student’s t test. Linear regression
analysis between BW and TBV was applied to determine their interrelationship.
Statistical significance was accepted at P < 0.05. The data are presented as the mean + 1

standard deviation (SD).
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Results

Table 1.1.1 summarizes measured values in cynomolgus monkeys used to the
TBV test. As shown in Figs. 1.1.1 and 1.1.2, significant correlation was observed
between TBV and BW in all of the female monkeys (r = 0.48, P < 0.05), which all
weighed less than 6 kg, and in males weighing 2 to 6 kg (r = 0.85, P < 0.01). However,
there was no correlation between TBV and BW in male monkeys weighing more than 6

kg. In light of these results, the following formulae were established to estimate TBV by

using BW.

For female cynomolgus monkeys weighing 2 to 6 kg, Y (TBV; ml) = 19.95X (BW; kg)

+167.24.

For male cynomolgus monkeys weighing 2 to 6 Kg, Y = 44.07X + 90.25.

The estimated TBV was approximately 6% of the BW and is within a range
reported for mammals [69]. However, TBV was not correlated with BW and the range

was 350 = 50 in male monkeys that weighed more than 6 kg (Fig. 1.1.2).



Discussion

The average BW of adult (> 5 years) male cynomolgus monkeys was 5.51 +
1.15 kg (my unpublished data), and the maximum fat mass of the TPC colony was 60%
of the BW [90]. These results suggest that a BW of 2 to 6 kg is within the normal
physiologic range but that male monkeys weighing more than 6 kg are obese. Because
fat tissue has few blood vessels, the BW does not correlate with TBV in obese monkeys.
Therefore, the range of TBV was 360 £ 50 in obese male monkeys.

The present data are important to establishing standard protocols for blood
withdrawal from non-human primates in which the maximum volume of removable
blood is based on the TBV of individual animals. In addition, efficient extracorporeal
circulation such as cytokine-mobilized peripheral blood stem cell collection are possible
to perform by assuming correct TBV as an index. The frequency of blood withdrawal
and transfusion should be established by monitoring the Ht and calculating the TBV in

the experiments using non-human primates.
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Table 1.1.1. Characteristics of cynomolgus monkeys subjected in the TBV study.

males females
Number of Animals 34 30
Age (Years) 13.5+9.4 18.094
Body Weight (kg) 57%£23 42+1.3
Hematocrit (%) 41.4=*34 42.5%+29

Each value is expressed by mean=+SD.

-14-



Figure 1.1.1. Relationship between TBV and BW in female cynomolgus monkeys.

There was correlation between TBV and BW in female monkeys.
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Figure 1.1.2. Relationship between total blood volume and BW in male cynomolgus
monkeys. Line A comprises data from animals weighing 2 to 6 kg. Line B comprises
data from animals weighing more than 6 kg. TBV did not correlate significantly with
BW and the range of TBV was 360 * 50 in obese monkeys that weighed more than 6

kg. The broken line shows the range of TBV in animals that weighning more than 6 kg.
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Section 2:

Modification of the Leukapheresis Procedure: Massive
Collection of Cytokine-mobilized Peripheral Blood Cells from
Rhesus Monkeys (Macaca Mulatta).

Introduction

Cytokine-mobilized peripheral blood stem cell transplantation has been
increasingly used clinically as an alternative to allogeneic BM transplantation [55, 78].
The cytokine-mobilized peripheral blood stem cells are prominent targets for stem cell
gene therapy [20, 21, 39, 73] and recently have been used for induction of immune
tolerance in organ transplantations [49, 53, 63, 81]. Although numerous clinical trials
have demonstrated the safety and efficacy of leukapheresis for harvesting
cytokine-mobilized peripheral blood cells from adults [29] and children [1, 50, 107],
only one limited trial in human newborn babies has been reported [108]. Clinical trials
are lacking partly because there is limited applicability of leukapheresis to the neonatal
condition. One of the most serious problems when applying leukapheresis to a human
newborn is the large amount of extracorporeal blood volume (ECV) that causes a
substantial loss of platelets and RBCs.

The safety and therapeutic efficacy of hematopoietic stem cell (HSC)
transplantation have been evaluated prior to human trials using monkey models. Since a
large ECV frequently causes severe anemia, thrombocytopenia and a rapid reduction in
Ht level during leukapheresis, which poses a risk for the patient, it is necessary to
evaluate the safety and efficacy of leukapheresis using non-human primates as a model
for human infants.

In this section, I modified a standard procedure for the collection of

-17 -



cytokine-mobilized peripheral blood cells from rhesus monkeys (Macaca mulatta)
using a blood cell separator (Fenwall CS3000+; Baxter, Deerfield, IL, USA) adapted for
a small chamber and short apheresis kit as shown in Figure 1.2.1. In addition, ECV and
processed blood volume were optimized by accurately TBV of each animals (Chapter 1,
Section 1). This modified procedure made it possible to reduce ECV and perform safe
and effective leukapheresis with monkeys whose BW is similar to that of human
infants.

This study provides information on the modified leukapheresis process for the
investigators who want to perform leukapheresis in human neonates. This non-human
primate model will be useful to test new approaches for cytokine-mobilized peripheral

blood stem cell transplantation, HSC gene therapy, and organ transplantation.
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Materials and Methods
Animals

A total of 12 times of leukapheresis procedure was performed in nine male
rhesus monkeys, aged 3 to 6 years, with a BW of 4.2 to 8.5 kg, which is a range that
includes the mass of many human infants. Three of the monkeys (No. 099036, No.
000033, and No. 099030) underwent leukapheresis twice over two consecutive days.
All of the rhesus monkeys were imported from China (Shin-nihon-kagaku, Tokyo,
Japan) and were free of intestinal parasites, and herpes-B and simian varicella viruses.
The animals were quarantined for 5 weeks and then kept in the Tsukuba Primate Center
of the National Institute of Infectious Diseases. This study was conducted according fo
the Rules for Animal Care and Management of the Tsukuba Primate Research Center
[42] and the Guiding Principles for Animal Experiments Using Non-human Primates
formulated by the Primate Society of Japan [68]. The protocols of the experimental
procedures were approved by the Animal Welfare and Animal Care Committee of the

National Institute of Infectious Diseases (Tokyo, Japan).

Preparative Regimen

Fifty pg/kg of recombinant human granulocyte colony-stimulating factor
(G-CSF; lenograstim: Chugai, Tokyo, Japan) were subcutaneously administered to
animals daily for 5 days prior to leukapheresis. For autologous blood donation, animals
received 150 IU/kg recombinant human erythropoietin (EPO; EPOGIN: Chugai)
subcutaneously three times a week during the two weeks preceding leukapheresis.
Autologous blood (20-25 ml) was collected once a week during the three weeks and
saline was infused for volume replacement. A total of 60-75 ml of peripheral blood was

obtained from each animal and stored in a bag containing anticoagulant (acid-citrate
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dextrose) at 4 °C prior to use for priming the apheresis kit [6]. To provide vascular
access for leukapheresis, the right or left femoral artery was cannulated with a 5-Fr
polyurethane catheter (Anthron PU; Toray, Tokyo, Japan). The saphenous vein was
catheterized with a 19-gauge intracath (Terumo, Tokyo, Japan). This cannulation was
performed under general anesthesia by administration of ketamine = hydrochloride
(Ketalar; Sankyo, Tokyo, Japan) and xylazine hydrochloride (Seraktar; Bayer,
Leverkusen, Germany). Animals were treated a course of 0.5 mg/kg butorphanol tartrate

intramuscularly for 3 days to alleviate any postoperative pain.

Leukapheresis Procedure

The leukapheresis protocol was a modification of the procedure originally
developed by Donahue et al. [20]. All procedures were performed under general
anesthesia (A.D.S.1000; Shin-ei, Tokyo, Japan) with isoflurane gas. Vital signs were
monitored with electrocardiography, blood pressure, oxygen saturation and respiration.
Collection of mononuclear cells (MNCs) was accomplished using a small S25A
separation chamber and a shunt chamber in place of a standard collection chamber.

For the purpose of reducing ECV, the plasma line of a standard apheresis kit
was cut and connected under sterile conditions to the RBC line using a polypropylene
tubing connector (Tuchi, Osaka, Japan) (Fig. 1.2.1). The plasma flowed directly into the
inlet line without passing through the shunt chamber. In addition, the inlet and draw
lines were also exchanged with thin lines (extension tube: 70 cm length, 1.4 ml volume,
2.5 mm diameter; TOP, Tokyo, Japan) to reduce ECV as much as possible. A blood
component inlet set with a 170-um filter and drip chamber was sterilely connected to
the packed RBC line using a polypropylene tubing connector (Iuchi). The inlet line was

connected to a catheter (Terumo, Tokyo, Japan) that was placed in the saphenous vein
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of the animal. Hemostats were placed on the unused return line and acid-citratedextrose
(ACD) line. The apheresis kit was primed with autologous blood that had been collected
for 3 weeks before leukapheresis.

