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TTCCAG-3 and 5-TTCAGTCCAAGCATACTGGTCCTITTC-
CAAG-3.

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

Construction of cDNA expression vectors

cDNA sequences of marmoset genes used in this study were based
on AF452616 as CD4, DQ189217 as CD8a, DQ520834 as CD25,
AB097501 as CD34, and AB(097502 as CDI1I7. 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 CD8x, 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 CD117, 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].

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 CD34%vCD117%, CD34*CD1177, CD34°CDI117%, and
CD347CD117" 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 107 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
CD34*CD117* 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 CD34+*CD117* 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 CD45% 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 (YB5.B8), streptavidine-PE and streptavi-
dine-APC. Purchased from eBioscience were anti-mouse CD4-
APC (GKL.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 (3C1) 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
CDS8 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

¢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, CDg, CD25, CD45,
and CDI117 as the targets to develop mAbs against
marmoset proteins in this study. In humans and mice,
CD4, CDS8, and CD25 are representative surface molecules
of T lymphocytes, CD117, 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 couldisolate
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 (IgG1),
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 mAD,
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
¢DNA-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 ¢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 (YB5.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 CD8 by

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 CD3e and anti-
marmoset CD4, or anti-human CD3e 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 CD3e 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 CD8 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 CcD8* T
lymphocytes. (A, B) Mammoset 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™, CD4TCD8™, CD4*TCDS8™,
and CD4~CD8*, 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

_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
lymphocytes

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 CD3g
mAb, anti-human CD3e, 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 c¢DNAs.

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. IL-2 induction was
observed only after stimulation by TSST-1.Incontrast, a rela-
tively high amount of transcripts was detected for TGF-g and
TNF-o 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 (Fig. 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-M® Mega® GFU-E/CFU-E®
Experiment 1
CD34F/c-kit™ 2+14 63+ 17 53+19 03=05 1+14 2+08
CD34%/ckit™ 0£0 13+05 0.7%09 2+0 1£0 1£038
CD34 /c-kit" 1305 5312 3.0£08 03x05 0x0 4016
CD34 /c-kit™ 0.7+0.9 2+08 1+08 0x0 1£0 0.7 %09
Experiment 2
CD34*fe-kit* 4321 1229 12+ 1.6 1705 035 6+08
CD34*/c-kit™ 0x0 03+05 00 2+0 0+0 0x0
CD347/ckit* 1.0+08 87x 17 9.0+3.7 50%0 0305 67+19
CD34 /e kit~ 0+0 0305 0.7+05 4x14 0x0 0£0

Data are expressed as mean * standard deviation.

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

weeks.

®Colony-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 1 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.
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Figure 3. Semi-quantitative reverse transcriptase polymerase chain reaction (RT-
cells (C) were isolated from marmoset spleens and stimulated in vitro with anti-CD3, anti-
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for RT-PCR. B lymphocytes were isolated from marmoset spleens using anti-human CD20 monoclonal antibody (mAb),
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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 10 the
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GOACGAGCCTBCACCAAABTCTCAAGCTTTETACACTGGATAAAGAAAACCATGAAACE-
GOACGAGCCTGCACCAAAGTGTCAAGCTTTGTACACTGGATAAAGAAAAGCATGAAACG
CCACGBGCOTTGAGGAAAGTGTGAAGCTTTGTACACTGGATAAAGAAAACGATGAGGTCE
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Query: An Alu-iike sequence in the Cj-derived granzyme B gene

Subject: gntlalulH21D05_HSAL0O02524 (Alu-d), Length=347

Score=244bits (132)

Expact=4e-67, ldentitiss=232/280 (82X). Gaps=7/280 {2%)

Query 4  GGCCGGGGAGGATBGCTTACAGCTGTAATCCCAGGAGTTTGGGAGGUCGAGGCARBTEEA 63
PLOELLD HED LEENE TR EE TRE e

Subject 1  GGCCGGGCACGETGGCTCACGGCTETAATCCCAGCACTTTEAGAGGCCBAGEOABGTEGA 60

Query 64  TGACGAGGTCAAGAGTTTGAGTCOAGCCTGGCTAAGATGTTGAAACTECA-C-CT-C-—A 118
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Query 118
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Subject 121 AAAAAAAATACCAAAATTAGCCAGRCGTGSTGGTGCACGGCGTGTAGTCCCAGCTACTOAG 180
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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

