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Fig. 3. Effects of anti-Notch ligand mAbs on the maintenance of CD8~ DCs. Mice were treated with control hamster IgG (H) or the indicated
combination of mAbs (D1, HMD1-5; D4, HMD4-2; J1, HMJ1-29; J2, HMJ2-1). The percentages of CD11cM9%/33D1*/CD8~ (33D1*CD8~ DC),
CD11¢"9"/33D17/CD8* (33D17CD8* DC) and CD11c™®" (total DC) cells among whole splenocytes and the percentage of MZ B cells (B220*/
CD21"/CD23'°") among total B cells (B220%) were analyzed by flow cylometry. Data were represented as the mean + SD of three mice in each
group. Similar results were obtained in two independent experiments. Data were analyzed statistically using unpaired Student's +test. *P < 0.05,

**P < 0.01, ***P < 0.001 versus hamster IgG-treated control mice.

R848 (Alexis) or 1 ug mi~" LPS (Sigma, St Louis, MO, USA)
in DMEM/10% FCS (Nissui, Tokyo, Japan) for 2 h. Then,
add GolgiPlug (BD Biosciences) and incubate for additional
4 h. Cells were stained for surface markers, fixed, permeabi-
lized and stained with PE-conjugated anti-mouse [L-12
(Biolegend).

Immunohistological staining

Tissue samples of spleen were frozen in optimal cutting tem-
perature compound (SAKURA, Tokyo, Japan) and were cut
into 3-um sections. After being air-dried, sections were fixed
in acetone, blocked with control hamster IgG or with 3%
BSA/PBS for 33D1 staining and stained with biotin-conju-
gated 33D1, HMD1-5, HMD4-2, HMJ1-29 or HMJ2-1. For de-
tection, Catalyzed Signal Amplification System, peroxidase
(Dako Cytomation, Carpinteria, CA, USA) or Tyramide Signal
Amplification Kit (PerkinElmer, Walthmam, MA, USA) was
used. For staining ER-TR7, CD31 or B220, sections were
blocked with 10% normal goat serum and Alexa488-labeled
goat anti-rat 1gG (Molecular Probes, Carlsbad, CA, USA)
was used as secondary antibody. For staining with FITC-
labeled mAb to F4/80, sections were blocked with 10% normal
rabbit serum and Alexa488-labeled rabbit anti-FITC (Molecu-
lar Probes) was used as secondary antibody. Images were
acquired on a microscope (Eclipse E800M; Nikon, Tokyo,
Japan) equipped with a digital camera (DXM1200; Nikon)
and processed using ACT-1 (Nikon). Fluorescent images were
acquired on a microscope (Eclipse TE300; Nikon) equipped
with a digital camera (C4742-98; Hamamatsu photonics,
Hamamatsu, Japan) and processed using AguaCosmos
(Hamamatsu photonics).
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Results

Expression of Notch receptors and figands on splenic DCs

We first examined the expression of Notch receptors and
ligands on cell surface of splenic DCs. Flow cytometrical
analysis defined 33D1 expression exclusively on the CD8~
DC subset (Fig. 1). Notch1, Notch2 and Notch3 were
expressed at similar levels on both CD8™ and CD8" subsets.
In contrast, Notch4 was highly expressed on CD8* DCs but
not CD8™ DCs (Fig. 1). Expression of Notch ligands was
also similar between CD8™ DCs and CD8* DCs: Dli1 and
Jagged?2 were expressed at moderate levels and Jagged
was expressed at a low level (Fig. 1).

Blocking of all Notch ligands, but not DI alone, reduces
CD8™ DCs in the spleen

To examine the role of DII1 in the maintenance of CD8™ DCs,
mice were treated with anti-Dil1-blocking mAb (HMD1-5) (12)
on days 0 and 3, and the spleens were removed on day 7.
As shown in Fig. 2(A), the blocking of DII1 alone had little ef-
fect on the population of CD8733D1*CD11c* cells (CD8™
DCs) or CD8"33D17CD11c* cells (CD8* DCs) in the spleen.
No significant change was also observed on days 14 and 28
or with a high dose (1 mg) of HMD1-5 (data not shown). In
addition, the percentage of CD8™ DCs in total splenocytes of
DIl cKO mice (4) was not significantly reduced as compared
with control mice (data not shown). Then, we additionally
blocked Dli4, Jagged and Jagged?2 by administrating a mix-
ture of mAbs to these molecules (HMD4-2, HMJ1-29 and
HMJ2-1, respectively). The combined blocking of DIt1, Dil4,
Jagged1 and Jagged? significantly reduced the CD8 DC



compartment to a half of the control hamster IgG treatment
(P = 0.000096), while the CD8" DC compartment was not
affected (Fig. 2A). Immunohistochemical analysis showed
a substantial decrease of 33D1* cells in the splenic red pulp
of the combination-treated mice (Fig. 2B).

Relative contribution of each Notch ligand to the
maintenance of CD8™ DCs and MZ B cells

To address whether all these Notch ligands (DIi1, DIl4, Jag-
gedl1 and Jagged?) contribute to maintain CD8™ DCs, one
of these was excluded from the combined blockade. Block-
ing of DIl4, Jaggedl and Jagged?2 did not reduce CD8~
DCs significantly, while other blocking combinations of three
Notch ligands reduced them significantly, suggesting the im-
portance of DII1 for the maintenance of CD8™ DC subset
(Fig. 3). Moreover, combinational blockade of DII1 with Dli4,
Jagged1 or Jagged? also decreased CD8™ DCs though
blocking of any single Notch ligand did not (Fig. 3). These
results suggest that DIl could be important but not only
DIl but also Dll4, Jagged1 and Jagged?2 contribute to the
maintenance of CD8™ DCs. On the other hand, MZ B cells
were decreased exclusively by blockade of DIi1 but not the
other Notch ligands (Fig. 3). Notably, the changes of total
DCs {CD11c") in the spleen reflected those of CD8™ DCs,
while the CD8" DC compartment was not affected by any of
the indicated treatments (Fig. 3).

Kinetics of splenic CD8 DC reduction

It has been shown that Notch signal-deficient CD8™ DCs
exhibited increase of apoptosis in the spleen and suggested
that Notch signals were required for their survival (3). Actually,
the treatment with a mixture of antibodies against all Notch
ligands (HMD1-5, HMD4-2, HMJ1-29 and HMJ2-1) reduced
splenic CD8™ DCs to half of the control treatment in 1.5 days
(Fig. 4). Similar reduction was observed at day 3 while it was
restored at day7 (Fig. 4). In contrast, Notch signaling was es-
sential for the development of MZ B cells (12) and no signifi-
cant decrease of MZ B cells was detected at day 1.5 (Fig. 4).
Notably, Annexin V-positive apoptotic CD8™ DCs were in-
creased in mice blocked all Notch ligands (3.03 * 0.079%
versus 2.37 + 0.17% hamster IgG control mice, P = 0.0097).

CD8™ DC reduction is associated with decrease of IL-12
secretion from splenic DCs

To determine whether this decrease of CD8™ DCs by blocking
of Notch ligands was related to functional reduction, DC cyto-
kine responses to toll-ike receptors (TLR) activation was ana-
lyzed. Stimulation of splenocytes with TLR7 agonist, imiquimod
or R848 or TLR4 agonist LPS induced IL-12 secretion from
CD8~ DCs in vitro {Fig. 5). IL-12-secreting CD8™ DCs induced
by these TLR agonists were decreased in splenocytes
from mice treated with a mixture of antibodies against Notch
ligands (HMD1-5, HMD4-2, HMJ1-29 and HMJ2-1) while IL-
12-secreting CD8* DCs were unchanged (Fig. 5).

Localization of Notch ligands in the spleen

Finally, the location of D1, Dil4, Jagged1 and Jagged? in the
spleen was determined. Immunochistochemical analysis demon-
strated that all these Notch ligands were expressed primarily in
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Fig. 4. Time course of CD8™ DC reduction. Mice were treated with
control hamster 1gG (open columns) or a mixture of mAbs (HMD1-5,
HMD4-2, HMJ1-29 and HMJ2-1; closed columns) once. Spleen cells
were analyzed on indicated days. The percentages of CD11c"9"/
33D1*/CD8™ (33D1*CD8~ DC) among whole splenocyles and the
percentage of MZ B cells (B220*/CD217/CD23%~) among totai B cells
(B220*) were analyzed by flow cytometry. Data are represented as the
mean * SD of three mice in each group. Similar resulls were
obtained in two independent experiments. Data were analyzed
slatistically using unpaired Student's #est. *P < 0.05 versus
hamster IgG-treated contro! mice.
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Fig. 5. Effects of anti-Notch ligand mAbs on IL-12 secretion from
splenic DCs. Mice were treated with control hamster IgG (open
columns) or a mixture of mAbs (HMD1-5, HMD4-2, HMJ1-29 and
HMJ2-1; closed columns). Collagenase-treated splenocytes were
cultured in the presence or absence of indicated TLR ligands. I1L-12
production in DCs was detected by intracellular staining. The
percentages of IL-12-secreting CD11¢"9"/33D1*/CD8~ (33D1*CD8"
DC) and CD11c™9"/33D17/CD8* (33D1~CD8* DC) cells among
whole splenocytes were analyzed by flow cytometry. Data are
represented as the mean * SD of three mice in each group. Data
were analyzed statistically using unpaired Student’s ttest. *P < 0.05,
**P < 0.01, ***P < 0.001 versus hamster IgG-treated contro! mice.
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the red pulp area where CD8™ DCs resided (Figs 2B and 6).
ER-TR7" reticular fibroblasts and F4/80* macrophages localize
mainly in the red pulp of the spleen. Accordingly, part of ER-
TR7* reticular fibroblasts expressed DIi1, Dl4, Jaggedl or
Jagged? (Fig. 6). Part of F4/80* macrophages also expressed
DI, Jagged1 or Jagged? (Fig. 6). In addition, CD31" vessels
in the spleen expressed DIl or Jaggedi (Fig. 6). Though B
cells were considered important in splenic DC homeostasis
(13, 14), Notch ligands were not expressed on B cells (Fig. 6).