The animal received a dose of 100 U/kg heparin (Aventis Pharma, Frankfurt,
Germany) and the draw line was connected to the catheter in the femoral artery
immediately before starting the procedure. Blood was processed at the rate of 10-12
ml/min for a total of two to three times of the TBV in each animal. When the processed
blood volume reached 50 ml/kg, a 1-ml blood sample was collected via draw line and
the Ht value and platelet count were monitored throughout the procedure for manual
control of plasma pump speed [47]. The plasma pump speed was increased when a
decrease in Ht value was observed. Conversely, plasma pump speed was decreased
when Ht increased. In addition, when an increase in Ht value was observed, saline was
infused into the inlet line for volume replacement to prevent blood pressure fluctuations.
After the procedure was completed, the remaining cells in the apheresis kit were
recovered and used either to prime the blood cell separator for future leukapheresis or to
transfuse into the treated animal. Immediately after the leukapheresis, animals were
given an appropriate dose of protamine sulfate (10 mg protamine sulfate per 1000 U
heparin; Aventis Pharma). Animals also received a course of 0.5 mg/kg butorphanol
tartrate (Bristol-Myers Squibb, New York, NY, USA) intramuscularly for 3 days to

alleviate any post-operative pain.

Analyses of Leukapheresis Contents
The content obtained during leukapheresis was collected in the S25A
separation chamber. The content (40-45 ml) was mixed with 7 ml of ACD. The

recovered RBCs, WBCs, MNCs and platelets were enumerated with a Sysmex K-4500
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instrument (Toa-iyoudenshi, Kobe, Japan). Platelet counts and Ht value were also
simultaneously examined with K-4500 instrument and i-STAT (Abbot, Illinois, U.S.A.)
for real-time monitoring. Although the instrument was originally developed for human
blood samples, I have confirmed that it works properly for monkey blood samples.
Blood cells were collected after centrifugation at 1,200 rpm for 10 min and suspended
in the ACK buffer (Biosource, Camarillo, CA, USA) for the lysis of RBCs.

CD34" cells were isolated with immunomagnetic beads conjugated to a
monoclonal antibody clone 561 (Dynal, Lake Success, FNY, USA) that reacts to both
human and cynomolgus CD34 [74, 83, 112]. The harvested CD34" cells were counted.
The CD34 molecule is a clinically-relevant cell-surface marker of HSCs, and CD34"
cell transplantation is widely performed as HSC transplantation in patients with cancer
or other disorders [5, 64].

The total numbers of WBCs, MNCs and CD34" cells in the leukapheresis
contents were calculated by multiplying the percentage of lymphocytes and CD34" cells

by the total blood cell count in the leukapheresis contents.
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Results

I administered G-CSF to monkeys for 5 days prior to leukapheresis.
Administration of G-CSF increased peripheral WBC counts from 8,000 (6,000-10,000)
to 42,000 (24,000-66,000) cells/ 21 on the average, and did not produce any adverse
effects such as fever or anorexia. After the 5-day administration of G-CSF,
leukapheresis was performed.

It is difficult to perform leukapheresis and autologous blood donation in small
animals and human infants because of the large ECV involved [50, 62]. Modification of
the leukapheresis procedure involved installing a small chamber and shortening the
extracorporeal blood line in a standard apheresis kit, which made it possible to reduce
ECV from 130 to 70 ml. The amount of autologous blood needed is only 60—75 ml, and
can be collected safely without any adverse effects for the donor. Before using this
modified apheresis kit in monkeys, I circulated the pooled blood to determine the
correlation between tubing length and ECV in vitro, and demonstrated that ECV can be
reduced safely when shortening the tube.

The presence of platelets and RBCs in the leukapheresis contents was
observed when the equipment was operated in automatic mode. However, manual
adjustment of plasma pump speed by monitoring Ht values and platelet counts during
apheresis effectively prevented the overdraw of extracorporeal blood. Saline was
infused into the inlet line for volume replacement when an increase in Ht value was
observed. Leukapheresis was performed safely without any risks such as blood pressure
reduction, and sufficient numbers of MNCs and CD34" cells could be collected.
Leukapheresis was performed safely and efficiently on all nine monkeys weighing 4.2
to 8.5 kg, a range similar to that_of human infants. As shown in Table 1.2.1, mean

processed blood volume was 1,200 ml (180 ml/kg), which was accurately three times
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the estimated TBV of an individual animal (Chapter 1, Section 1). Because the normal
limit of BW for male rhesus monkeys are 9 kg [70], the TBV of rhesus monkeys that
weighing less than 9 kg in BW might be not plateau. Therefore, I extrapolated the
estimated TBV formula (Chapter 1, Section 1) for cynomolgus monkeys to rhesus
monkeys in this experiment.

No complications, such as severe anemia or trombocytopenia, developed in
the three monkeys that underwent leukapheresis on two consecutive days. Serial
changes in circulating Ht levels and platelet counts were monitored throughout the
leukapheresis. A transient drop in Ht occurred during leukapheresis, but a blood
transfusion was not necessary. Platelet counts also fell briefly during the process but did
not require treatment (Fig 1.2.2).

No viral or fungal organisms were isolated from culture of the leukapheresis
contents after cutting and sterile docking of the tube, and no microbial contamination

occurred in colony-forming progenitor assays.
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Discussion

No problems were encountered in the animals or with the function of the
blood cell separator throughout the process of leukapheresis in rhesus monkeys. I
succeeded in reducing ECV, but still needed autologous blood for priming. However,
reduction of the ECV allowed priming with autologous blood in these non-human
primates. Therefore, the modified procedure enables safe and effective leukapheresis in
non-human primates and other small animals. Sufficient numbers of CD34" cells and
MNCs could be collected for stem cell transplantation as shown in Table 1.2.1. In
addition, an adequate number of cells were also collected from monkeys (No. 099036,
No. 000033, and No. 099030) that underwent leukapheresis on two consecutive days.

This is the first report of a leukapheresis procedure with a blood cell separator
modified for use in non-human primates. The results clearly indicate that this
modification enables the safe and effective application of the blood cell separator for
leukapheresis in rhesus monkeys. TBV of each animal was exactly calculated by the
formulae as described previously (Chapter 1, Section 1). Although the little blood
volume (150~220 ml/kg) was processed in leukapheresis, sufficient numbers of MNCs
and CD34" cells were harvested without any complications in the animals and any
problems in the system. Since processing time was short, the procedure was less
invasive. Decreases in platelet counts and Ht levels after leukapheresis were minimal in
all animals (Fig 1.2.2), indicating that this procedure allows the collection of
cytokine-mobilized peripheral blood cells with negligible contamination of platelets and
RBCs in the leukapheresis contents. The decrease in Ht levels observed after
leukapheresis was a complication of the cannulation operation, but it did not necessitate
the treatment with a transfusion. Also, Ht .levels and platelet counts fell transiently

during leukapheresis but a blood transfusion was not necessary.
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Although clinical trials in human infants using this modified procedure would
be difficult, it is clear that my modified procedure makes it possible to perform safe and
effective leukapheresis in non-human primates or other small animals. This animal
model will be useful for testing new approaches to cytokine-mobilized peripheral blood
cells transplantation, HSC gene therapy, and organ transplantation. Despite the need to
modify the tube each time in a clinical setting, I believe this modification will be helpful
to researchers who may need a noninvasive method of collecting cytokine-mobilized
peripheral blood cells from human newborns [18, 71]. Next step is to apply this
modified leukapheresis procedure to juvenile cynomolgus monkeys that weighed
approximately 2-4 kg, a BW being equivalent to that of a human newborns. My
non-human primate model will provide an important framework for such future clinical

studies.
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Table 1.2.1. Characteristics of Rhesus Monkeys Subjected in Leukapheresis

Processed blood Harvested cells
Animal D Wik Voo volumes  Total MNCs  CD34+ cels
(No.) (kg) (ml) Volume ml/kg Total Nuclgated Cells

(ml) (x 10°/kg) (x 10*/kg) (x 10°/kg)
099033 4.9 310 1000 200 2.99 10.45 27.17
099038 4.9 300 1000 210 1.41 10.17 26.44
000026 7.5 420 1600 210 1.12 1.90 NT
000030 73 410 1600 220 0.94 1.69 NT
000031 8.5 470 1300 150 0.47 1.66 NT
000029 6.5 380 1000 150 221 1.46 NT
099036° 4.5 290 1000 220 1.68 0.55 1.44
099036° 4.2 270 900 210 1.29 6.22 16.16
000033° 7.4 420 1150 150 0.83 2.10 NT
000033° 7.4 420 - 1150 150 0.75 1.13 NT
099030° 4.3 400 1050 150 0.89 3.78 NT
099030° 43 400 1100 160 1.61 4.06 NT
Average 6.5 380 1200 180 1.38 3.67 17.80

“The total blood volume was estimated by the following formula: Y (total blood volume) = 44.07 X (Body weight) +90.25 [Chapter 1,
Section 1]. "Leukapheresis were performed three animals in two consecutive days. NT=Not tested.
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Figure 1.2.1. Diagram of apheresis kit before and after modification. Modifications
included the use of a small separation chamber and the shortening of the standard
apheresis kit. The plasma line (shadow line) was cut and connected under sterile
conditions to the RBC line (solid line) using a polypropylene tubing connector. The
plasma flowed directly into the inlet line without passing through the shunt chamber.
Inlet and draw lines were exchanged for thin lines (2.5 mm in diameter) to reduce ECV
as much as possible. This modification made it possible to reduce the volume of

extracorporeal circulation from 130 to 70 ml. MNC=mononuclear cells.
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Figure 1.2.2. Monitoring of Ht levels (A) and platelet counts (B) in circulation. Though
the transient drop in Ht and platelet during leukapheresis, treatment such as blood

transfusion was not necessary.
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Section 3:
Safe and [Efficient Collection of Cytokine-mobilized
Peripheral Blood Cells from Cynomolgus Monkeys.