A Marmoset BM

with anti-marmoset CD117 and CD34 mAbs (Fig. 5A).
Four distinct fractions, namely CD1177CD34%,
CD1177CD34~, CD117°CD34%, and CD117°CD347,
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 CD1177CD347 cells. At a level of micro-
scopic resolution, these marmoset-derived colonies were
indistinguishable from those of human and mouse. The

Human cord blood

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 CD117*CD34%
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 CD117YCD34™ (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 CD117tCD34*
and CD1177CD34~ 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

a mobilization of hematopoietic progenitors in response
to G-CSF.

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 CD1177CD34~ 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 CD4S5™ fraction emerged. In addition, the
CD20%  fraction was also observed in the
CD117tCD34 -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
c¢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 CDS8. 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 spieen 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 Thl, 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-§ 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 I 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, yd 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 v3 chains. Elucidation
of this point requires development of anti-marmoset TCR
vd mAbs.

TSST-1 treatment of marmoset CD4™ T cells enhanced
their CD25 expression, reflecting the fact that CD25 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 CD1177CD34" fraction was significantly increased in
peripheral blood of marmosets receiving human G-CSF
injection. These CD117tCD347 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

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,
CD341CD117" 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
mAbs should eventually contribute to the establishment of
marmoset hematopoietic and immune systems as a human
model.
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modification of adenovirus (Ad) 5 to incorporate CD40 ligand (CD40L) rather than native fiber allows
selective transduction and activation of DCs in vitro. Here, we examine the capacity of this targeted
vector to induce immune responses to the tumor antigen CEA in a stringent in vivo canine model. CD40-
targeted Ad5 transduced canine DCs via the CD40-CDAO0L pathway in vitro, and following vaccination of
healthy dogs, CD40-targeted Ad5 induced strong anti-CEA cellular and humoral responses. These data
validate the canine model for future translational studies and suggest targeting of Ad5 vectors to CD40
for in vivo delivery of tumor antigens to DCs is a feasible approach for successful cancer therapy.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Many immunological features of cancers that allow evasion of
immune surveillance and destruction have been revealed, enabling
the development of new and more effective immunotherapeutic
strategies. Immune evasion is now recognized to be due primarily
to a breakdown in the normal route of tumor antigen presenta-
tion to T cells [1]. In order to mount an immune response against
a tumor, antigen presenting cells (APCs) monitoring peripheral tis-
sues must present tumor-associated antigens (TAA) to T cells. In
a fully functional immune system, APCs capture and present TAA
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to CD8+ T cells (lymphocytes) (CTL) and CD4+ helper T (Th) cells
in lymph nodes (LN), leading to the expansion and activation of
antigen-specific effector T cells, Once .activated, CTLs recognize
tumor cells expressing the presented TAA. The identification of
a variety of cancer-specific TAA has provided more options for
immunotherapy; however, TAA are often self-antigens to which
a considerable immunological tolerance is maintained, especially
depending on the route of T cell presentation [2]. Therefore, strate-
gies for overcoming tolerance and generating effective immune
responses against TAA are being developed based on harnessing
the immunostimulatory activity of APCs.

Delivering TAA specifically to dendritic cells (DCs) with an
antigen-delivery system offers tremendous potential for the devel-
opment of new cancer vaccines [3). Supporting this, pre-clinical and
clinical trials have focused on adoptive transfer of TAA-exposed
DCs. These approaches involve isolating DCs from the blood of
patients, exposing the DCs to TAA and other maturation stimuli in
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culture, and finally, re-injecting them into the patient. Although
encouraging results have been reported, there are substantial
medical, economic, and logistic complexities to this approach. In
addition, while pre-clinical trials in mice demonstrated highly
promising immune responses, including tumor regression and
remission, clinical trials in humans resulted in far fewer cases of
tumor stability or regression, suggesting these vaccines are not yet
optimal [4-8). Possibly underlying these results, recent evidence
indicates that DCs matured ex vivo do not accurately mimic DCs
matured in vivo, precluding optimal immune system stimulation
[9]. Thus, a strategy to facilitate DC transduction to mediate TAA
delivery in vivo that is universally efficacious, regardless of haplo-
type, is required.