Discussion

Dli1 has been shown to be essential for the development of MZ
B cells (4, 8). In this study, we found that DII1 was also impor-
tant for the maintenance of CD8™ DCs, but Dil4, Jagged1 and
Jagged? could also participate in this process. Indeed, a sim-
ilar extent of CD8™ DC reduction was observed among DIl1-,
Dl4-, Jaggedi- and Jagged2-blocking mice and RBP-J
CD11c-Cre* cKO mice (3). Consistent with this notion, Jag-

HMD1-5

HMD4-2

ged1 and Jagged?2 were localized similar to DIl1. Therefore,
it is likely that Jagged1 and Jagged? as well as DIl1 could
engage the Notch receptors on CD8™ DCs to maintain this
population. CD8* DCs are reported to reside in the white pulp
area (9) where Notch ligands were not expressed, which may
explain why this subset was not regulated by Notch signaling.
The functional role of Notch4 uniquely expressed on CD8*
DCs will be determined in our future study.

Notch2 was essential for the development of MZ B cells
and expressed higher on MZ B and precursors of MZ B cells
than on T1 B and T2/Fo B cells (12). Cell surface expression
of Notch receptors suggest that Notch1, Notch2 and Notch3
could be responsible for the Notch signaling to maintain
CD8™ DCs in the spleen. The differential contribution of Jag-
ged1 and Jagged? to the homeostasis of CD8 DCs and
MZ B cells may be explained by their difference in the ex-
pression of Notch receptors. indeed, the expression of
Notch1 and Notch2 on CD8™ DCs was lower than that on

HMJ1-29

5%

HMJ2-1

Fig. 6. Immunohistological analysis for localization of Notch ligands in the spleen. Spleen sections were stained with HMD1-5, HMD4-2, HMJ1-29
or HMJ2-1 (brown or red) and ER-TR7 or mAbs against F4/80, CD31 or B220 (green). Essentially, no staining was observed with control hamster
1gG (not shown). Original magnification: top panels, X100; the others, X200.
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B cells but Notch3 was expressed higher on CD8™ DCs
(12). Thus, Notch3 may be a key Notch receptor to maintain
CD8~ DCs via activation by DIi4, Jagged1 and Jagged?2. Al-
though Notch1 and Notch2 could be activated to maintain
CD8~ DCs especially in a Notch3-deficient condition, it is in-
triguing to investigate whether CD8™ DCs are decreased in
Notch3-deficient mice that are viable and fertile (15).

Splenic CD8™ DCs are short-lived. Parabiosis experiments
have estimated that the half-life of splenic CD8™ DCs was
~7 days (16). Inhibition of Notch ligands decreased splenic
CD8~ DCs earlier than its half-life at almost maximum level
(1.5 days after mAbs treatment) in association with in-
creased apoptosis of CD8™ DCs and it restored quickly (at
day 7). A recent study using DC-specific RBP-J KO mice
has determined increased apoptosis of CD8™ DCs in the
spleen (3). These data indicate that Notch signaling contrib-
utes to survival of splenic CD8™ DCs. Functional significance
of CD8™ DC reduction with the lack of Notch signaling has
been demonstrated by the decrease of DC-mediated cyto-
kine responses when injected with the TLR7 agonist imiqui-
mod, which preferentially activates CD8™ DCs (3). Blocking
of Notch ligands also reduced TLR agonists-induced L-12
secretion from CD8™ DCs. MZ B celis are known to play
roles in response to blood-borne pathogens and also in im-
mune responses (17). Reduced MZ B cells through a defect
of Notch signaling conferred high sensitivity to blood-borne
bacteria, Staphlococcus aures, though it showed no obvious
deficiency in the immune responses to thymus-dependent,
thymus-independent type 1 and type 2 antigens (18).

Fringes are glycosyltransferases that modify the extracel-
jular domain of Notch, enhancing its activation by Delta and
inhibiting its activation by Jagged (19, 20). Therefore, the ex-
pression of Fringes in CD8™ DCs may be different from that
in MZ B cells, leading to the differential contribution of Delta
and Jagged Notch ligands. Further studies are needed to
address these possibilities.
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Abbreviations

cKO conditional knockout
Dll Delta-like

DC dendritic cell

ER endoplasmic reticulum
MZ marginal zone

TLR toll-like receptors
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Objective. Common marmosets are considered experimental animals of primates useful for
medical research. We developed several monoclonal antibodies (mAbs) directed to CD mole-
cules to gain initial insight into the immune and hematopoietic systems of this organism, and
analyzed the basic cellularity and characters of marmoset lymphocytes.

Materials and Methods. Anti-marmoset CD antigen mAbs were prepared using marmoset
antigen-expressing transfectants and used for flow cytometric analyses and cell fractionation.
Expression of T-cell —related cytokine gene transcripts was examined in response to T-cell
receptor stimulation by reverse transcription polymerase chain reaction analyses. Hematopoi-
etic progenitor activities of marmoset bone marrow cells were examined in fractionated cells
by mAbs against CD117 (c-kit) and CD34.

Results. CD4 and CD8 expression profiles in T-cell subsets of marmoset were essentially similar
to those in mouse and human. CD4" and CD8" subsets were isolated from marmeoset spleens.
Detected transcripts after stimulation of T cells included Th1-, Th2-, and Th17-related cytokines
in CD4* cells and cytotoxic proteases in CD8" cells, respectively. Colony-forming abilities were
detected mainly in CD117 (c-kit)* cells, irrespective of CD34 expression.

Conclusions. Marmoset immune system was basically similar to human and mouse
systems. © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

Mice are the most commonly used experimental animals as
an alternative for humans, and many disease models have
been generated using these animals. However, because of
the evolutional distance between the two species, there
are remarkable differences recognized in their genetic and
physiological functions [1-5]. In particular, humans and
mice exhibit differences in various aspects of immunity,
such as T-cell subset differentiation and cytokine signal
transduction. For example, for Th17 differentiation, both
interleukin (IL)-1 and IL-6 are necessary in humans,
whereas transforming growth factor—f (TGF-B) and IL-6

Offprint requests to: Sonoko Habu, M.D., Ph.D., Department of Immu-
nology, Juntendo University School of Medicine, 2-1-1, Hongo, Bunkyo-ku,
Tokyo 113-8421, Japan; E-mail: sonoko-h@med.juntendo.ac.jp

are important in mice. Thus, mice are not always versatile
as a human alternative, despite their ease in gene
manipulation.

One of the approaches for overcoming this species spec-
ificity is to establish a human immune system in immuno-
deficient mice. For generating such humanized mice, severe
combine immunodeficient (SCID), nonobese diabetic
(NOD)-SCID, RAG2-null, and NOD/shi-SCID/IL-2Rg™"!
(NOG) mice have been used as recipients because they
each lack their own immunity, to varying degrees, because
of gene mutation/deficiency [6-8]. On the other hand,
human cord blood cells, lymphoid tissues/cells, or leukemic
cells have been engrafted as donors into such mice [9-11].
Reconstitution of the human immune system in mice has
been successful to varying extents, depending on both the
type of recipient mouse and donor cells. In a combination

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

doi: 10.1016/j.exphem.2009.08.003
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of human cord blood cells and NOG mice, T and B cells of
human origin emerge in peripheral blood, but the produced
antigen-specific human antibody is mainly immunoglobulin
(Ig) M but not IgG [12-16]. This suggests that the interac-
tion of T and B cells does not occur properly in these xen-
ografted mice [l7]. Thus, reconstitution of human
immunity is not necessarily complete. Furthermore, use
of human tissues may involve an ethical issue, precluding
the possibility of preclinical use.

The common marmoset, a new world monkey, and hu-
mans are in the same evolutional entity of anthropoidea.
The common marmoset is the only experimental animal
among primates that has been artificially bred and main-
tained as a closed colony for >20 years. This species
was identified as one of the most useful primates because
of its size, availability, and widespread use in biomedical
research [18,19]. Disease models of neurological disorders
and human-specific virus infections have been established
with this animal [20-24]. In particular, models of autoim-
mune diseases, such as experimental allergic encephalomy-
elitis, which resembles clinical and pathological features of
human multiple sclerosis, compared to other animal models
including other monkeys, have been generated and found to
be useful for drug screening and evaluation [22,25,20].
Thus, compared to mice, common marmosets appear to
emerge as a closer alternative to humans. Recently, we suc-
ceeded in the development of green fluorescent protein
(GFP)—transgenic marmoset {27]. This might open another
approach to human immunity in addition to the aforemen-
tioned human-to-mouse xenograft.

However, our knowledge of the immune system of the
common marmoset is still not enough to establish it as an
experimental animal and use as an alternative for human
immunity and its disorders. One major obstacle to over-
come initially is the lack of various fundamental molecular
resources necessary for marmoset research. This led us to
cloning and determining the primary structures of 30 of
the most representative immune system—related genes of
the marmoset {28]. In addition to the gene resources, anti-
bodies directed toward immune-system-—related molecules
also have to be developed. Although anti-human antibodies
have been screened for their cross-reactivity with marmoset
immune cells, it is not certain whether cross-reacting anti-
bodies, if any, authentically recognize the corresponding
marmoset antigens [29.30].

In this study, we established several anti-marmoset
monoclonal antibodies (mAbs) that were directed against
CD4, CD8, CD25, CD45, and CD117 (c-kit). By using
these mAbs, we have preliminarily characterized T-cell
subsets and hematopoietic progenitors of the common
marmoset, and we also analyzed expression profiles of
various cytokine genes in T-cell subsets. The present
findings are expected to serve as a basis for further develop-
ment of the common marmoset as a useful experimental
animal concerning primate immunology.
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Materials and methods

Animals

Common marmosets were obtained through CLEA Japan (Tokyo,
Japan) and kept at the Central Institute for Experimental Animals
(Kawasaki, Japan) during the experiments. Experiments using
common marmosets were approved by the Institutional
Committee for Animal Care and Use and performed at Central
Institute for Experimental Animals according to institutional
guidelines. The marmoset age (1 to 4 years old) and sex were arbi-
trary. In some cases, marmosets were injected subcutaneously
with 10 mg/kg/d of human granulocyte colony-stimulating factor
(G-CSF; Neutrogin, Chugai Co. Ltd, Tokyo, Japan) for 5 succes-
sive days. Female 5- to 6-week-old BALB/c mice were purchased
from Japan SLC (Hamamatsu, Japan) and kept in specific
pathogen-free conditions in the animal facility at Juntendo Univer-
sity School of Medicine (Tokyo, Japan). NOD/Shi-scid, common
ge-null (NOD/SCID/yc-null; NOG) mice were provided from
the Central Institute for Experimental Animals (Kawasaki, Japan).
Experiments using mice were performed following the guidelines
set by the university.