Introduction

Although HSCs usually reside in the BM, they can be mobilized into the
peripheral blood by the administration of cytokines such as G-CSF [78].
Cytokine-mobilized peripheral blood stem cells are widely used for autologous and
allogeneic transplantation therapies to treat hematological malignancies such as
leukemia and lymphoma [51, 55]. The cells have also been intensively studied as a
donor source of stem cells for gene therapy and regenerative medicine [38, 66, 100,
114]. An efficient method for collecting cytokine-mobilized peripheral blood cells in
monkeys would facilitate such studies in a clinically relevant manner.

The procedure for collecting peripheral leukocytes from living animals is
referred to as leukapheresis: peripheral blood is withdrawn, nuclear cells are removed,
and the rest of the blood is returned [7]. Automatic instruments for this procedure are
commercially available [75, 85]. The removed cells are then enriched for a stem cell
fraction such as CD34" or AC133" cells for clinical applications [5, 89]. Although
leukapheresis is widely conducted for human adults, it is difficult to apply to commonly-
used experimental macaque monkeys because of their small size. Generally speaking,
the procedures involved preclude the application of leukapheresis to animals weighing
less than 10 kg in BW [63].

I have established leukapheresis procedures for non-human primates with BW
of less than 10 kg using rhesus monkeys (on average 7 kg) in Chapter 1, Section 2. In

such small animals, acute cardiac failure due to the relatively large extracorporeal blood
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flow is a critical adverse effect which can occur during leukapheresis. To avoid this, I
modified the procedure by reducing the ECV as much as possible and adjusting the
withdrawal speed frequently in response to the results of real-time monitoring of Ht
levels and platelet counts in Chapter 1, Section 2. In this section, I examined the
efficacy and safety of my procedure using even smaller non-human primates, i.e.,
cynomolgus monkeys (on average 3.3 kg), which have BW equivalent to human

newborns.
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Materials and Methods
Animals.

Twelve cynomolgus monkeys consisted of 7 males and 5 femalés (3-7 years
old, 2.5-4.6 kg) bred at the Tsukuba Primate Center (Ibaraki, Japan) were enrolled in
this study (Table 1.3.1). This study was conducted according to the Rules for Animal
Care and Management of the Tsukuba Primate Research Center [42] and the Guiding
Principles for Animal Experiments Using Non-human Primates formulated by the
Primate Society of Japan [68]. The protocols of the experimental procedures were
approved by the Animal Welfare and Animal Care Committee of the National Institute

of Infectious Diseases (Tokyo, Japan).

Apparatus.

A CS3000 blood separator (Baxter, Deerfield, IL, USA) was used as
described previously (Chapter 1, Section 2). Briefly, a standard apheresis kit was
installed in the CS3000 blood separator. The smallest separation chamber (S25A) in the
kit was used. To reduce the ECV, the plasma line of the standard apheresis kit was cut
away and the RBC line was directly connected to the inlet line using a polypropylene
tube connector (Iuchi, Osaka, Japan) under sterile condiﬁons, bypassing the shunt
chamber. In addition, the regular inlet and draw lines were replaced with lines shorter in
length, smaller in diameter and volume (extension tube: 70 cm length, 2.5 mm diameter,
1.4 ml volume; TOP, Tokyo, Japan) to further reduce the ECV (Chapterl, Section 2).

Preparative regimen, leukapheresis procedure and analysis of leukapheresis
contents were described previously (Chapter 1, Section 2). Modified procedure included
in reducing the ECV and real-time monitoring of Ht levels and platelet counts during

leukapheresis. In brief, in this study, recombinant human stem cell factor (SCF: 50
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ug/kg; Amgen, Thousand Oaks, CA, USA) and recombinant human G-CSF (50 ug/kg;
Chugai, Tokyo, Japan) were administered to all animals subcutaneously daily during the
5 days preceding leukaphersis [20]. After the administration of G-CSF and SCF, I chose
one monkey from the unmodified method-group and another monkey from the modified

method-group at random to compare the safety and efficacy of leukapheresis in both

methods.



Results

To compare the original and modified procedures, I examined the safety and
efficacy of leukapheresis using the manufacturer's protocol (n = 6) and my modified
version (n = 6) using cynomolgus monkeys (Fig. 1.3.1). In both groups, I administered
G-CSF and SCF to monkeys for 5 days to mobilize HSCs into the peripheral blood. The
administration resulted in an increase in peripheral WBC counts from 10,000
(5,000-17,000) to 66,000 (36,000-109,000) cells/ul on average (Table 1.3.1), and was
not associated with any adverse effect such as fever or anorexia. In the modified
protocol, a small separation chamber (S25A) was installed instead of the regular one in
the blood separator, and the extracorporeal blood lines in the standard apheresis kit were
shortened [20, 71]. As a result, the ECV was reduced from 130 to 70 ml. In both groups,
blood was processed at a rate of 10-12 ml/min and the total processed volume was two
to three times of the estimated TBV (Chapter 1, Section 1) in each animal (Table 1.3.2).
In the modified protocol, every time the processed blood volume reached to 50 ml/kg, a
1-ml blood sample was collected via the draw line, and Hb and Ht values were
examined throughout the procedure to adjust the plasma pump speed [47]. The plasma
pump speed was increased when Hb and Ht values decreased. Copversely, it was
decreased when Hb and Ht values increased. In addition, when Hb and Ht values
increased, normal saline was infused via the inlet line for volume replacement.

After the completion of the unmodified procedure (n = 6), one animal died of
acute cardiac failure and three animals developed severe anemia (Hb < 8.0 g/dl, Fig.
1.3.3). In contrast, none of the animals that underwent the modified procedure (n = 6)
developed cardiac failure or severe anemia (Table 1.3.2). The Hb and Ht values were
significantly better during the modified procedure (Fig. 1.3.2). In addition, the numbers

of harvested nuclear cells, MNCs, and CD34" cells were significantly increased with the
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modified procedure compared with those of the unmodified one (Fig. 1.3.3).

The leukapheresis contents were contaminated with considerable amounts of
RBCs and platelets, when the apparatus was operated in automatic mode under the
unmodified protocol. In the modified version, I performed manual adjustment of the
plasma pump speed in response to the results of the real-time monitoring of Ht levels
and platelet counts during the leukapheresis as described above, and successfully
reduced the contamination. The reduction in contaminated RBCs also contributed to the
amelioration of anemia after leukapheresis in the modified procedure group. No
microbial contamination was detected in cultures of the leukapheresis contents from the

unmodified or modified procedures.



Discussion

In this section, I reported leukapheresis in cynomolgus monkeys. My
modified protocol significantly improved MNCs and CD34" cell harvest compared with
the manufacturer's protocol. Under my modified procedure,kI routinely collected 5 x 10°
CD34" cells per kg, which is equivalent to numbers in human trials published in the
literature [45, 80, 86, 107]. Thus, with my modified protocol, it is possible to collect
sufficient numbers of CD34" stem cells for various applications including
transplantation experiments in monkeys. In fact, I achieved successful hematopoietic
reconstitution in myeloablated cynomolgus monkeys after the autologous
transplantation of CD34" cells obtained with this procedure. Of note, this procedure can
be safely and effectively applied to monkeys with small body weights (2.6-3.8 kg),
equivalent to those of human newborns (Fig. 1.3.1). Although numerous clinical trials
have demonstrated the safety and effectiveness of leukapheresis for adults [29, 45, 80,
86] and children [1, 18, 50, 107], only one very limited trial has been conducted on a
human newborn baby [108]. To my knowledge, this paper is the first systematic
documentation of leukapheresis for small primates.

One of the most serious complicatioris with small animal subjects is cardiac
failure due to the relatively large amount of ECV in leukapheresis [29, 108]. The main
symptoms include hypotension and dyspnea, which sometimes result in death, e.g.
animal No. 292079 (Table 1.3.2). To avoid this complication, the ECV should be
reduced as much as possible. No monkeys underwent cardiac failure after my modified
procedure. There was, however, an age variation in the unmodified and modified
procedure groups. The unmodified procedure group included higher age animals (6 and
7 years). Cynomolgus monkeys of these ages are young adults, and presumably they are

more resistant to stress or invasion than monkeys of a juvenile age (3 years). Therefore,
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age distribution in the modified and unmodified group was better than the high age
monkey belonging to the modified procedure group.

TBV of each animal was exactly calculated by the formulae as described
previously (Chapter 1, Section 1). Although the little blood volume i.e., less than 3
times of TBV was processed in leukapheresis (Table 1.3.1), sufficient numbers of
MNCs and CD34" cells were harvested without any complications such as anemia in all
animals. Therefore, calculated accurate TBV and optimization of the processed blood
volume were able to reduce the time and stress of leukapheresis.

Non-human primate models would be useful for preclinical studies of cell and
gene therapies. I have previously reported the transplant of CD34" stem cells into the
ischemic myocardium in cynomolgus monkeys and found that the cardiac function was
improved, indicating that further investigation is warranted for clinical application of
CD34" stem cell transplant to such disorder [114]. In other studies, I successfully
transplanted gene-modified CD34" stem cells into cynomolgus monkeys as a preclinical
gene therapy [38, 100]. My safe and efficient method for collecting peripheral blood
stem cells should allow investigators to develop and test new therapies using stem cells

in small non-human primates.