In regard to DC transduction efficiency, gene transfer and
immune stimulation, viral transduction methods have been found
to be superior to non-viral methods [10-12]. In addition to high
gene transfer efficiency, transduction of DCs with adenovirus
serotype 5 (Ad5)-based vectors offers many benefits over other
viral vectors. Ad5-mediated transduction does not require cell pro-
liferation and poses a low risk for insertional mutagenesis [13-16].
Furthermore, non-replicating Ads provide the additional benefit
of delivering TAA for only a finite amount of time, thus mini-
mizing the chances of inducing hyporesponsiveness to chronic
antigen presentation. Despite these advantages, DCs are relatively
refractory to Ad5 transduction due to limited cell surface expres-
sion of the primary Ad5 receptor, coxsackie virus and adenovirus
receptor (CAR) [17]. Thus, efficient Ad5-mediated gene transfer
to DCs requires high multiplicities of infection (MOI). To over-
come this, our lab has re-targeted Ad5 to CD40 expressed on
cell surfaces, achieving efficient and specific DC transduction and
antigen-specific immune responses using low doses of Ad5 admin-
istered subcutaneously, a site enriched for DCs [17-25]. In addition
to providing a means for efficient DC transduction, CD40 liga-
tion and activation induces migration of mature DCs to the T cell
populated areas of the draining lymph node, thus CD40-targeted
vectors are likely to provide additional immunotherapeutic
benefits.

In the experiments presented here, the transduction poten-
tial of CD40-targeted Ad5 was determined in canine DCs, and the
immunostimulatory capacity of this targeting strategy was evalu-
ated in dogs, the most relevant translational animal model available
for evaluating many therapeutic modalities designed to combat
human diseases. Of particular relevance to our studies, dogs are
naturally susceptible to several cancers which mimic the onset,
progression and symptoms of the corresponding human cancers,
allowing therapeutic evaluation with increased clinical relevance
[26-29]. Indeed, many advances in human cancer therapies have
been made or improved through studies in canine patients, includ-
ing the first evaluations of cancer vaccines, and the analysis of
cytokine and chemotherapeutic regimens for pulmonary metas-
tases [26]. In addition, canine models provide dosing and vector
production challenges similar to those encountered in human clin-
ical trials [26,30,31].

The data presented from this pilot study in healthy dogs vali-
date the utility of the canine model for our translational studies,
and suggest that specific targeting of Ad5 vectors to DCs for in vivo
delivery of genes encoding TAA may provide an enhanced immune
response to disease-related antigens.

2. Materials and methods

2.1. Cell lines

The human embryonic kidney cell line 293 was purchased from
Microbix (Toronto, Ontario, Canada). The 293F28 and 293/hCD40

cell lines are derivatives of 293 cells which express either Ad5 wild-
type fiber (for mosaic virus propagation as described below) or
human CD40 as previously described [21]. The 293/cCD40 cell line
is a derivative of the 293 cell line which expresses canine CD40,
and was generated by transfection of 293 cells with the plasmid
pcDNA3.1canineCD40, and subsequent selection with 1000 p.g/ml
of Geneticin {G418). A cell clone derived from this population that
expressed high levels of canine CD40 was identified by RT-PCR. All
293 and 293-derived cell lines were propagated in a 50: 50 mixture
of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium
(DMEM/F-12) supplemented with 10% (v/v) fetal calf serum (FCS),
L-glutamine (2 mM), penicillin (100 units/ml) and streptomycin
(100 pg/ml). FCS was purchased from Gibco-BRL (Grand Island,
NY) and media and supplements were from Mediatech (Herndon,
VA). RT-PCR analysis of cell lines revealed 4.47 x 107 copies/pg
of human CD40 mRNA in 293/hCD40 compared to 5.6 x 1072
copies/p.g in control 293 cells, and 6.44 x 103 copies/p.g of canine
CD40 mRNA in 293/cCD40 cells. 293F28 cells were maintained with
100 pg/mlZeocin (Invitrogen), and 293/hCD40 and 293/cCD40 cells
were maintained with 100 p.g/ml G418. All cell lines were cultured
at 37°Cin 5% COa.