Reverse transcription polymerase chain reaction, cDNA

cloning, and sequence analyses

RNA was extracted from the cells using the RNeasy Mini Kit (Qiagen,
Germantown, MD, USA). RNA at 50 ng was reverse-transcribed to
c¢DNA and amplified using the primers and OneStep RT-PCR kit
(Qiagen). Reverse transcription polymerase chain reaction (RT-
PCR) amplification was performed under the following conditions:
reverse transcription was at 50°C for 30 minutes, polymerase activa-
tion was at 95°C for 15 minutes with 33 cycles of PCR, each cycle
consisting of denaturation at 94°C for 1 minute, annealing at 60°C
for 1 minute, and extension at 72°C for 1 minute. PCR products
were subjected to agarose gel electrophoresis. Primers used for
PCR were as follows: for IL-2, 5'-ATGTACAGCATGCAGCTC
GC-3' and 5-GCTTTGACAGAAGGCTATCC-3; for IL-4, 5'-
TGTCCACGGACACAAGTGCGA-3 and 5'-CATGATCGTCTTT
AGCCTTTCC-3'; for IL-5, 5'-GCCAAAGGCAAACGCAGAACG
TTTCAGAGC-3 and 5-AATCTTTGGCTGCAACAAACCAGTT
TAGTC-¥; for IL-6, 5'-ATGAACTCCTTCTCCACAAGCGC-3
and 5-GAAGAGCCCTCAGGCTGGACTG-3'; for IL-10, 5-GGT
TACCTGGGTTGCCAAGCCT-3' and 5-CTTCTATGTAGTTGA
TGAAGATGTC-3'; for IL-17A, 5'-CTCCTGGGAAGACCTCAT
TG-3' and 5'-CAGACGGATATCTCTCAGGG-3'; for IL-17F, 5'-CA
AAGCAAGCATCCAGCGCA-3 and 5'-CATTGGGCCTGTACAA
CTTCTG-3'; for IFN-v, 5'-CTGTTACTGCCAGGACCCAT-3' and
5'-CGTCTGACTCCTTCTTCGCTT-3'; for TGF-3, 5-GCCCTG
GACACCAACTACTGC-3' and 5'-GTCGCATTTGCAGGAGCGC
AC-3; for TNF-a, 5-GAGTGACAAGCCTGTAGCCCATGTT
GTAGCA-3' and 5-GCAATGATCCCAAAGTAGACCTGCCCAG
ACT-3'; for granzyme B, 5'-ATATGAGGCCAAGCCCCACT-3
and 5'-TCTCCAGCTGCAGTAGCATA-3'; for perforin-1, 5-GGCC
TGTGAGGAGAAGAAA-3 and 5-GCCCATCAGGTACTGAC
TCA-3'; for HPRT, 5'-TGACCAGTCAACAGGGGAC-3' and 5'-GC
TCTACTAAGCAGATGGC-3'. The procedure of cDNA cloning was
the same as reported by us previously [28]. The primers used were as
follows: for granzyme B, 5-CCAAGAGCTAAAAGAGAGTAAG
GGGGAAAC-3 and 5'-AGCGGGGGCTTAGTTTGCTTCCTGTA
GTTA-3; for perforin 1, 5'-GTGTAGCCGCTTCTCTATACGGGA
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TTCCAG-3' and 5-TTCAGTCCAAGCATACTGGTCCTTITC-
CAAG-3.

The tool for sequence homology search was BLAST [31]},
whereas that for multiple sequence alignment was CLUSTALW.

Construction of cDNA expression vectors

c¢DNA sequences of marmoset genes used in this study were based
on AF452616 as CD4, DQ189217 as CD8a, DQ520834 as CD25,
AB097501 as CD34, and AB097502 as CD117. RNA was ex-
tracted from cells by Isogen (Nippon Gene Co. Ltd., Tokyo, Japan)
and reverse-transcribed to cDNA by Superscript (Invitrogen,
Carlsbad, CA, USA). A portion of cDNA sequence corresponding
to an extracellular domain of the protein was amplified by a PCR
method, using ¢cDNA as a template and AccuPrime Pfx DNA
Polymerase (Invitrogen, Tokyo, Japan). The set of forward and
reverse primers used were as follows: for IL-2, 5'~ATGTACAG-
CATGCAGCTCGC-3' and 5-GCTTTGACAGAAGGCTATCC-
3’; for CD4, 5'-CCACCATGAATGGGGGAATCCCTTTC-3' and
5'-CACCGGGGGAGACCATGTGGGCA-3; for CD8a, 5'-CCAC
CATGGCCTCGCCAGTGACCGC-3' and 5'-ACAGGCGAAGT
CCAGCCCC-3'; for CD25, 5'-CCACCATGGATTCACAACTG
CTGATG-3' and 5-CTTCGTCGTAAGTATGAATGTCTCC-3;
for CD34, 5'-ATGCTGGTCCGCAGGGGC-3' and 5-TCGGGAA
TAACTCTGGTGGCTTGC-3'; for CD45, 5-CCACCATG-
TATTTGTGGCTTAAACTGCT-3' and 5-TGATTGAAATTTAC-
TAACTGGGTG-3; for CDI117, 5'-CCACCATGAGA
GGCGCTCGTGGCG-3' and 5'-GAACAGGGTGTGGGGCTG-
GATTTGC-3'. Each PCR product was inserted into the EcoRV
site of pCXGFP-1 vector (GenBank, Accession No. AB281497)
in order to express an extracellular domain of interest as a fusion
protein with an enhanced EGFP.

Preparation of cDNA-transfected cells

pCXGFP-1 vectors expressing marmoset cDNAs were transfected
into Chinese hamster ovary (CHO) cells by electroporation using
Gene Pulser (BioRad, Tokyo, Japan) according to manufacturer’s
instructions. After G418 selection at 1 mg/mL, the GFP" cells
were isolated by fluorescence-activated cell sorter.

Production of mAbs

We adopted the hydrodynamic immunization procedure reported
by Song et al. {32]. Briefly, 25 mg pCX-GFP plasmid DNA was
suspended in 2 ml saline and injected intravenously into
BALB/c mice. Mice were immunized three to six times, and serum
antibody titers were checked by flow cytometric analyses using
cDNA-transfected cells as a source of antigen. Four days after
a final boost, mice were sacrificed and splenocytes were fused
with the mouse myeloma cell line P3U1 according to a standard
procedure. Positive clones were identified by flow cytometry,
isolated, expanded, and stocked.

Preparation of human blood cells

Human umbilical cord blood was obtained from full-term healthy
newborns immediately after vaginal delivery. Informed consent
was obtained from individual mothers according to the institu-
tional guidelines, and the work was approved by the Tokai Univer-
sity Human Research Committee. Peripheral blood was collected
from healthy human volunteers. Mononuclear cells were isolated
from cord and peripheral blood by Ficoll-Paque (GE Healthcare
Biosciences, Uppsala, Sweden) gradient centrifugation as reported
previously [15].
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Preparation and stimulation of marmoset lymphocytes

Thymi, intestinal lymph modes, or spleens were taken from
marmosets and cells were released from the tissues. After red
blood cells were lysed osmotically, cells were suspended in
RPMI-1640 medium containing 10% fetal calf serum. Peripheral
blood or bone marrow cells were collected from marmosets with
heparin and centrifuged on Lymphocepal (IBL Co., Takasaki,
Japan) at 2,000 rpm for 30 minutes. Mononuclear cells were
collected and the remaining erythrocytes were lysed.

To stimulate T cells, the cells were cultured in medium supple-
mented with anti-human CD3 (SP34-2; BD Pharmingen, San
Diego, CA, USA) and anti-human CD28 (CD28.2; eBioscience,
San Diego, CA, USA) or TSST-1 (1 mg/mL; Toxin Tec. Co., Sar-
asota, FL, USA) for 24 hours. Then, the cells were harvested,
incubated with anti-marmoset CD4 or CD8 mAb (prepared in
this study) or anti-human CD20 mAb (B-Lyl, Dako, Glostrup,
Denmark) at 4°C for 15 minutes, washed, and reincubated with
anti-mouse IgG—magnetic cell sorting (MACS) micro beads for
15 minutes. After a final wash, CD4-, CD8- or CD20-positive cells
were purified using a MACS system (Miltenyi Biotec, Gladbach,
Germany).

Colony-forming assay using bone marrow-derived

mononuclear cells

Cells were recovered from bone marrow of the common
marmoset, and a mononuclear fraction was isolated using Lym-
phoprep (Axis-Shield, Oslo, Norway). Then cells were sorted
into  CD347CD117%, CD34%CD117", CD34°CD117", and
CD34 CD117" fractions using FACS Aria (Becton Dickinson,
Franklin Lakes, NJ, USA). Anti-marmoset CD34 mAb was re-
ported previously [29], and anti-marmoset CD117 mAb was
prepared in the present study. The sorted cells in each group
were plated at 2 x 10% cells in 1 mL methylcellulose-containing
medium (Methocult GF+ H4435; Stem Cell Technologies, Van-
couver, Canada) in a 35-mm dish with human stem cell factor
(SCF) (10 ng/mL), IL-3 (10 ng/mL), human erythropoietin
(Epo) (2 U/mL), and human G-CSF (10 ng/mL) and cultured at
37°C in a 5% CO, atmosphere. After 14 days of culture, types
and numbers of hematopoietic colonies (colony-forming units
[CFU]) were counted according to standard criteria. Samples
from one animal were processed for the assay in triplicate, and
two different animals were used (experiments 1 and 2).

Transplantation of hematopoietic progenitors into NOG mice
CD347CD117" and CD34 " CD117" cells were purified from bone
marrow of the common marmoset by cell sorter as described here.
Purity was >98% according to flow cytometry. Nine-week-old
NOG mice were irradiated with 2.5 Gy x-ray prior to transplanta-
tion, and the marmoset cells (6.7 x 10° for CD34YCD1177 cells/
1.3 x 10° for CD34 CD117% cells) were transplanted intrave-
nously. Four weeks after transplantation, peripheral blood was
collected via orbit under inhalation anesthesia. Mononuclear cells
were prepared and reconstitution efficiency was calculated by the
ratio of marmoset CD457" cells.