Table 1.3.1. Hematological analysis of cynomolgus monkeys before and after cytokine treatment

Before cytokine treatment

After cytokine treatment

Animal Body
Sex Age _ White  Red blood White  Red blood _
ID weight Hemoglobin  Hematocrit  Platelets Hemoglobin  Hematocrit  Platelets
(No.) (years) blood cells cells ‘ blood cells cells ‘
(g/dl) (%) (10°/ul) : (g/dl) (%) ao‘/ub)
10¥/ul) 10%p)) 101 10%/u1)
° 292049 Male 6 4.6 170 547 10.9 36.7 36.1 680 632 12.0 414 36.1
1
g 293051 Female 6 2.5 73 503 10.3 36.8 448 1091 535 10.7 39.0 35.7
o
E 292079 Female 7 3.2 101 472 11.0 364 50.7 514 480 11.6 36.5 35.8
g~
E 292238 Female 7 32 76 632 13.1 44.7 45.6 548 653 13.4 44.4 30.0
B
[=]
E 394029 Female 5 32 72 542 11.2 39.0 46.0 355 590 11.7 423 42.4
=
296116 Male 3 3.1 73 497 10.4 37.2 35.0 361 583 12.0 43.8 26.6
Average 5.7 33 94 532 11.2 38.5 43.0 592 579 11.9 41.2 344
001046 Female 3 3.5 155 512 11.8 40.5 36.8 872 484 12.4 38.9 43.7
[
é 001045 Male 3 33 73 433 10.3 34.6 49.0 519 415 9.7 334 442
[
E 001049 Male 3 35 106 495 12.5 39.0 33.7 434 501 12.3 38.7 43.8
&
E 001053 Male 3 2.6 49 525 11.2 394 54.0 802 456 10.3 35.1 577
g 001047 Male 4 33 149 493 12.3 389 38.0 805 438 11.1 353 404
398042 Male 5 38 124 624 13.9 443 43.4 887 521 11.9 36.8 384
Average 35 33 109 514 12.0 39.5 42.5 720 469 11.3 36.3 44.7
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Table 1.3.2. Leukapheresis procedures

Animal ID  Estimated total blood Processed blood o
Complications
(No.) volume (ml) * Total volume (ml) ml/kg
292049 293 600 130 None
293051 217 600 240 Severe anemia
1292079 231 400 125 _ Severe anemia

Unmodified Died of cardiac failure
procedure ) 292238 231 600 . 188 None

394029 231 700 219 Severe anemia

296116 227 600 194 None

Average 238 583 183

001046 237 750 214 None

001045 236 600 182 None

001049 244 800 229 None

Modified

001053 205 500 192 None
procedure

001047 236 600 182 None

398042 258 700 183 None

Average 236 658 197

* The total blood volume was estimated with the following formula [Chapter 1, Section 1]. For males, (Total blood volume, ml) = 44.07 X (Body
weight, kg) + 90.25. For females, (Total blood volume, ml) = 19.95 X (Body weight, kg) + 167.24.
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Figure 1.3.1. Leukapheresis procedure. Cynomolgus monkeys were intubated and all
procedures were performed under general anesthesia with monitoring of vital signs. The body

weights (3.3 kg on average, see Table 1.3.1) were similar to those of human newborns.
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Figure 1.3.2. Avoidance of severe anemia with the modified procedure. The degree of anemia
was significantly ameliorated with the modified procedure as compared to the unmodified one
as assessed by the ratios of Hb (A) and Ht levels (B) after versus before the leukapbheresis.
One monkey died of cardiac failure (*, 292079) after the unmodified procedure. A:

Hemoglobin levels. B: Hematocrit levels.
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Figure 1.3.3. Larger harvest of cells with the modified procedure. The numbers of harvested
nuclear cells (A), MNCs (B), and CD34" cells (C) were significantly increased in the

modified procedure. A: Total nuclear cells. B: Mononuclear cells. C: CD34" cell.
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Chapter 2.

Establishment of Autologous Hematopoietic Stem Cell

Transplantation Procedure.
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Section 1:

Safe and Efficient Methods of Autologous hematopoietic Stem

Cell Transplantation in Cynomolgus Monkeys.

Introduction

After many years of study on the identity of potential bloodforming stem cells
called HSCs, researchers have begun exploring them for a therapeutic use. Currently, no other
type (adult, fetal, or embryonic) of stem cell has attained such status. Transplantation of HSCs
is now routinely used to treat patients with cancer and other disorders of the blood and
immune systems [15, 96, 99]. Despite vast clinical experience with HSCs, researchers do not
yet have an accurate in vitro method to completely distinguish HSCs from other cells
harvested from BM, peripheral blood or cord blood. Transplantation of human HSCs to the
immunocompromised mice such as SCID or nude mice has proved to be the only reliable
method for assay of HSCs [8, 84, 87]. The cells capable of restoring multi-lineage
hematopoiesis in recipient animals through self-renewal and differentiation can be called
HSCs. If possible, autologous or allogeneic transplantation of presumable HSCs into humans
would be the most reliable method to assess human HSCs, but it is impossible to design such
experiments. Instead, xenograft models of human hematopoiesis have been used for the study
of in vivo engraftment and proliferation potential of human HSCs. Until now, only two
xenogeneic transplantation models have been available. One recipient is the non-obese
diabetic/severe combined immunodeficiency (NOD/SCID) mouse and the other is the fetal

sheep [3, 88]. These models take advantage of the animal’s immunologically naive state.
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Since NOD/SCID mice are severely immunodeficient and fetal sheep are immunologically
immature, human HSCs can engraft and generate their progeny in these animals. The
behavior of human HSCs, however, might be different in xenogenic recipients. The relevance
of these xenograft models to natural human in vivo hematopoiesis remains unclear.

On the other hand, autograft or allograft transplantation models are ideal for
vevaluating engraftment, proliferation, and differentiation of HSCs, since natural
hematopoiesis can be studied in these models. Although mouse transplantation models have
been widely used for assay of murine HSCs, these models may not reliably predict the
biology of HSCs in larger animals such as humans. The hematopoietic demand of a mouse
may be very small. A typical mouse (25 g) makes, in a two-year lifetime, the same amount of
red blood cells (RBCs) as does a man in one day, raising the possibility that HSCs kinetics in
large animals are more complex than small rodents [2]. Large animal species may provide far
more appropriate preclinical models that will more closely reflect human HSC characteristics
and behavior [104]. Among large animals, non-human primates may provide the best models
because of their close phylogenetic relationship to humans [54, 102]. In the study reported
here, I used safe and efficient methods for autologous. transplantation of immunoselected

CD34" cells from BM and cytokine-mobilized peripheral blood in cynomolgus monkeys.
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Materials and Methods
Animals.

Fifteen cynomolgus monkeys (3-5 years old, 2.1-3.8 kg) were enrolled in this study
(Table 2.1.1). In addition, I prepared about 10 blood-donor monkeys (BW > 5 kg) for
transfusion in this transplantation procedure. They were healthy, without signs of disease at
annual health examinations. In addition, animals used in this study were SPF animals which
were further certified to be free of simian type-D retrovirus as well as herpes virus B and
simian varicella virus. Our SPF definition and animal housing were described previously
(Refer to Capter 1, Section 1).

This study was conducted according to the Rules for Animal Care and Management
of the Tsukuba Primate Research Center [42] and the Guiding Principles for Animal
Experiments Using Non-human Primates formulated by the Primate Society of Japan [68].
The protocols of the experimental procedures were approved by ‘the Animal Welfare and

Animal Care Committee of the National Institute of Infectious Diseases (Tokyo, Japan).

BM harvest (n=11).

For autologous blood donation, animals received recombinant human EPO (Chugai,
Tokyo, Japan; 150 IU/kg of BW) subcutaneously three timesv a week during the three weeks
prior to BM harvest [76]. Autologous blood (20 to 30 ml) was drawn once a week for three
times and saline was then infused for volume replacement. A total of 60 to 90 ml of peripheral
blood was obtained from each animal and stored at 4°C in a bag containing the anticoagulant
acid-citrate dextrose prior to use as an autologous blood transfusion at the time of BM harvest
as same as leukapheresis procedure (Refer to Chapter 1, Section 2).

Eight animals (except No. 396042, No. 396051 and No. 396053) received

recombinant human SCF (50 to 200 ug/kg) and recombinant human G-CSF (10 to 100 ug/kg;
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Chugai) subcutaneously daily for five days [19, 22]. After cytokine administration, 50 ml of
BM was aspirated from the iliac crest and/or tuber ischiae of monkeys under isoflurane
(A.D.S.1000; Shin-ei, Tokyo, Japan)-induced general anesthesia into a syringe that had been
rinsed with preservative-free heparin. Concurrently, thé stored autologous blood mentioned
above was transfused. After BM harvest, animals received butorphanol tartrate (0.5 mg/kg,

'intramuscularly) daily for 3 days to alleviate bone pain associated with the BM harvest.

Leukapheresis procedures for harvesting cytokine-mobilized peripheral blood cells (n=4).
Leukapheresis procedures were performed in four cynomolgus monkeys. Refer to

Chapter 1, Section 3 about leukapheresis procedure.

Preparation of CD34" cells.