Flow cytometric analysis

Cells were incubated with labeled primary mAb for 15 minutes at4°C
and washed with 1% (w/v) bovine serum albumin-containing phos-
phate-buffered saline. In some cases, cells were reincubated with
labeled secondary antibody. The flow cytometer was FACSCalibur
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(Becton Dickinson). The mAbs used were as follows: purchased from
BD Pharmingen were anti-human CD3-peridinin chlorophyll Cy5.5
(PerCP) (SP34-2), anti-human CD4-allophycocyanin (APC) (SK3),
anti-human CD8—fluorescein isothiocyanate (FITC) (HIT8a), anti-
human CD20 (B-Ly1), anti-human CD25-phycoerythrin (PE) (M-
A251), anti-human CD34 (581), anti-human CD45-APC (HI30),
anti-human CD117-APC (YB35.B8), streptavidine-PE and streptavi-
dine-APC. Purchased from eBioscience were anti-mouse CD4-
APC (GK1.5), anti-mouse CD8-FITC (53.67), anti-mouse CD45.1-
APC (30-F11), anti-mouse CD25-PE (PC61) and anti-mouse CD34
(RAM34). Anti-mouse CD117-APC (3Cl) was from CALTAG
Laboratories (Burlingame, CA, USA), and anti-mouse IgM-PE and
anti-mouse IgG-PE were from Jackson ImmunoResearch Inc.
(West Grove, PA, USA). We previously obtained anti-marmoset
CD8 and CD45 mAbs by a different approach from that taken in
this study {33]. These two mAbs were used as controls in the present
study.

Results

c¢DNA expression systems and generation of mAbs

In the previous study, we cloned and sequenced 37 cDNA
of immune-related genes obtained from marmoset spleen
cells. Among them, we selected CD4, CDS8, CD25, CD45,
and CD117 as the targets to develop mAbs against
marmoset proteins in this study. In humans and mice,
CD4, CD8, and CD25 are representative surface molecules
of T lymphocytes, CDI117, and CD34 are hallmarks of
hematopoietic progenitors, and CD45 represents a pan-
leukocyte antigen.

To express a marmoset-derived cDNA, a pCXGFP1
vector was used (Fig. 1A). A ¢cDNA portion encoding an
extracellular domain of marmoset protein of interest to us
was inserted into the EcoRV cloning site. From a recombi-
nant, a marmoset cDNA was expressed as a fusion protein
with the transmembrane domain of human MICA and cyto-
plasmically located enhanced GFP. Transcription was
driven by CAG promoter. This recombinant was injected
into mice as a DNA vaccine to sensitize the animals. In
parallel, for the purpose of screening antibody production,
a source of antigen was prepared by transfecting this
expression plasmid into CHO cells. The cells expressing
a fusion protein were selected by incubating the culture
in the presence of G418. The plasmid harbored the
neomycin-resistant gene.

By conventional experimental procedures, we could isolate
the following six mAb clones (a subclass of Ig indicated).
They were the clone Mar4-33 producing anti-CD4 mAb
(IgG1), the clone Mar8-10 producing anti-CD8 mAb (IgGl),
the clone Mar25-3 producing anti-CD25 mAb (IgG1), the
clone Mar45-14 producing anti-CD45 mAb (IgG1), the clone
MA24 producing anti-CD34 mAb (IgM), and the clone
Mar117-22 producing anti-CD117 mAb (IgG1). Each mAb,
including the previously described clone MA24, that produces
anti-CD34 IgM mAb [29] was labeled with fluorochrome.
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Figure 1. Reactivity of anti-marmoset, anti-human, and anti-mouse
monoclonal antibodies (mAbs) against marmoset proteins expressed
on CHO cells. (A) Schematic illustration of cDNA-expressing
pCXGFP-1 vector. The EcoRV site is a cloning site of cDNA whose
expression is driven by a CAG promoter. A gene of interest is expressed
as a fusion protein with a transmembrane (TM) domain of human MI-
CA and an intracytoplasmically located enhanced green fluorescent
protein (EGFP) protein. The neomycin-resistance gene (Neor) is
a drug selection marker. (B) Flow cytometric analyses of marmoset
cDNA-expressing CHO cells stained by anti-marmoset, anti-human
and anti-mouse mAbs.

Characterization of anti-marmoset mAbs

Figure 1B illustrates flow cytometric profiles of marmoset
cDNA-transfected CHO cells stained by the newly prepared
6 mAbs and commercial mAbs. As can be seen in the left
columns, each of the generated anti-marmoset mAb reacted
with the respective antigen on CHO cells to a substantial
degree of fluorescence intensity. This confirmed the authen-
ticity of each mAb to recognize the respective antigen.
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Cross-reactivity of anti-human mAb was examined in
parallel (middle columns) using the c¢DNA-transfected
CHO cells. An anti-human CD4 mAb (SK3) cross-reacted
with marmoset CD4 as efficiently as anti-marmoset CD4
mAb. An anti-human CD8 mAb (HIT8«) gave a similar
result. On the other hand, an anti-human CD25 mAb
(M-A251) weakly cross-reacted with marmoset CD25,
whereas anti-human CD45 (HI30), anti-human CD34
(581), and anti-human CD117 (YBS5.B8) mAbs did not
cross-react at all with the corresponding marmoset anti-
gens. None of the anti-mouse mAbs showed any cross-
reactivity with marmoset antigens (right columns).

Detection of marmoset T lymphocytes by anti-marmoset
CD4 and CD8 mAbs

As shown in Figure 1B, the anti-marmoset mAbs reacted
with the marmoset antigen that was overexpressed from
transfected cDNA. Then, we investigated the reactivity of
the same mAbs toward endogenously expressed marmoset
antigens. As for the cells endogenously expressing these
antigens, marmoset spleen cells were examined for
reactivity of mAbs against marmoset CD4 and CDS8 by
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two-color flow cytometric analysis. In the left panel of
Figure 2A, marmoset splenocytes were stained by anti-
marmoset CD4 and anti-human CD4 mAbs. The existence
of double-positive cells in the upper right quadrant indi-
cates the recognition of the same molecule by the two anti-
bodies. A similar result was obtained when anti-marmoset
CD8 and anti-human CD8 mAbs were used (see right panel
of Fig. 2A).

CD3 is a pan-T lineage marker. We confirmed that an
anti-human CD3e mAb (SP34-2) recognized marmoset
CD3e-transfected cells (data not shown). In fact, marmoset
splenocytes were stained with anti-human CD3¢ and anti-
marmoset CD4, or anti-human CD3¢ and anti-marmoset
CD8 mAbs, respectively (Fig. 2B). The CD3e" T lympho-
cytes were divided into CD4" and CD8™ cells. The combi-
nation of anti-human CD3¢g and anti-human CD4 mAbs, or
that of anti-human CD3¢ and anti-human CD8 mAbs, gave
the same result. It must be noted that anti-marmoset CD4
and anti-marmoset CD& mAbs did not react with human
peripheral blood mononuclear cells (fig. 2C), indicating
that anti-marmoset mAbs do not recognize the correspond-
ing human antigens.
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Figure 2. Characterization of anti-marmoset CD4, CD8, and CD25 monoclonal antibodies (mAbs), and identification of marmoset CD4™ and CD8* T
lymphocytes. (A, B) Marmoset splenocytes (SPL) were stained by the indicated mAbs, and their flow cytometric patterns are displayed. The mAbs used
were anti-marmoset CD4, anti-marmoset CD8, anti-human CD4, anti-human CD8 and anti-human CD3e. (C) Flow cytometry of human peripheral blood
(PB) mononuclear cells. The mAbs were used as indicated. (D) Flow cytometry of marmoset-derived thymocytes (THY), SPL, lymph node cells (LN),
and PB mononuclear cells. Anti-marmoset CD4 and CD8 mAbs were used as indicated. (E) Flow cytometry of marmoset SPL stained with anti-marmoset
CD4 and anti-marmoset CD25 mAbs. Freshly isolated splenocytes (left) and the cells treated with TSST-1 in vitro (right) were analyzed.
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Table 1. Comparison of Callithrix jacchus—derived CD34 and c-kit with
human and mouse orthologs

Identical aa residues (%)

Marmoset Marmoset Human vs
Protein vs human Vs mouse mouse
CD34 80 60 63
c-kit 94 81 82

Amino acid sequences of CD34 and c-kit from common marmoset
(BAD04017.1 and BAD04018.1, respectively) were compared by BLAST
homology search with human and mouse orthologs (human CD34,
NP_001020280.1; human c-kit, NP_000213.1; mouse CD34,
NP_598415.1; mouse c-kit, NP_066922.1) in three way pair-wise compar-
isons. The numbers indicate the percentages of identical aa residues
between the two proteins compared.

These results confirmed that anti-marmoset CD4 and
CD8 mAbs indeed recognize endogenous molecules.
Then we also examined the distribution of T-cell subsets
in other marmoset lymphoid tissues using these two
mAbs (Fig. 2D). In marmoset thymi, the four subpopula-
tions detected were CD4 CD8~, CD4*CD8", CD4"CD8",
and CD4~CDS8", whereas only the two mature subsets
CD4"CD8™ and CD4 CD8* were detected in marmoset
peripheral lymphoid tissues, such as spleen, lymph node,
and peripheral blood. The profiles of these T-cell subsets
were indistinguishable from those seen in human and
mouse lymphoid tissues.

CD25 has been identified as an activation marker ex-
pressed on T cells in mice and humans. Then, mAb against
marmoset CD25 was used to determine whether CD25 is
expressed on marmoset splenocytes pre- and/or poststimu-
lated with TSST-1 superantigen derived from Staphylo-
coccus aureus, which can strongly stimulate CD4" T
cells via T cell receptor (TCR)-B chain. The results showed
an increase of CD25-expressing cells in CD4% cells
(23—44%) after TSST-1 stimulation, indicating that CD25

Table 2. Colony formation of marmoset bone marrow progenitor cells
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is induced to express via T-cell activation in marmosets
as well as in humans. A relative proportion of CD25" cells
without CD4 expression in both pre— and post—TSST-1
stimulation was observed (Fig. 2E), and these CD4 CD25"
cells may belong to non—T cells, such as B cells and
dendritic cells (DCs), as will be discussed later.

Cytokine gene expression profiles in marmoset T
Iymphocytes

Because the existence of CD4" and CD8" fractions was
confirmed in lymphoid tissues, we then examined the cyto-
kine expression profiles in marmoset T lymphocytes. To
purify CD4% and CD8* cells from marmoset spleens,
biotin-labeled anti-marmoset mAbs were used. As a control,
B lymphocytes were isolated using anti-human CD20 mAb,
because a transfectant expressing marmoset CD20 was
recognized by anti-human CD20 (data not shown). The
spleen cells were stimulated in vitro by anti-human CD3e
mAb, anti-human CD3g, and anti-human CD28 mAbs, or
superantigen TSST-1. After that, CD4 T cells were purified
and RNA was prepared from the cells for semi-quantitative
RT-PCR analyses (Fig. 3). Primers were designed based on
published sequences of marmoset cDNAs.

In splenic CD4™" cells (Fig. 3A), transcripts of IL-4, IL-5,
IL-6, IL-10, IL-17A, IL-17F, and IFN-y were barely or only
slightly detected prior to stimulation, but were induced
substantially by T-cell stimulation. /L-2 induction was
observed only after stimulation by TSST-1. In contrast, arela-
tively high amount of transcripts was detected for TGF-§ and
TNF-a prior to stimulation, and their expression persisted
after stimulation. All of the CD4%cells freshly isolated
from five marmosets’ peripheral blood showed a similar tran-
scription profile to those in spleen cells (FFig. 3B).

CD8™* splenic T cells were also examined (Fig. 3C). IL-2
transcript was not detected before stimulation, but was
substantially induced by TCR-mediated stimulations.
Expression of granzyme B and IFN-y was moderately

Group® CFU-mix" CFU-G® CFU-GM"® CFU-MP Mega” GFU-E/CFU-E"
Experiment 1
CD34%/c-kitt 2+14 63+ 17 53+19 03+0.5 1+14 2+08
CD34*/c-kit™ 0+0 13+05 0.7+09 2+0 1+0 1+0.8
CD34 ™ /e-kit™ 13+05 53+12 30+08 03+05 0+0 40+*16
CD34 7 /c-kit™ 07+09 2+08 1+08 0+0 1+0 0.7+ 09
Experiment 2
CD34™/c-kit™ 43+2.1 12+29 12+16 1.7%05 03+5 6+0.8
CD34/c-kit™ 0+0 03+05 00 2+0 0*0 0+0
CD34 ™ /e-kit™ 1.0+08 87+ 1.7 90+37 50*0 03+05 67+19
CD34™ fe-kit™ 0+0 03+05 0.7+05 4+14 0+0 0*0

Data are expressed as mean * standard deviation.

2Marmoset bone marrow cells were sorted to four fractions according to CD34 and c-kit expressions and cultured in methylcellulose-containing medium for 2

weeks.

bColony-forming unit (CFU)-mix, colony-forming unit granulocyte (CFU-G), colony-forming unit granulocyte-macrophage (CFU-GM), colony-forming unit
macrophage (CFU-M), megakaryocyte (Mega)/colony-forming unit erythroid (GFU/CFU-E)/2 x 10? sorted bone marrow cells are shown. Colonies in trip-
licate were counted by microscopy. One marmoset per experiment was used.
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detected before stimulation, and was significantly upregu-
lated by stimulation. In contrast, perforin-1 expression
was sufficiently detected without stimulation and did not
show any enhancement with stimulation.

Overall, the expression profiles of various cytokine
genes seen in marmoset T cells were generally similar to
those observed in humans and mice.

A primary structure of marmoset granzyme B gene

In the previously described plasmid construction and RT-
PCR analyses, we utilized marmoset cDNA sequences
that had mostly been reported in our previous study [28].
Exceptions were perforin I and granzyme B. The nucleotide
and deduced amino acid sequences of these two genes were
newly determined in this study and were registered at
National Center for Biotechnology Information (NCBI) as
EU918127 and EU918128, respectively.

Y. Kametani et al./ Experimental Hematology 2009,37:1318-1329

An interesting feature was observed in the primary
sequence of granzyme B transcript (Fig. 4). Near the car-
boxy terminus of open reading flame, an additional
sequence of 317 nt was inserted, which was not found in
the corresponding region of human and chimpanzee gran-
zyme B (see the sequence indicated by blue in (Fig. 4A),
and note that Hs, Pt, and Cj represent human, chimpanzee
and the common marmoset, respectively). This insertion
caused a shift in the reading frame (see the location of
termination codon indicated by red). Thus, the number of
amino acid residues in the predicted marmoset polypeptide
became longer by 23 aa at its carboxy terminus compared
to human and chimpanzee granzyme B proteins (Fig. 4B).
We cloned the genomic DNA from marmoset peripheral
blood cells, and confirmed the insertion of the sequence
in question into the exactly corresponding site of granzyme
B gene (data not shown). Interestingly, the BLAST tool re-
vealed a close homology of the inserted sequence to the
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Figure 3. Semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR) analyses of marmoset cytokine gene transcripts. CD4™ (A) and CD8™
cells (C) were isolated from marmoset spleens and stimulated in vitro with anti-CD3, anti-CD3/anti-CD28 or TSST-1, respectively. CD4™ cells were prepared
from peripheral blood (PB) of normal marmosets (B). H21 to H25 represent individual marmoset numbers. RNA was prepared from the cells and processed
for RT-PCR. B lymphocytes were isolated from marmoset spleens using anti-human CD20 monoclonal antibody (mAb), and its RNA was used in parallel.
The amplified fragments were quantified and shown as indexes calculated using the formula (cytokine/HPRT). HPRT = hypoxanthine-guanine phosphoribo-
syltransferase; IFN = interferon; IL = interleukin, TGF = transforming growth factor; TNF = tumor necrosis factor.
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GCAGGAGGGTGOACGAAAGTGTGAAGCTTTGTACACTGGATAAAGAAAACCATGARAGG-
CCACGAGCCTGCACCAAAGTCTCAAGCTTTGTACACTGBATAAAGAAAACCATGAAACSS
CCAGGGGECTTGACOAAAGTCTCAABCTITGTAGACTEBATAAAGAAAAGCATGAGEGEE
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An Alu-like sequence in the Cj-derived granzyms B gene

Length=347
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Query 64  TOAGGAGGTCAAGAGTTTGAGTGGAGCCTGECTAAGATETTGAAACTCCA-G-CT-C--A 118
PELLLLLRED G000 LE PEREEE LD B e v e e el

Subject 61 TCATGAGGTGAGGAGTTCAAGAGCAGCCTGGCCAATATGGBTGAAACCOCATCTOTACTAA 120

Query 118 GTTAAAAATACAAAAATTTGGGAGGCATGGTGGCATATACCYGTAATCCCAGCTATTCAG 178

Subject 12t

Query 178

Subject 181

Query 238

Subject 240

PEVPELLD FREEE Y CHLREE e 0 FERERE B
AAAAAAAATACCAAAATTAGCGAGGCGTRGTEETOOACGOCTGTAGTCCCAGCTAGTCAS 180

BAGGCTGAGEOABAAGAACCACTTGAATC-CAGGAGECAGAGRTTGCARTCAGCOAAGAT 237
FOCCRRDRLLUE TR EebE B0 b THERED BRI
TAGGOTGAGECABGAGAAGCOOTTTAA-GGTGOGAGECEEACETTGOAGTGABCCAAGAT 238

CATGCCACTEYTACTCCAGCCTGGOTBACAGAGCAAGACTE 277

CEEELEEEE VTR P FEEEE T

CATGGCACTOCACTCCAGOBTOGACGACAGAGTBAGACTC 278
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———————————————————————————————— MOPILLLLAFLLLPRADAGE! | GGHE
MKSLSLLHLFPLPRAKREQGENNSSSHQGSLPEKMOPILLLLAFLLLPFRADAGE L 1GGHE
—————————————————————————————————— MOPILLLLAFLLLPRADAGE | GGHE

EEE T RS E S I LIS LIS ZE I EEE S S
AKPHSRPYMAYLYIWDOKSLKRCGGFL IQDDFVLTAAHCHGSS INVTLGARNIKEQEPTO
AKPHSRPYKAYLY IWDOKTLKRCGGFL IREDFVLTAAHGWGSS INVTLGAHNIKEQEPT
AKPHSHPYMAYLAIWDOESLKRCGGFLVREDFVLTAAHCHASS INVILGAHNIKKOERTO
FEkk R FREA Rk Akokk s hAARERRER o kARKA Rk R RRRR PR AR RAR KA £k F 4
OF IPVKRPIPHPAYNPKHFSND IMLLOLERKAKRTRAVQPLRLPSHKAQVKPGOTCSVAG
OF 1PYKRPIPHPAYNPKHYSHD IMLLOLERKAKRTRAVOPLRLPSHKAQVKPGOVOSVAG
OSHPYRRTFCHPOYNPENFSSDIMLLOLERKAKRTTAVQPLRLPSSKAQVKPGOVCSYAG
F ook R Mk R R K, RREKERFOERKEERE REXKENT KK RERFRNKA . X EXER
WOOTAPLGKHSHTLOEVKMTVQEDRKCESDLRHYYDSTIELCVBDPEIKKTSFKGDSGGP
WGOTAPLGKHSHTLOEVKMTVOEDRKCESDLRHYYDSTIELCVGDPEIKKTSFKEDSGGP
WERTTPMGTYSHTLOGAVHLTVQEDRKCESGLRNYYDSTVELCVGDPEIKKASFKGDSGGP
koo k, T RkEFk # o kkkkkkEERF KR kEkkF kIR EERFFRF kF kR RE S
LYGHKVADG!VSYGRNNGHPPRACTKY SSFVHN I KK TUKRY - mmm———m oo
LVGNKVAGGIVSYGRNNGHMPPRACTKVSSFVHY | KK TMKRH-~m---=—m—-m—m - -
LVCHKVAGG I VSHGPRNGKSPRAFTKVSSFVHWIKKTMRPGTHAYTCNPRTLGERERY T

FEFEFFREREIR B R kR K FRFRFARREREERE

RSRV

Figure 4. Insertion of Alu-like sequence into the marmoset granzyme B
gene. (A) Alignment of granzyme B transcripts from human (Hs,
NM_004131.3), chimpanzee (Pt, XM_509879.2) and common marmoset
(Cj, EU918128.1). The 3’ portions of each transcript were aligned using
the CLUSTALW tool. The common marmoset sequence indicated by
bold, which does not have a counterpart in the transcripts from human
and chimpanzee, is the Alu sequence. The termination codons of open
reading flame (ORF) are indicated by underlines. Asterisks indicate iden-
tical residues. (B) Alignment of amino acid sequences of granzyme B
proteins from human (NP_004122), chimpanzee (XP_509879), and
common marmoset (EU918128). (C) Alignment of common marmoset-
derived 317 nucleotide sequence (indicated by bold in panel A) with the
human-derived Alu-J element.
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human Alu-J element (Fig. 4C). Thus, the Alu-insertion into
the ORF of granzyme B gene appears to be a feature unique
to the common marmoset.