From the harvested BM and cytokine-mobilized peripheral blood cells, the
nucleated cell fraction was obtained by RBC lysis by addition of ACK buffer (155 mM
NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA; Wako, Osaka, Japan). Em‘ichment of CD34"
cells was performed using magnet beads conjugated with a monoclonal anti-CD34 antibody
(clone 561) (Dynal, Lake Success, N.Y.). The purity of CD34" cells was assessed by use of
flow cytometry with another monoclonal anti-CD34 antibody (clone 563; PharMingen, San
Diego, Calif.). The CD34" cells were cultured for four days until re-infusion in Dulbecco’s
modified Eagle’s medium (DMEM,; Gibco, Gaithersburg, Md.) supplemented with 10% fetal
bovine serum (FBS; Gibco), recombinant human interleukin 3 and 6 (IL-3, IL-6, 50 ng/ml;
Ajinomoto, Osaka, Japan), recombinant human thrombopoietin (TPO, 100 ng/ml; Kirin,
Tokyo, Japan), recombinant human SCF (100 ng/ml; Amgen), recombinant human fms-like
tyrosine kinase-3 ligand (FL, 100 ng/ml; Research Diagnostics, Flanders, N.J.) as a cytokine

and antibiotics (100 U of penicillin [Banyu, Tokyo, Japan] and 0.1 ug of streptomycin [Meiji,
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Tokyo, Japan)/ml) (Table 2.1.1). I used the standard culture conditions for primate CD34"
cells that included several cytokines (SCF, FL, and TPO) [52, 23]. Because the ex vivo

culture of CD34" cells is required for vector transduction in future HSC gene therapy.

Total body irradiation.

Prior to irradiation, a non-absorbent antibiotic (polymyxin B sulfate, 5 x 10* Ulkg;
Pfizer, Brooklyn, N.Y. or kanamycin sulfate, 50 mg/kg; Meiji) was orally administered to
animals for three days to sterilize the gastrointestinal tract. Microbial contamination on
animals’ body surface was decreased by immersion in an iodine bath before irradiation.
Animals under general anesthesia by administration of ketamine hydrochloride (Ketalar, 10
mg/kg; Sankyo, Tokyo, Japan) and xylazine hydrochloride (Seraktar, 0.5 mg/kg; Bayer,
Leverkusen, Germany) received myeloablative total body x-ray irradiation (PANTAK
HF-420, Shimazu, Tokyo, Japan). Irradiation was conducted at a dose of 500 cGy (all
monkeys except No. 296113 and No. 296116) or 550 cGy (No. 296113 and No. 296116) daily
for 2 days (total 1,000 or 1,100 cGy, dose rate: 10 to 15 cGy/min) just prior to transplantation
[21, 52]. Since the x-ray device was originally intended for industrial use, the energy
spectrum was altered to be similar to that of v -radiation for medical use by addition of a

specific filter (Al 0.5 mm + Pb 0.1 mm + Cu 0.3 mm + Al 1.0 mm; Shimazu).

Transplantation and supportive care.

Three weeks before BM harvest or leukapheresis, a central venous catheter, used
with a tether and a jacket, was placed in each animal to allow administration of fluids,
antibiotics, and transfusions. The catheter was tunneled subcutaneously and brought out
through the skin of the back. After total body irradiation, the first animal (No. 396042) was

transplanted intravenously with whole autologous BM nucleated cells. The subsequent 13
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animals were transplanted intravenously with autologous CD34" cells. In this study, I have
aimed to acquire minimum 1 x 10° CD34" cells/kg in monkey body weight for transplantation
(Table 2.1.1). After transplantation of the cells, animals were kept in an intensive care unit
with high efficiency particulate air (HEPA)-filtered airflow and were fed sterilized
commercial monkey chow from the day of irradiation until the peripheral WBC count reached
'5,000 cells/ul. Recombinant human G-CSF (Chugai) was administered intravenously to
animals at a dosage of 5 to 10 ug/kg once a day from the day when the WBC count was <
1,000 cells/ul until the WBC count reached 5,000 cells/ul according to the transplantation
protocol [20, 96]. Every day after irradiation, animals also received a histamine
H2-receptor-blocking agent (famotidine, 4 mg, intravenously; Yamanouchi, Tokyo, Japan) to
prevent gastric ulcer development. Three times a week during the period of myelosuppression,
1 ml of blood was drawn from animals under ketamine hydrochloride (Ketalar, 10 mg/kg;
Sankyo, Tokyo, Japan) general anesthesia to obtain a serum biochemical profile and a
complete blood count. The serum biochemical profile included sodium, potassium, chloride,
total protein, albumin, globulin, blood urea nitrogen, creatinine, alanine transaminase,
aspartate transaminase, and C-reactive protein (CRP) valu¢s.

Transfusion of irradiated (2,000 cGy) freshly obtained whole blood (approx. 30
ml/transfusion) from blood-donor monkeys was administered to treat anemia (Hb
concentration < 7 g/dl). Transfusion of platelet-rich plasma from blood-donor monkeys was
done to treat thrombocytopenia (platelet count < 40,000 cells/ u 1) according to the
transplantation protocol [20, 96]. Blood-donor monkeys (BW > 5 kg) were grouped by blood
type and were cross-matched before transfusion. Antibiotics were administered when the
animals had high fever (> 38°C) or increased CRP value. Antibiotics were chosen from
results of bacteriologic culture and antimicrobial susceptibility testing when possible.

Diarthea was a common adverse effect of total body irradiation. Lactobacillus and
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Bifidobacterium spp. were administered when radiation-related diarrhea was prolonged.

-50-



Results
HSCs collection.

Autologous blood from each animal was stored before BM harvest or leukapheresis
procedure. To avoid development of anemia, animals received recombinant human EPO
subcutaneously prior to blood donation for BM harvest or leukapheresis procedures [76].
Removal of 20 ml of blood was performed once a week (total, 60 to 90 ml of blood) safely
without adverse effect.

I administered SCF and G-CSF to twelve monkeys for five days just prior to BM
harvest or leukapheresis procedures to expand hematopoietic stem/progenitor cells in the BM
and mobilize into the peripheral blood [19, 22, 78]. Fig. 2.1.1A shows the mean and standard
deviation of peripheral WBC counts from monkeys (n = 3) not administered SCF and G-CSF.
On the other hand, administration of these cytokines resulted in a mean increases in the WBC
count to 52,000 (range, 16,000 to 80,000) cells/ul (Fig. 2.1.1B).

Adverse effects associated with the cytokine administration, such as fever or
anorexia, were not observed. After a five-day administration of SCF and G-CSF, HSCs were
harvested while the stored autologous blood was transfused. The decrease in Hb values
observed prior to transplantation (Fig. 2.1.2) was a complication of the HSCs harvest
procedure. The transient increase in platelet count observed after transplantation (Fig. 2.1.3)

may have been secondary responce to the decrease in Hb values.

Preparation of CD34" cells.

The CD34 molecule is a cell-surface marker of undifferentiated HSCs. Although
recent reports suggest that all HSCs may not express CD34 and the CD34" cell may show the
low population in HSCs [16], clinical trials of CD34" cell transplantation have been

successfully conducted. In a variety of HSC transplantation and gene therapy studies
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immunoselected CD34" cells are used [13, 64]. The CD34" cells were isolated from BM cells
and cytokine-mobilized peripheral blood cells by use of commercially available magnet beads
conjugated to a monoclonal antibody (clone 561) that recognizes human and cynomolgus
monkey CD34" cells [83, 112]. On average, sorted CD34" cells accounted for 1.5% of total
nucleated cells. The purity of CD34" cells ranged from 90 to 95%. The numbers of CD34"
cells were generally higher in monkeys administered SCF and G-CSF, compared with
monkeys without administration of these cytokines (Table 2.1.1). However, correlation
between numbers of harvested CD34" cells and dose of SCF and G-CSF administration was
not apparent, presumably because even the lowest administered dose of SCF and G-CSF
seemed to reach biologically optimal serum values.

The CD34" cells were cultured ex vivo for four days prior to transplantation, since
ex vivo culture of CD34" cells is required for many applications, such as ex vivo expansion of

HSCs and genetic manipulation of the cells.

Transplantation and myelosuppression.

Just prior to transplantation, the animals received myeloablative total body
irradiation (500 to 550 cGy) daily for two days [21, 52]. Animal No. 396042 was received
initially all BM nucleated cells, and other 10 animals were received immunoselected
autologous CD34" cells. From the day of irradiation to the day when the level of
hematopoiesis being restored, all animals were kept in the intensive care unit with
HEPA-filtered airflow. Although animal No. 396042 that received all BM nucleated cells
developed only slight myelosuppression, the other 10 animals receiving CD34" cells showed
moderate to severe myelosuppression (Table 2.1.2). After transplantation, all animals except
two animals (No. 396042 and No. 099056) experienced neutropenia (WBC < 1,000 cells/ul)

(Table. 2.1.2). On average, the WBC count nadir was 700 cells/ul (on average at 7 days), and
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on average 13 days was required for the WBC count to reach‘a value > 1,000 cells/ul. Some
animals experienced anemia (Hb concentration < 7g/dl) (Fig. 2.1.2), and eleven animals
required blood transfusion (20 to 60 ml) one to three times. Four animals experienced
thrombocytopenia (platelet count < 40,000 cells/ul) and required platelet-rich plasma
transfusion (Fig. 2.1.3). On average sixteen days was required for the platelet count to reach >
50,000 cells/ul. Overall, eleven of fifteen animals required whole blood or platelet-rich
plasma transfusion for treatment of anemia and/or thrombocytopenia (Table 2.1.2). Numbers
of harvested CD34" cells and days required for hematopoietic recovery were not correlated.
Moreover, difference in source of HSCs (BM and cytokine-mobilized peripheral blood cells)
and days required for hematopoietic recovery were not correlated. When the harvested CD34"
cell numbers reached 1 to 2 x 10° cells/kg, further increase did not appear to accelerate

recovery in both sources of HSCs (BM and cytokine-mobilized peripheral blood cells).