Detection of hematopoietic progenitor activity
in marmoset bone marrow
CD117 and CD34 are the representative markers of murine
and human hematopoietic progenitors, respectively. An
extent of sequence conservation among the orthologous
proteins of human, the common marmoset and mouse origin
was examined by BLAST homology search (Table 1). The
numbers therein represent the percentages of identical amino
acid residues in three-way pair-wise comparisons. It can be
seen that CD34 is relatively divergent among the three
species, whereas CD117 is better conserved.

We then examined the activity of hematopoietic progen-
itors in marmoset bone marrow. Marrow cells were stained

Marmoset BM
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with anti-marmoset CD117 and CD34 mAbs (Fig. 5A).
Four distinct fractions, namely CDI117tCD34%,
CD117*CD34~, CD117°CD34%, and CD117°CD34",
were detected. These anti-marmoset mAbs did not detect
a positive population in human cord blood cells due to
the lack of cross-reactivity with human antigens.

Using these mAbs, the four fractions described here were
isolated from marmoset bone marrow cells by flow cytometry
and assayed for their colony-forming activity in vitro. Human
recombinant cytokines were added to the culture. Figure 5B
shows the morphological appearance of burst-forming unit
erythroid (BFU-E), colony-forming unit granulocyte (CFU-
G), colony-forming unit macrophage (CFU-M), and
colony-forming unit granulocyte-macrophage (CFU-GM)
in the isolated CD117'CD34% cells. At a level of micro-
scopic resolution, these marmoset-derived colonies were
indistinguishable from those of human and mouse. The

Human cord blood

hu

CD117

mar hu CD34

CD34

Figure 5. Hematopoietic progenitors in marmoset bone marrow as assayed in vitro. (A) Marmoset bone marrow (BM) cells and human cord blood cells were
stained with the indicated monoclonal antibodies (mAbs), and their flow cytometrical patterns are displayed. The mAbs used were anti-marmoset CD117,
anti-marmoset CD34, anti-human CD117, and anti-human CD34. (B) Morphological appearance of marmoset colonies formed in vitro. A CD1177CD34"
fraction was isolated from marmoset bone marrow, and assayed for colony-forming activity in the cytokine-supplemented culture. Phase contrast microscopic
pictures are presented for burst-forming unit erythroid (BFU-E), colony-forming unit granulocyte (CFU-G), colony-forming unit macrophage (CFU-M),

colony-forming unit granulocyte-macrophage (CFU-GM), respectively.
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Figure 6. Hematopoietic progenitors in marmoset bone marrow as as-
sayed in vivo. (A) Detection of peripherally mobilized progenitors in
response to granulocyte colony-stimulating factor (G-CSF) injection. A
marmoset individual was intravenously inoculated with human recombi-
nant G-CSF, and peripheral blood was collected prior to (left panel) and
48 hours after the injection (right panel). Blood cells were stained using
anti-marmoset CD117 and CD34 monoclonal antibodies (mAbs). (B) Lym-
phopoietic activity of marmoset progenitors as assayed in NOG mice. The
CD1177CD34™ (left panel) and CD117tCD34™ (right panel) fractions
isolated from marmoset bone marrow were inoculated into NOG mice,
and 7 weeks after transplantation, peripheral blood was collected and
stained using anti-marmoset CD45 mAb.

numbers of each colony were counted in each fraction and
their average numbers are shown in Table 2. Quite similar
numbers of colonies were formed from CD1177CD34%
and CD117*CD34 " fractions. However, only very weak
colony-forming activity was detected for CD117-CD34%,
and almost no activity for CD1177CD34™. This result
suggests that hematopoietic activity as assayed in vitro
resides mainly in the CD117% cells irrespective of CD34
expression.

Activity of marmoset hematopoietic progenitors

as assayed in vivo

As described here, we could detect hematopoietic progeni-
tors in marmoset bone marrow using marmoset-specific
mAbs. Next, we examined the in vivo activity of marmoset
progenitors. Human G-CSF was injected intravenously into
marmosets. After 48 hours, peripheral blood was collected
and stained with anti-marmoset mAbs (Fig. 6A). A
CD117" fraction was not apparent in peripheral blood prior
to G-CSF injection (left panel), but became evident after
injection (right panel), corresponding to a sevenfold
increase from 0.03% (left) to 0.23% (right). This indicates
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a mobilization of hematopoietic progenitors in response
to G-CSE.

We also assayed the lymphopoietic activity of marmoset
progenitors in vivo. For that, we used NOD/shi-SCID/IL-
2Rg™! (NOG) mice, a severe immunodeficient mouse
cell line, because the mice have higher multipotential
engraftment than any other mouse lines. The
CD117*CD34" and CD117*CD34~ fractions were iso-
lated as mentioned here, and individually inoculated into
NOG mice. After 7 weeks, peripheral blood was collected
and stained for marmoset CD45 (Fig. 6B). In an individual
inoculated with the CD117YCD34 fraction, a substantial
marmoset CD45" fraction emerged. In addition, the
CD20"  fraction was also observed in the
CD1177CD34 -inoculated NOG mouse (data not shown).
These observations indicate that the CD117" fraction
developed into marmoset leukocytes, including a B-cell
lineage, in vivo.

Discussion

In this study, to gain insight into how close or distant the
immune system of the common marmoset is to that of hu-
mans and/or mice, we developed several mAbs directed
toward marmoset antigens on T lymphocytes or on putative
hematopoietic progenitors. CHO cells transfected with
¢DNAs and expressing marmoset proteins were initially
used for screening the mAbs we produced against
marmoset antigens. These cells were also used to examine
the cross-reactivity of commercially available mAbs with
human or mouse proteins. None of the examined anti-
mouse mAbs showed any reactivity with marmoset antigens
expressed on CHO cells, highlighting the great distance
between marmoset and mouse epitopes. On the other
hand, although mAbs against human CD34, CD45, and
CD117 did not cross-react with respective marmoset anti-
gens, other anti-human mAbs, including anti-CD4, anti-
CD8, and anti-CD25 exhibited significant cross-reaction
with the respective marmoset antigens. The reverse was
not the case. The anti-marmoset CD4 or CD8 that we
generated did not react with human CD4 or CD8. These
observations suggest that use of anti-marmoset mAbs as
was done in the present study would be ideal for examining
marmoset immunity, although some anti-human mAbs
could also be used as an alternative choice.

Marmoset CD4" T cells isolated from spleen cells and
peripheral blood by using the established anti-marmoset
mAbs showed various cytokine transcripts with TCR-medi-
ated signaling. The induced cytokine transcripts included
IFN-v, IL-4, IL-5, IL-10, IL-6, and IL-17. These cytokines
are produced from Th1, Th2, and Th17 T-cell subsets and
play an important role in the immune response of humans
and mice, suggesting that marmosets may have a similar
immune function to humans. TNF-« and TGF-f transcripts
were constitutively detected in marmoset CD4 " cells even
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prior to stimulation, which is not different from human and
mouse. It must be emphasized that the present study estab-
lished the authenticity of marmoset-derived cytokine tran-
scripts because we designed the primers for PCR based
on the marmoset sequences. On the other hand, the previous
studies determined the marmoset cytokine transcripts by
utilizing primers that were deduced by comparing the
human and mouse orthologous genes [21.34]. Such an
ambiguous method might allow the detection of only
a few examples of cytokines.

TCR-stimulation caused an increment of granzyme B
transcripts but not of perforin 1 in these CD8" cells. In
human, y3 T cells lose naiveness during childhood and start
to express perforin 1 constitutively [5,35]. Thus, one may
speculate that the constitutive expression of perforin 1
observed in the unstimulated marmoset CD8* T cells
may not be detectable in resting cells but in already acti-
vated cells in some way. This is possible because the
marmosets used were maintained under conventional, not
pathogen-free, conditions. Alternatively, v0 T cells might
be dominating in peripheral tissues of marmosets, which
we could not yet determine as we have not cloned cDNA
of any TCR chain genes, particularly y3 chains. Elucidation
of this point requires development of anti-marmoset TCR
v mAbs.

TSST-1 treatment of marmoset CD4* T cells enhanced
their CD25 expression, reflecting the fact that CD2S5 expres-
sion is induced through the TCR-coupled activation
process. To be noted is the existence of a CD25" subfrac-
tion in the freshly isolated splenic CD4™ cells as well as
CD4" T cells. The latter cells could be activated ones
because they are maintained in non-specific pathogen free
(SPF) environment as described here. Of a CD4 CD25%
fraction, they belong to non-T cells such as B cells and
DCs, as shown in the past reports that these cells in human
and mouse are induced to express CD25 if they are acti-
vated. In mouse and human, a CD4~CD25" CD20" pheno-
type has been reported to represent B cells [36,37]. Further
analyses of CD25 expression in marmoset resting B cells
are required, particularly for developmental genetics/
biology.

We generated and utilized anti-marmoset CD117 and
CD34 mAbs for hematopoietic analysis. The percentage
of CD117*CD34" fraction was significantly increased in
peripheral blood of marmosets receiving human G-CSF
injection. These CD117YCD34" cells exhibited multidif-
ferentiating capabilities into myeloid and erythroid lineages
by in vitro colony-forming assays. Furthermore, these
double-positive cells, when transplanted into NOG mice,
generated CD45" cells. Therefore, the CD117*CD34"
fraction most likely contains hematopoietic progenitor
activity. The marmoset CD34™" fraction reported to possess
colony-forming activity {29] might have contained CD117*
cells. In fact, as seen in Table 2, CD117" cells with and
without CD34 expression showed higher hematopoietic
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activity than CD117~ cells, while human CD34 CD117*
cells are reported to differentiate mainly to erythroid
lineage cells {38]. A human CD34" fraction has been re-
ported to possess progenitor activity into various cell line-
ages, including lymphocytes and DCs [39-41]. However,
CD34"CD117" cells are reported to possess less multipo-
tentiality {41}. In mice, hematopoietic progenitor activity
is present in CD34 CD117*SCA-1" cells [42.43]. There-
fore, the previously known markers for hematopoietic
progenitors may vary from species to species. The details
of whether marmoset progenitors are more alike to mouse
or human have to be investigated in greater detail.