Complications.

Eight animals had high fever (body temperature > 38°C) and increase in CRP
values during myelosuppression. Fever subsided after administration of antibiotics (Table
2.1.2). Enrofloxacin, ceftazidime, aminoglycoside, or other antibiotics were chosen according
to antimicrobial susceptibility test results. Enterococcus faecalis, Enterobacter cloacae or
Staphylococcus aureus was isolated from culture of the blood from three animals. Some
animals developed nausea and anorexia during myelosuppression. Intravenous
hyperalimentation, including amino acids, fat emulsion, and vitamins, was conducted to
supplement intake of food and water in those animals. Radiation-associated diarrhea ceased
within three weeks after irradiation in all animals.

Animal No. 396051 had high serum alanine 'transaminase and aspartate

transaminase activities, which may have been associated with antibiotic treatments, because
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the ceftazidime has a hepatotoxicity. The values completely normalized after change of
antibiotics. Animals No. 396053 and No. 396060 had high blood urea nitrogen and creatinine
values, and it was presumably due to mild renal failure. Diarrhea, anorexia and dehydration
induced electrolyte disturbance, and it lead to the mild renal failure. However, these
symptoms were not progressed to severe renal failure, because administration of fluids and
cardiac diuretic was effective and the values were normalized. Other abnormal serum
biochemical values were not observed.

Three weeks after transplantation, animal No. 296113 died due to accidental
catheter fracture. Otherwise all procedures were safely conducted. Up to two years after
transplantation, complications such as radiation pneumonitis or other radiation-related

disorders, were not observed.
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Discussion

I have established protocols of autologous CD34" cell transplantation in young
cynomolgus monkeys. Hematopoietic reconstitution was observed around two weeks after
transplantation in all animals. Although some animals required antibiotic administration,
blood transfusion, and intravenous hyperalimentation, these procedures were performed
safely with few adverse effects. The focus of this study was on the use of BM and
cytokine-mobilized peripheral blood cells as a source of CD34" cells.

Results of this study documented a fourth large animal model for CD34-selected
hematopoietic cell transplantation in addition to that of baboons [4], rhesus macaques [9], and
dogs [10]. Compared with the dog, the other animals mentioned are closer phylogenetically to
humans, and more reagents, including cytokines and antibodies, are available that were
originally developed for humans [112]. Although baboons may provide the best animal model
among them because of its phylogenetic relatedness to humans, there is no clear evidence that
the hematopoietic system of baboons would resemble that of humans more than those of
macaques. In addition, the macaque model has the advantgges of animal availability, cost, and
down size, compared with the baboon model. On the other hand, among macaque monkeys,
the advantages of using cynomolgus monkeys over rhesus monkeys are as follows; they are
full seasonal breeders and smaller body size. Full seasonal breeding capacity is important in
maintaining a self-sustaining breeding colony without need for introduction of new breeders.
The self-sustaining breeding system has made it possible to establish the SPF colony and to
accumulate background data and set normal limits according to the physiological data [93,
113].

There are a few disadvantages to using monkeys, compared with other smaller
animals such as mice, for biomedical research. Although it is not a true disadvantage,

monkeys, like humans, are outbred, allowing the potential of substantial individual
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differences between animals. Other disadvantages are fewer monkey models for human
diseases, compared with mice [61, 105], and that primate research costs are substantially
higher [27].

The study reported here included 1) administration of a five-day course of SCF and
G-CSF, 2) harvest of BM and cytokine-mobilized peripheral blood cells, 3) expanding
immature hematopoietic cells in BM and peripheral blood [19, 22, 78], 4) ex vivo culture of
CD34" cells for four days [23], and 5) transplantation of the cultured CD34" cells and
reconstitution of the hematopoiesis. The CD34" cells were stimulated overall for nine days (in
vivo for five and ex vivo for four days) prior to transplantation. One may claim that these
stimulated cells lost their engraftment ability [23, 30] and that hematopoietic restoration was
attributable to endogenous recovery. To address the issue, I genetically modiﬁed CD34" cells
with retroviral vectors under the same protocol, followed by transplantation of the cells into
each monkey. In the setting of same transplantation protocol, levels of 30-50% of
gene-marked progenitor cells were still detected in monkeys one year after transplantation
[38]. This result clearly indicates that the transplanted cells engrafted and generated their
progeny, resulting in the hematopoietic restoration in vivo.

Animals were irradiated with 1,000 to 1,100 cGy for myeloablation. The point at
issue is to know whether this dose of irradiation can really cause “full” myeloablation. If not,
endogenous recovery could occur. To answer the question, it would be necessary to test
whether animals, after total body irradiation with 1,000 to 1,100 c¢Gy, could survive without
infusion of cells. I, however, could not design such experiment because of considerations of
the animal welfare. It has been reported that 1,300 cGy may be reqﬁired for “full” ablation
(100% lethal) but that this dose would cause radiation-induced pneumonitis at much higher
frequency, compared with the dose of 1,000 cGy [21]. Since myeloablative irradiation is

associated with high systemic toxicity or potential damage to BM stroma, projects of BM and
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microenvironment transplantation (e.g. intra-BM transplantation, ref. [57]) are needed to
assess how much the dose of radiation can be reduced without losing engraftment efficiency
of transplanted HSCs, or whether alternative methods for myeloablation, such as
cyclophosphamide administration, can be used instead of total body irradiation. As described
above, other genetic marking study [39, 100] has shown hematopoietic reconstitution from
'transplanted cells after this dose of irradiation, suggesting the dose was sufficient enough at
least to allow engraftment of transplanted cells without complication such as
radiation-induced pneumonitis.

Recently, researchers have observed, principally in murine models, that
hematopoietic cells appear to be able to form other kinds of cells, such as liver, muscle, and
blood vessels [31], although cell fusions may in part account for such change of phenotype
[92, 111]. If plasticity of hematopoietic cells can be applied to human cells, it may-eventually
be possible to use hematopoietic cells to replace a wider array of cells and tissues than was
initially thought. My non-human primate model will provide an important framework for such

future clinical studies.
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Table 2.1.1. Bone marrow harvest and cytokine-mobilized peripheral blood cells collection from cynomolgus monkeys

Priming CD34+ Selection
Animal Total
A B . . 1
Sourceof HSCs 1 Sex A0 BV o cp o nucleated cells  Colf pumbers  TrOPOTtion in the Culture
(No.) o) (kg) (x 10°/kg) 6 total nucleated conditions
(ng/kg) (ng/kg) (x 10°/kg)
cells (%)
396042 female 2 23 0 0 NA NA NA -
Bone Marrow
.. 396051 female 3 2.4 0 0 0.29 1.4 0.5 -
(not administered)
396053 female 3 2.3 0 0 0.29 4.2 1.5 IL3/1L6/SCF/FL
396058 female 3 23 100 200 1.17 163 1.4 IL3/IL6/SCF/FL
396060 female 3 2.1 10 50 0.34 8.1 2.4 1L6/SCF/FL
296102 female 3 2.3 50 50 0.71 73 1.0 IL6/SCF/FL/TPO
Bone Marrow .
L. . 099053 male 3 2.5 50 50 0.59 4.2 0.7 IL6/SCF/FL/TPO
(administered with _
099061 male 4 33 50 50 0.47 13.6 2.9 IL6/SCF/FL/TPO
G-CSF and SCF)
099056 male 2 2.7 50 50 0.77 14.2 1.8 IL6/SCF/FL/TPO
296113 female 4 32 50 50 0.23 35 1.5 IL6/SCF/FL/TPO
296116 female 4 33 50 50 0.37 35 1.0 IL6/SCF/FL/TPO
) 001045 male 3 33 50 50 2.58 10.0 04 1L6/SCF/FL
Cytokine-mobilized
. 001049  male 3 3.5 50 50 2.94 19.5 0.7 1L6/SCF/FL/TPO
peripheral blood
1l 001053 male 3 2.6 50 50 3.48 3.5 0.1 1IL6/SCF/FL/TPO
cells
398042 male 5 38 50 50 2.95 34 0.1 IL6/SCF/FL/TPO
Average - - 3 2.8 - - 1.90 8.1 1.2 -

BW=body weight; G-CSF=granulocyte colony-stimulating factor; SCF=stem cell factor; IL3=interleukin-3; IL6=interleukin-6; FL= fms-like
tyrosine kinase-3 ligand; TPO=thrombopoietin; and NA=not applicable.
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Table 2.1.2. Clinical course of autologous hematopoietic stem cell transplantation in cynomolgus monkeys