In summary, the cell and cytokine profiles seen in
marmoset helper and killer T cells were essentially reminis-
cent of those in human and mouse. Several marmoset anti-
gens showed cross-reactivity with anti-human mAbs,
suggesting a closer relationship of marmoset to human.
The development of sophisticated analytical tools including
mADbs should eventually contribute to the establishment of
marmoset hematopoietic and immune systems as a human
model.
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Generation of transgenic non-human
primates with germline transmission
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The common marmoset (Callithrix jacchus) is increasingly attractive for use as a non-human primate animal model in
biomedical research. It has a relatively high reproduction rate for a primate, making it potentially suitable for transgenic
modification. Although several attempts have been made to produce non-human transgenic primates, transgene expression
inthe somatic tissues of live infants has not been demonstrated by objective analyses such as polymerase chain reaction with
reverse transcription or western blots. Here we show that the injection of a self-inactivating lentiviral vector in sucrose
solution into marmoset embryos results in transgenic common marmosets that expressed the transgene in several organs.
Notably, we achieved germline transmission of the transgene, and the transgenic offspring developed normally. The
successful creation of transgenic marmosets provides a new animal model for human disease that has the great advantage of

a close genetic relationship with humans. This model will be valuable to many fields of biomedical research.

The use of transgenic mice has contributed immensely to biomedical
science. However, the genetic and physiological differences between
primates and mice—including their neurophysiological functions,
metabolic pathways, and drug sensitivities—hamper the extrapola-
tion of results from mouse disease models to direct clinical applica-
tions in humans. Thus, the development of non-human primate
models that mimic various human systems would accelerate the
advance of biomedical research. In particular, genetically modified
primates would be a powerful human disease model for preclinical
assessment of the safety and efficacy of stem-cell or gene therapy.

The common marmoset (Callithrix jacchus) is a small New World
primate that, because of its size, availability, and unique biological
characteristics', has attracted considerable attention as a potentially
useful biomedical research animal in fields such as neuroscience, stem
cell research, drug toxicology, immunity and autoimmune diseases,
and reproductive biology. Marmosets have a relatively short gestation
period (about 144 days), reach sexual maturity at 12-18 months, and
females have 4080 offspring during their life. Therefore, the applica-
tion of transgenictechniques to marmosets may be feasible, and would
greatly facilitate the study of human discase. In contrast, the more
commonly used Old World primates, such as the rhesus monkey
(Macaca mulatta) and cynomolgus monkey (Macaca fascicularis),
show slow sexual maturation (about 3 years) and have fewer offspring
(around 10) over the female lifespan. Thus, even though marmosets
are less closely related to humans than either apes or Old World
primates, their potential as transgenic primate models of human
discase means they may be uniquely valuable.

Obtaining large numbers of oocytes from primates for transgenic
experiments is limited by ethical and ecconomic constraints.
However, because retroviral vectors allow the efficient integration
of a provirus into the host genome®™, their use requires fewer oocytes

than some other techniques. Furthermore, the injection ofa lentiviral
vector into the perivitelline space of a pre-implantation embryo,
which isless invasive than injection into the pronucleus, is an advant-
ageous method for generating transgenic animals. In fact, transgenic
modification of rhesus monkeys using retroviral vectors and a lenti-
viral vector®” has been attempted. In these studies, genomic integ-
ration and expression of the transgene was observed in the placenta,
but not in the infants’ somatic tissues, by objective analyses such as
PCR with reverse transcription (RT-PCR) or western blotting.

The recombinant adeno-associated virus has been used for the
targeted knockout of the cystic fibrosis transmembrane conductance
receptor gene in swine fetal fibroblasts, and targeted gene knockout
pigs have been generated by somatic cell nuclear transfer (SCNT) of
the fibroblast nuclei into oocytes™. Although conceptually this
method could be used to make targeted gene-knockout primates,
marmoset SCNT techniques are not available at present.

Here we successfully produced transgenic marmosets, by injecting
a lentiviral vector containing an enhanced green fluorescent protein
(EGFP) transgene'® into marmoset embryos. Four out of five trans-
genic marmosets expressed the EGFP transgene in neonatal tissues;
the fifth expressed it in the placenta. Two showed transgene express-
ion in the germ cells, and one fathered a healthy transgenic neonate.
Our method for producing transgenic primates promises to be a
powerful tool for studying the mechanisms of human diseases and
developing new therapies.

Production of transgenic marmosets

In a pilot study, we showed that pre-implantation marmoset embryos
obtained through natural intercourse had much better developmental
potential than embryos obtained by in vitro fertilization (IVF).
Therefore, both natural and IVF embryos were used in this study.

*Central Institute for Experimental Animals, 1430 Nogawa, Miyamae-ku, Kawasaki, Kanagawa 216-0001, Japan. *Department of Urology, Juntendo University Nerima Hospital 3-1-10
Takanodai, Nerima-ku, Tokyo 177-8521, Japan. *Center for Integrated Medical Research, “Department of Physiology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku-
ku, Tokyo 160-8582, Japan. “Natural Science Centre for Basic Research and Development, Hirashima University 1-2-3, Kasumi, Minami-ku, Hiroshima 734-8551, Japan. “Subteam for
Manipulation of Cell Fate, RIKEN BioResource Centre, 3-1-1 Koyadai, Tsukuba, Ibaraki 305-0074, Japan. 'Department of Immunology, Tokai University School of Medicine, Bohseidai,
Ischara, Kanagawa 259-1193, Japan.
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Tointroduce the EGFP gene into the marmoset embryo, three kinds of
self-inactivating lentiviral vectors were constructed on the basis of
human immunodeficiency virus type t (HIV-1), and cach carried a
different promoter, CAG, CMV or EFl-a. The self-inactivating lenti-
viral vectors were named CAG-EGEP, CMV-EGFP and EFl-2-EGFP,
respectively.

All lentiviral vector injections were performed at the carliest
embryonic stage possible using an Eppendorf FemtoJet express and
a Narishige micromanipulator. Twenty-seven IVF embryos and 64
natural embryos were injected with a high titre of the lentiviral vector,
from 5.6 X 107 to 5.6 X 10'! transducing units per ml (Table 1).
Because the perivitelline space of the marmoset early embryo is rather
small, 16 of the 27 IVF embryos, and 49 of the 64 natural embryos, at
the pronuclear-to-morula stage, were first placed in 0.25 M sucrose in
PB1 medium {0.25 M sucrose medium), which made the perivitelline
space expand 1.2-7.5-fold (data not shown). The lentiviral vector was
then injected into the perivitelline space (Supplementary Data 1).
Virus was injected into the blastocoel of the remaining 11 IVF and
15 natural embryos at the blastocyst stage, without the 0.25 M sucrose
treatment {Supplementary Data 1).

Immediately after injection, 4 of the IVF and 12 of the natural
embryos were transferred to recipient females. The rest were examined
for the expression of EGFP, starting 48 h after injection. Among the
sucrose-treated IVF and natural early embryos at 48 h after injection,
68.8% and 97.7% expressed EGFP, respectively; of the non-sucrose-
treated IVF and natural embryos injected with lentivirus as blasto-
cysts, 85.7% and 87.5% expressed EGFP, respectively (Supplementary
Data 1). Therefore, 61 of the natural embryos and 19 of the IVF
embryos were transferred to surrogate mothers (Table 1). For the
transfers, the recipients were synchronized with the donor oocyte
cycle; each recipient received 1-3 embryos per cycle, and 50 surrogate
mother animals were used.

Of the surrogate mothers, seven that received natural or IVF
embryos became pregnant. Three recipients miscarried on days 43,
62 and 82, and the other four delivered five healthy offspring (three
singletons, one pair of twins), one male (number 666) and four
females, on days 144-147 after ovualation (Fig. 1). For the infants,
the lentiviral vector injection had been performed at the four-cell
stage (584), the pronuclear stage (587), and the morula stage (588,
594 and 666). The EGFP transgene was driven by the CAG promoter
in three newborns (584, 587 and 588) and by the CMV promoter in
the other two (594 and 666; Supplementary Data 1).

Table 1] Production rates of transgenic marmosets

Artificial reproductive technique  Natural
Number of GV ococytes 460 No data
Number of matured oocytes 201 No data
(only MID
Number of {VFs performed 272 No data
(including M)
Number of fertilized oocytes 121 No data
Fertilization rate (fertilization per GV)  26.3% No data
Fertilization rate (fertilization per (VF)  44.5% No data
Lentiviral injections 27 64
EGFP expression confirmed after 23 52
48 h or later
EGFP expression 17 50
EGFP expression rate 73.9% 96.2%*
ETs 19 61
Number of surrogates 13 37
Number of pregnhancies 1 6
Number of deliveries 1 3
Births 1 4
Birth rate (birth per ET) 5.20% 6.55%
Number of Tgs 1 4
Production rate (Tg per injection) 3.70% 6.25%
Production rate (Tg per ET) 5.26% 6.25%

Production rate (Tg per birth) 100 100

ET, embryo transfer; GV, germinal vesicle; M|, metaphase | M, metaphase ll; Tg, transgenes.
*P <2 0.0, chi-squared analysis.

524

NATURE|Vol 459{28 May 2009

Figure 1| Self-inactivating lentiviral vector-derived EGFP transgenic
marmosets. a—d, The transgenic marmoset infants are shown. Shown are
584 (Hisui) (a), 587 (Wakaba) (b), 588 {Banko) (¢}, and twin infants 594
{Kei)/666 (Kou) (d). 584, 587 and 588 contained CAG-EGEP and 594/666
carricd CMV-EGFP. Inset boxes in each panel show epifluorescent images of
the paw of a transgenic animal (right), compared to a wild-type animal’s foot
pad (left). Allanimals except 588 expressed EGFP in their paw. 666 expressed
EGFP at a slightly lower level.

EGFP transgene integration in the genome

The integration, transcription and expression of the transgene in the
infant marmosets were examined using tissues that could be acquired
noninvasively (placenta, hair roots, skin and peripheral blood cells).
Because marmosets usually eat the placenta after delivery, only three
placentae (584, 588 and that shared by twins 594/666) were collected
and available for analysis'’.

The placental DNA from infants 584 and 588 showed high levels of
the transgene content by real-time PCR, whereas that from 594/666
showed a relatively low level (Supplementary Data 2). The transgene
was detected in the hair roots, skin and peripheral blood from infants
584, 587, 594 and 666.

Copy numbers of the integrated transgene were determined by
Southern blotting analysis. At least four copies of the transgene were
integrated into the genome of animal 584, and two copies were present
in the genome of animal 587 (Fig. 2). Several integration sites in the
genomic DNA of skin fibroblast cells, peripheral blood, the placenta of
594 and 666, and the placenta of 588 were found. Infant 588 showed
transgene integration only in the placenta (Fig. 2).