White blood cells Platelet Body
Source of HSCs Animal ID Nadi Nad Blood transfusion ¢ Peak CRP
i ture
(No.) adir >1.000/ul adir S 00/ul embera value (me/dl
(cells/pul) e (cells/ul) 50,000/ >38°C (mg/dl)
396042 1,300 NA 83,000 NA - 0 day 4.69
Bone Marrow )
. 396051 400 Day 13 23,000 Day 15 3 times (total 80ml) 4 days 10.26
(not administered)
396053 500 Day 10 67,000 NA 2 times (total 50ml) 2 days 8.56
396058 700 Day 12 26,000 Day 17 4 times (total 75ml) 2 days 0.6
396060 300 Day 14 40,000 Day 14 3 times (total 45ml) 0 day 1.02
296102 700 Day 6 145,000 NA - 2 days 0.18
Bone Marrow '
. . 099053 700 Day 14 80,000 NA 1 time (total 25ml) 0 day 1.77
(administered with .
099061 700 Day 10 69,000 NA 1 time (total 30ml) 0 day 3.81
G-CSF and SCF)
099056 1200 NA 109,000 NA - 2 days 1.02
296113 200 - 16,000 - 3 times (total 60ml) 2 days 10.01
296116 500 Day 14 45,000 Day 17 1 time (total 60ml) 0 day 10.39
001045 200 Day 19 21,000 Day 19 2 times (total 50ml) 2 days 20.5
Cytokine-mobilized 001049 700 Day 19 87,000 NA 1 time (total 30ml) 0 day 8.22
peripheral blood cells 001053 500 Day 7 93,000 NA - 0 day 4.19
398042 500 Day 13 49,000 Day 13 2 times (total 50ml) 3 days 4.69
Average - 700 Day 13 64,000 Day 16 2 times (total 50ml) 1.3 days 5.99

tDied due to accidental catheter fracture at 3 weeks after transplantation. CRP=C-reactive protein. Nadir=lowest point. NA=not applicable.
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Figure 2.1.1. WBC counts before and after transplantation, which was conducted on day 0.
Data are expressed as mean and standard deviation of WBC counts from animals
administered with G-CSF and SCF (B, n = 12) or not administered (A, n = 3).
Administration of these cytokines (shaded arrows in B) resulted in an increase in the WBC
count between 16,000 and 80,000 (mean, 52,000) cells/ u 1. After total body irradiation (500
‘to 550 cGy two times, open arrows in A and B), the WBC count decreased to < 1,000 cells/
w1l To facilitate granulocyte recovery, the G-CSF was administered intravenously to
animals at a dosage of 10 1 g/kg once a day from the day whenever the WBC count
became < 1,000 cells/ 1 until the WBC count reached 5,000 cells/ 11 according to the

transplantation protocol [20, 96].
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Figure 2.1.2. Blood Hb concentrations (g/dl) before and after transplantation, which was
conducted on day 0. Mean values for all monkeys (n = 15), with or without cytokine
administration, are shown, since administration of SCF and G-CSF did not affect Hb
concentration. Bars indicate the standard deviation. Freshly obtained, irradiated (2,000 cGy),
whole blood from blood-donor monekys were transfused to anemic animals whenever the

blood Hb value was < 7 g/dl according to the transplantation protocol [20, 96].
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Figure 2.1.3. Blood platelet counts before and after transplantation, which was conducted on
day 0. Mean values for all monkeys (n = 11) with or without cytokine administration, are
shown, since administration of SCF and G-CSF did not affect platelet count. Bars indicate the
standard deviation. Freshly obtained, irradiated (2,000 cGy), whole blood or platelet-rich
plasma was administered to thrombocytopenic animals whenever the platelet count was <

'70,000 cells/ul according to the transplantation protocol [20, 96].
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Section 2 :
A Major Problem being Related in Preclinical Study of HSCs
Transplantation: Inhibition of Antibodies Production against

Recombinant Human Protein in Cynomolgus Monkeys.

Introduction

There is a major problem which might occur in HSCs transplantation for preclinical
study of HSCs gene therapy. Macaque monkeys are widely used for preclinical testing of
genes and proteins of human origin, taking advantage of their close phylogenetic relationship
to humans [39, 58, 109]. Despite the genetic similarity between the two species, human gene
products or proteins are often immunogenic to monkeys [38, 72]. An example is EPO. EPO is
a hematopoietic growth factor that stimulates the proliferation and differentiation of erythroid
progenitor cells [56]. Recombinant human EPO (hEPO) has a variety of clinical uses [26, 40,
91, 110]. Although 92% of amino acid residues (142/166) are shared between human and
macaque EPO [59, 106], I show here that hEPO induces potent immune responses in macaque
monkeys, precluding its administration to monkeys. On the other hand, recombinant human
G-CSF presumably induce weak or no immune response in macaque monkeys because the
WBC counts increased in response to the repeated administration of G-CSF (Refer to Chapter
2, Section 1 and Figure 2.1.1).

Therefore, it is necessary to develop a method to prevent such immune responses
following the administration of hEPO. Among many immunosupressants available, CyA is
widely used to suppress detrimental immune reactions associated with allogenic BM and
organ transplantation [12, 14, 25, 95]. CyA is a calcineurin inhibitor and inhibits nuclear

factor of activated T cells (NFAT) activity and induces immunosuppression [44, 60]. In this



study, I showed that hEPO can be successfully administered to cynomolgus monkeys to stop
immunological clearance by using CyA.

In addition, there is only a case that hEPO induced immune responses and produced
the pure red cell aplasia in renal failure patient in human [98]. Although treatment with EPO
is well tolerated in the majority of renal failure patients, only this case generate antibody
‘responses to hEPO that can effectively neutralize both circulating endogenous EPO and the
recombinant protein. Therefore, using this CyA administration method may effectively

prevent immune responses to hEPO in this human case.
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Materials and Methods
Animals

Four cynomolgus monkeys (4-6 years old, 2.5-5.5 kg) bred in the Tsukuba Primate
Research Center (Ibaraki, Japan) were enrolled in this study (Table 2.2.1). Animals were free
of intestinal parasites, herpes-B, simian type-D retrovirus, and simian varicella virus (Refer to
vChapter 1, Section 1). This study was conducted according to the Rules for Animal Care and
Management of the Tsukuba Primate Research Center [42] and the Guiding Principles for
Animal Experiments Using Non-human Primates formulated by the Primate Society of Japan
[68]. The protocols of the experimental procedures were approved by the Animal Welfare and

Animal Care Committee of the National Institute of Infectious Diseases (Tokyo, Japan).

EPO administration

First, I administered hEPO (Chugai, Tokyo, Japan) to a cynomolgus monkey (No.
099054) at a dose of 3000 IU/kg three times a week subcutaneously for inducing strong
immune response. The dose was determined by referred to the maximum dose in human
clinical use [91].

A second cynomolgus monkey (No. 001051) was intravenously (instead of
subcutaneously) given a much lower dose of hEPO (200 IU/kg, three times a week) for
inducing the weak immune response.

Next, two cynomolgus monkeys (No. 396053 and No. 396058) were given 6 mg/kg
of cyclosporin A (CyA: Sandimmun; Novartis Pharma, Basel, Switzerland) intramuscularly
every other day in combination with the subcutaneous hEPO administration (200 IU/kg, three

times a week) (Table 2.2.1).

EPO, anti EPO antibody and CyA assays
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The hEPO concentrations in the serum were assessed by standard enzyme-linked
immunosorbent assay (ELISA; Roche Applied Science, Mannheim, Germany). ELISA was
performed according to the manufacturer’s instruction. In the first step, hEPO is bound to
anti-hEPO-coated surface of the microplate and the second to the peroxidase-conjugated
detection antibody. Following the washing step, the peroxidase bound in the complex is
‘developed by the substrate tetramethylbenzidine, and determined photometrically. The color
intensity is proportional to the concentration of EPO.

The presence of anti-hEPO antibodies in the plasma was evaluated using previously
reported assay [41]. The assay was designed to measure the binding of the antibody to EPO in
serial dilutions of the animal plasma. Such binding resulted in interference (competitive
ELISA of antibodies) with the detection of known concentrations of EPO in a standard
ELISA (mentioned above).

CyA concentrations in the plasma were assessed by radioimmunoassay [79]. The
method was performed in accordance with the instructions provided by the manufacturer
(Immunotech, Beckman Coulter, UK). Briefly, duplicated 100 ul samples exposed to 1 ug/ml
CyA and 200 ug/ml cilastatin, and then incubated for 30 min with *’I-labelled CyA in
polystyrene tubes coated with anti-Cy A monoclonal antibody. Thereafter, the supernatants of
the tubes were discarded and the bound radioactivity of calibrators, controls and samples was
measured using a gamma scintillation counter.

The blood biochemical profile and a complete blood count were monitored

throughout the administration of hEPO and CyA in all monkey.
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Results

Low levels (< 0.1 IU/ml) of hEPO were detected for the first 3 weeks but
thereafter the levels decreased to the lowest limit of detection (0.001 IU/ml) despite the
continued administration of hEPO in first monkey (No. 099054) (Fig. 2.2.1A). It turned out
that anti-hEPO antibody was generated (Fig. 2.2.1A), and hEPO was cleared from the serum.
.Thus, it was difficult to obtain sufficient levels of the effect of hEPO in vivo due to
immunological clearance. The administered hEPO was consequently eliminated from the
animals. During the administration of hEPO in second monkey (No. 001051), very low levels
(< 0.01 IU/ml) of hEPO were detected with the exception of one time point (0.1 IU/ml at day
28) and the levels eventually decreased to zero (Fig. 2.2.1B). Despite the lower dose
administration of hEPO, it turned out again that anti-hEPO antibody was generated (Fig. 1B),
leading to the clearance of hEPO from the serum. The Hb levels did not increase in either
animal (Table 2.2.1). Despite the genetic similarity of EPO between humans and macaques
[569, 106], hEPO is a potent immunogen to macaque monkeys. This is the first report on the
immune responses in monkeys following the administration of hEPO.

On the other hand, two cynomolgus monkeys (No. 396053 and No. 396058) were
given CyA intramuscularly every other day in combination with the subcutaneous hEPO
administration. As a result, in both monkeys, anti-hEPO antibody was not generated and high
serum levels (around 0.1 IU/ml) of hEPO were obtained during the administration of hEPO
(Figs. 2.2.2A and B). A second trial of hEPO also resulted in a similar elevation of the serum
levels of hEPO (Figs. 2.2.2A and B). The Hb levels apparently increased in response to the
administration of hEPO and CyA compared with administration EPO alone (Table 2.2.1),
suggesting that hEPO trial was effective when CyA was administered togethet. Blood
biochemical profile revealed no adverse effects associated with the CyA and hEPO treatment.

CyA concentrations in the plasma were maintained within an effective range between 200 and
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600 ng/ml. Using this CyA administration method, I successfully maintained long-term

(around 1 year) hEPO and CyA concentration as shown in Fig. 2.2.3.
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Discussion

[ have thus established a method to prevent immune responses to the xenogenic
hEPO in cynomolgus monkeys using CyA. This CyA administration method was possible to
maintain the CyA concentration with in the effective range between 200-600 ng/ml (Fig.
2.2.3). Although I did not try subcutaneous administration of 200 IU/kg hEPO in the present
study (Table 2.2.1), it is assumed that subcutaneous administration of 200 IU/kg hEPO would
also result in the anti-hEPO antibody generation, because intravenous administration of the
same dose of hEPO resulted in the anti-hEPO antibody generation. There was a report that
subcutaneous administration induced stronger immune responses than intravenous
administration [82]. The subcutaneous route is known to be the most immunogenic, because
the antigens were trapped effectively by the presence of antigen-presenting cells such as
dendritic cells in the skin [24].

In fact, this method was successfully applied to monkey HSCs transplantation cases,
and the long-term EPO and CyA concentration was maintained effectively and safely in
administered monkeys (Fig.2.2.3. and ref. [100]). CyA administration will be useful to

prevent immune responses when human proteins are administered to monkeys for research

purposes.
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Table 2.2.1. Characteristics of cynomolgus monkeys subjected to the hEPO administration

Hemoglobin
Animal Body hEPO CyA levels (g/dl)
Age . o
No. (years) Weight Dose  Administration Dose  Administration Complication
(Sex) (kg) (IU/kg) Route and (ng/ke) Route and Day 0 Day 35
g Frequency gke Frequency
Subcutaneous .
o (099054 55 3000  (3timesa i . 127 126  Antibody
g (Male) production
i week)
g I
= ntravenous ;
. times a - - . . .
= 001051 4 25 200 @3 ti 12.4 12.4 Antibody
(Female) week) production
Average 4.5 4.0 - - - - 12.6 12.5 -
Subcutaneous
g 396053 o 32 200 (3 times a 6 Intramuscular 109 116 None
O (Female) week) (every other day)
=
«<
o Sub
= ubcutaneous
e 396058 40 200 (3 times a ¢  Intramuscular 11 120 None
<=  (Female) week) (every other day)
Average 5.5 3.6 - - 6 - 11.0 11.8 ' -
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Figure 2.2.1. Administration of only hEPO in cynomolgus monkeys. After the
subcutaneous administration of hEPO (3,000 IU/kg) to a monkey (No. 099054),
anti-hEPO antibody was generated and serum hEPO levels decreased to almost zero
level(A). The hEPO levels can not reached to sufficient levels due to immunological
clearance. The administered hEPO was thus eliminated immediately from the animals.
Anti-hEPO antibody was also generated in another monkey (No. 001051) receiving
hEPO at a lower dose (200 IU/kg) intravenously, leading to the clearance of hEPO from

the serum (B).
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Figure 2.2.2. Administration of hEPO in combination with CyA in cynomolgus
monkeys. Generation of anti-hEPO antibody was prevented by the treatment with CyA
in 2 cynomolgus monkeys (No. 396053 and No. 396058) receiving hEPO (200 IU/kg)
subcutaneously (A, B). The plasma CyA concentrations were within an effective range
of 200 to 400 ng/m/. Under the treatment with CyA, high serum levels of hEPO were
obtained during hEPO administration. A second trial of hEPO administration resulted in

a similar elevation of serum hEPO levels in two monkeys.
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Figure 2.2.3. EPO and CyA concentration was maintained effectively and safely in
administered a monkey. There were no adverse effects through the administration of

CyA and EPO in this animal.
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General conclusion
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Studies using non-human primate have provided an important framework for
human clinical studies. In a real sense, non-human primates as animal models represent
a “step to human” i.e., the translational study.

In chapter 1, I have established safe and effective leukapheresis procedure for
collection of cytokine-mobilized peripheral blood cells from non-human primates. First
step is to establish baseline data for extracorporeal circulation, such as TBV of
non-human primates. To determine the TBV, blood was collected after intravenous
injection of Evans blue solution. The TBV was obtained after'correcting for the Ht and
the dilution factor of the Evans blue solution. 1) Significant correlation was observed
between TBV and BW in male and female monkeys. The formulae were established to
estimate TBV by referring to BW. 2) There was no significance, however, between
TBV and BW in male monkeys weighing more than 6 kg.

Next, I developed a safe and effective modified procedure to collect
cytokine-mobilized peripheral blood cells from rhesus monkeys using a Baxter
CS3000+ Blood Cell Separator (Baxter, Deerfield, IL) with séveral devices that were
reduced in chamber size and shortened in tube length of the standard apheresis kit to
decrease ECV from 130 to 70 ml. Pump speed was controlled by monitoring Ht values
and platelet counts during leukapheresis. This system makes it possible to perform safe
and effective leukapheresis in rhesus monkey§ whose BW is similar to that of human
infants. A total of 12 leukapheresis procedures were performed in nine monkeys and
resulted in the collection of sufficient numbers of WBCs (mean, 1.38 x 10° cells/kg),
MNCs (mean, 3.67 x 10° cells/kg) and CD34" cells (mean, 17.80 x 10° cells/kg) in all
cases. In addition, no complications such as anemia or trombocytopenia, occurred after

leukapheresis.
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Then, I examined the efficacy and safety of this method with even smaller
macaques, cynomolgus monkeys, which are equivalent to human newborns in BW
(mean = 3.3 kg). Using the manufacturer's unmodified protocol (n = 6), one monkey
died of cardiac failure and three developed severe anemia. In contrast, using my
modified procedure (n = 6), no such complication was observed in any animal. In
addition, the harvested nuclear cell, MNC and CD34" cell counts were significantly
higher with the modified method. The modified method should allow safe and efficient
collection of cytokine-mobilized peripheral blood cells from non-human primates as
small as human newborns in a non-invasive manner. HSCs in BM can be mobilized into
peripheral blood by cytokine administration. Cytokine-mobilized peripheral blood stem
cells are of great use in clinical applications such as transplantation and regenerative
medicine.

In chapter 2, I have established safe and efficient methods for autologous
HSCs transplantation in cynomolgus monkeys. The methods include regimens of
supportive care to ensure subjected monkey’s survival during hematopoietic
reconstitution following to lethal dose of the total body irradiation. Fifteen young adult
cynomolgus monkeys were studied. BM was aspirated from the ilium and/or tuber
ischiae (n=11) and cytokine-mobilized peripheral blood cells was collected by
leukapheresis (n=4) after adminisfration of recombinant human SCF and G-CSF. Using
the immunomagnetic selection method, CD34" cells were then isolated (90 to 95%
pure) as a fraction containing HSCs. Just prior to transplantation, the animals were
received myeloablative total body irradiation-500 to 550 c¢Gy daily for two days (Total
1000-1100 cGy). The monkeys transplanted with CD34" cells developed moderate to

severe myelosuppression, with some animals requiring intravenous hyperalimentation,
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antibiotic administration, and blood transfusion. Hematopoiesis was restored in all
animals after transplantation. It took 13 days, on average, until the peripheral WBC
count reached more than 1,000 cells/ul. Up to two years after transplantation, signs of
radiation-induced pneumonitis or other radiation-related disorders were not evident at
the aforementioned dose of irradiation. This transplantation model will be useful for
testing new approaches using HSCs for therapy of many diseases and will offer unique
insights into the biology of these cells.

Finally, I overcame a major problem which might be limiting HSCs
transplantation for preclinical study of HSCs gene therapy. Genes and proteins of
human origin are often administered to monkeys for research purposes, however, it can
be difficult to obtain sufficient levels of the effect in vivo due to immunological
clearance. In this study, I show that hEPO induces the generation of anti-hEPO antibody
in cynomolgus monkeys (n = 2), although 92% of amino acid residues are shared
between the human and macaque EPO. The administered hEPO was thus eliminated
from the animals. On the other hand, when an immunosuppressant, CyA, was
administered (6 mg/kg) intramuscularly every other day in combination with hEPO (n =
2), anti-hEPO antibody was not generated and high serum levels of hEPO were obtained
during the administration of hEPO, resulting in an increase in Hb levels. No adverse
effects associated with Cy A were observed. Thus, CyA administration method might be
useful for the prevention of immune responses in monkeys associated with the
administration of human proteins.

I established preclinical model for hematopoietic stem cell gene therapy in
non-human primates. Consequently, this model was successfully applied to preclinical

gene therapy, and has brought about precious information in that study [38, 100].
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Well-designed non-human primate study will continue to offer unique insights into the
biology of HSCs, the immune system, transplantation, and therapies for many human
diseases. This non-human primate model will provide an important framework for such

future clinical studies as well as HSCs gene therapy.
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