&
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Figure 2 | Transgene insertions in several infant tissues. Southern blot
analysis. All infants except 588 showed transgene integration in the skin
fibroblast cells and blood, whereas 588 showed transgene integration in the
placenta. The lane markers on the left of each gel represent base pairs.
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To identify the chromosomal transgene integration sites, fluor-
escence i sity hybridization (FISH) was performed. Consistent with
the Southern blotting analysis, the FISH results showed several integ-
ration sites in the chromosomes of peripheral blood mononuclear
cells (MNCs), and further showed that each infant had different trans-
gene integration patterns with patterns the sometimes varied among
different MNCs (Supplementary Fig. 1 and Supplementary Data 3). In
584, four transgene integration sites were seen, on chromosomes 2, 7
and 13; in 587, two distinct signals were recognized in the peripheral
blood lymphocyte DNA, on chromosomes 3 and 2. No signal was
detected in the peripheral blood lymphocyte samples from 588, and
several transgene integration patterns were seen in 594 and 666. Infant
594 had at least three different transgene integration patterns, and
more than six patterns may have occurred. Infant 666 showed the
largest number of integration patterns, up to 13. Moreover, although
this animal was male, of the |3 investigated karyograms, eight samples
were of the female karyotype, owing to haematopoietic chimaerism
caused by blood exchange with his twin, 594.

Expression of the EGFP transgene

EGEP messenger RNA was detected in the hair roots of all the infants
except 588 and in the peripheral blood cells of 584 and 587, by RT-
PCR. Transcription of the EGFP gene was indicated in all of the
placental samples, 584, 588 and 594/666 (I'ig. 3a—c).

To assess EGFP expression in tissues, EGEP fluorescence was
examined directly by fluorescence microscopy, and immunohisto-
chemical analysis of the hair roots, frozen sections of a small piece of
ear tissue, and placenta samples was performed (Fig. 3d-g). EGFP
was strongly expressed in the epidermal cells of the ear tissue and
stromal cells of the placenta. In all of the animals except 588, EGFP
expression was observed in the hair roots and skin. Placental samples
from 584 and 588 also showed high levels of EGFP, but it was unde-
tectable in 594/666 (Supplementary Figs 2-4).
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Figure 3 | Transgene transcription and expression in several infant tissues.
a—¢, RT-PCR results from hair roots (a), peripheral blood (b) and placenta
(e). Each lane indicates the animal number. d-g, Immunohistochemical
(d, f) and epifluorescence (e, g) analyses using an anti-EGFP antibody, of
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Peripheral blood samples were subjected to flow cytometric analysis
using a FACScant. FACS analysis showed EGEFP-positive peripheral
blood MNCs in 584 and 587. The proportion of EGFP-positive cells
was 15.7 and 19.1%, respectively (Fig. 3h). The flow cytometry results
corresponded well with those from RT-PCR. Among the peripheral
blood cells, the EGEP-positive percentage of granulocytes, lympho-
cytes and monocytes was 34.5,3.3 and 18.0% in 584, and 47.7, 4.6 and
20.0% in 587, respectively (Supplementary Fig. 5).

Germline transmission of the transgene

At the moment when two of the animals (666 and 584) became
sexually mature, the transgene expression in their gametes was ana-
lysed. Semen samples were collected from 666, and live spermatozoa
were obtained by the swim-up method in TYH medium. RT-PCR
analysis demonstrated the presence and expression of the transgene in
the germ cells of 666 (Fig. 4a). IVFs were then performed using semen
collected from 666 and wild-type oocytes to analyse the fertility of the
germ cells carrying the transgene. Fluorescence microscopy showed
that 20-23% of the IVF embryos strongly expressed EGFP, as shown in
Fig. 4b. Furthermore, three pre-implantation live natural embryos
were collected from female animal 584, and one of these embryos
strongly expressed EGEFP. The [VE embryos from 666 and two of the
natural blastocyst embryos from 584 were shown to express the EGI'P
transgene by RT-PCR (Fig. 4a). Three EGFP-positive IVF embryos
from the male animal (666) were then transferred into a surrogate
mother. One neonate (687) was delivered at full term by caesarean
section, and this neonate carried the EGEP gene and expressed the
transgene in skin (Fig. 4c—e¢ ), but not in the placenta and hair.

Discussion

To our knowledge, this is the first report of transgenic non-human
primates showing not only the transgenc expression in somatic tissues,
but also germline transmission of the transgene with the full, normal

Negative control

100um Negativé control  100pm

100um § Negative control

frozen ear tissues (f, g) and placentae (d, e). Scale bars, 100 pum. h, Results of
FACS analysis using whole peripheral blood cells. ‘The percentage of EGFP-
positive cells is shown in the top right of each panel.

525

©2009 Macmillan Publishers Limited. All rights reserved

42



ARTICLES

a Sperm

Embryo

e 687

Figure 4 | Germline transmission of the transgene. a, RT-PCR analysis of
spermatozoa and IVF embryos from 666, and natural embryos from 584.
RT~ denotes the absence of reverse transcriptase as a control. b, Bright-field
and dark-field of epifluorescence images of IVF embryos. EGFP-positive IVF
embryos produced with 666 spermatozoa are indicated by white arrows.

¢, PCR (top panel) and RT-PCR (bottom panel) analysis of the tissues from
the F, neonate. d, Photograph of the Fy offspring (687) from 666.

e, Haematoxylin and eosin (H&E) staining and epifluorescence imaging of
frozen skin tissue from the neonate. W, wild-type control.

development of the embryo. We obtained five transgenic marmosets,
four of which expressed the transgene in several somatic cell lineages,
such as hair root, skin fibroblast and peripheral blood cells. The
remaining animal expressed the transgene only in the placenta. Two
of these animals reached sexual maturity and showed the transgene
insertion and expression in germ cells. Epifluorescence microscopic
observation and RT-PCR analysis of embryos generated by transgene-
bearing gametes strongly indicated that the transgenic germ cells from
animals 666 and 584 were fertile, and this was proved for the male
(666) who fathered one healthy, transgenic infant (687) with the
transgene expression in the somatic cells. These findings suggest
that it should be possible to establish transgenic non-human primate
colonies, opening the door to their use in biomedical research.

Because the manipulation of embryos for viral injection and their
subsequent culture may affect embryonic development, the birth rate
after embryo transfer (6.25%) was lower than that for normal
embryos (30.7%, data not shown). The miscarriage rates were not
significantly different between embryonic transfers performed using
normal embryos (28.6%) and transgenic embryos (42.6%). Despite
considerable effort, transgenic marmoscts have not been produced by
DNA pronuclear microinjection. The production rate that we
obtained using lentivirus (5.26-6.25%) suggests that our technique
is sufficiently effective for the production and use of genetically
modified marmosets as human disease models.

The 100% birth rate of transgenic marmosets achieved in the present
study could be due to several technical advantages. First, we used EGIP
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as the transgene, enabling us to monitor the presence and expression of
the transgene at each experimental step in live embryos and the trans-
genic animals. Accordingly, we were able to select unambiguously
EGFP-expressing embryos for transfer into surrogate mothers. This
selection was effective, not only for increasing the birth rate of trans-
genic animals, but also for reducing the number of surrogate mother
animals needed.

Second, we used pre-implantation embryos obtained by natural
intercourse, high-titre lentiviral vectors, and 0.25 M sucrose solution
as a medium for injection. Even though the birth rates (birth per
embryonic transfer) were no different between IVF and natural
embryos, the fertilization rate of the germinal vesicle-stage oocytes
was quite low. Because it is difficult to collect large quantities of
oocytes, it was advantageous to use marmoset natural embryos. To
inject as much lentiviral vector as possible into the perivitelline space,
the embryos were placed in 0.25 M sucrose medium at the time of
lentiviral vector injection, which expanded the volume of the perivi-
telline space 1.2-7.5-fold. For example, the estimated volume of the
perivitelline space of one marmoset pronuclear stage embryo was
approximately 31.5 pl, but when placed in 0.25 M sucrose medium,
it expanded to about 231 pl. A high titre of the lentiviral vector
solution was used so that many lentiviral vector particles were
injected into the expanded perivitelline space; approximately
1.3 X 10°-1.3 X 10° transducing units of lentiviral vector were
injected in this study. Each of these steps probably contributed to
the successful production of transgenic marmosets.

The high number of injected lentiviral vector particles resulted in
several transgene integrations, as observed by Southern blot analysis
and FISH. The embryos injected with the transgene before the four-
cell stage (584 and 587) showed fewer than four copies of the trans-
gene per genome by Southern blotting and FISH. The three other
embryos (588, 5394 and 666), which received the injection at the
morula stage, exhibited several integrations of the transgenc by
Southern blotting and FISH. As the FISH analysis was performed
using only peripheral blood MNCs, other patterns of transgene integ-
ration cells may have existed in other tissues. The FISH results for 666
were consistent with this hypothesis, as the integration sites in the
chimaeric blood MNCs from his twin, 594, were different from those
in the blood MNCs of 594.

The lentiviral vector used in the present study can be used to
transmit only relatively small transgenes, 8.5 kilobases of DNA or
less. Therefore, further study will be necessary to enable the intro-
duction of larger transgenes into marmoset embryos. Furthermore,
to study human diseases involving the malfunctions of specific genes,
targeted gene-knockdown marmosets could be developed using RNA
interference (RNA1) lentiviruses.

The results of the present study indicate that transgenic marmosets
may be used as experimental animals for biomedical rescarch.
Recently, somatic cell nuclear-transferred embryonic stem cells from
the rhesus macaque and induced pluripotent stem cells from adult
human fibroblasts were reportedly established'”"*. Those studies indi-
cated that the obstacle caused by immunogenetic incompatibility has
at least theoretically been resolved, and that a new era of regenerative
medicine using somatic cell nuclear-transferred embryonic stem cells
in primates" or human induced pluripotent stem cells'>™' has
become possible. However, before such stem cells can be used in
clinical applications, preclinical assessments of their safety and efficacy
are essential. We previously reported that marmosets with injured
spinal cords can recover motor function after the transplantation of
human neural stem/progenitor cells'®, highlighting the usefulness of
the marmoset for assessing the safety and efficacy of, not only these
cells, but also of other stem cells, such as human embryonic stem cells'’
or induced pluripotent stem cells. Human discase models in non-
human primates have so far been limited to mechanical injury models
(for example, spinal cord injury™) and drug administration models
(for example, MPTP-induced Parkinson’s'>*). The only transgene-
induced primate discase model is of Huntington’s disease’, in rhesus
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