2.2. Gene therapy vectors

Ad5.FFhCD40L vectors expressing artificial fiber proteins con-
taining FF-CD40L and encoding either luciferase, CEA or GFP/CEA
were constructed as previously described [20,21]. Ad5 vectors
expressing the native fiber protein and encoding either luciferase,
GFP/luciferase or CEA were employed as controls[20,32,33]. Briefly,
Ad5 vectors encoding the native fiber protein were generated by
transfection of 293 cells with Pac I-digested Ad rescue vectors. Vec-
tors with FF-CD40L were generated by transfection of 293F28 cells
with Pac I-digested Ad rescue vectors. 293F28 cells stably express
the native Ad5 fiber, thus viruses rescued at this point were mosaic
in the sense that the Ad5 virions randomly incorporated a mixture
of native fibers and FF-CD40L chimeras. After additional rounds of
amplification on 293F28 cells, the viruses were amplified in 283
cells, which do not express native Ad5 fiber, to obtain virus particles
containing only FF-CD40L [21].

All Ad5 vectors were isolated from infected cells and purified by
equilibrium centrifugation in CsCl gradients according toa standard
protocol [34]. The protein concentrations in the viral preparations
were determined using the DC protein assay (BioRad, Hercules, CA)
with purified bovine serum albumin (BSA) as a standard. The virus
titers were calculated using the formula: 1 g of protein=4 x 10°
viral particles (vp).

2.3. Preparation of canine peripheral blood mononuclear cell
populations

Whole blood (40-60ml) was collected from normal outbred
dogs in EDTA tubes {Becton, Dickinson), gently and thoroughly
mixed and centrifuged 30 min at 1000 x g at RT. The buffy coat
containing the peripheral blood mononuclear cell (PBMC) popu-
lation was extracted with a pipette in 1-2 ml and diluted with 8 ml
HBS (HEPES-buffered saline, no Mg/Ca, Gibco/BRL). The cell sus-
pension was layered over 5ml Histopaque 1077 (Sigma-~Aldrich)
and centrifuged at 1000 x g at RT for 30 min. The band containing
the PBMC population was extracted in 1-2ml into a new sterile
tube and diluted with 2 ml HBS, mixed, and centrifuged once more.
The supernatant was removed and the cells gently resuspend in
5ml HBS. The cells were centrifuged once more and resuspended
in 4ml flow wash buffer (FWB-HBS containing 10% fetal bovine
serum) and incubated at RT at least 40 min to allow blocking of
nonspecific sites.
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2.4. Flow cytometry and fluorescent activated cell sorting for
canine dendritic cells

Antibodies were obtained that recognize canine CD11c (mon-
oclonal mouse anti-dog CD11c, Serotec) and human CD40
(monoclonal mouse clone B-B20, prelabeled with Zenon reagent
PE/Alexa Fluor 610, Invitrogen). The PBMC suspension was cen-
trifuged at 200 x g at RT for 10min, the supernatant removed,
and the cells resuspended in 1 ml FWB. Primary antibodies (100 pl
each) were then added, gently mixed, and incubated for 60 min
at RT in the dark. Then, 2ml HBS was added and the cell sus-
pension centrifuged at 200 x g for 10 min. The supernatant was
aspirated and the cells were washed two additional times in 2mi
HBS, finally resuspending them in 1 ml FWB. Each cell suspension
was filtered to 50 pm in a sterile CellTrics disposable filter (Partec,
Germany).

Flow cytometry assays and fluorescent activated cell sorting
(FACs) were performed on a MoFlo flow cytometer and cell sorter
(Beckman Coulter), The CD11c expression profiles were deter-
mined using Summit 4.0 software (Beckman Coulter). The entire
cell suspension was sorted for each experiment and sorted cells
{CD11c+and CD11c~) sterilely collected into tubes containing 1 ml
of FBS. Both samples and sorted populations of cells were main-
tained at RT during the entire process.

To ensure recovery of exposed CD40 on the cell surface, cells
were allowed to recover for 4h prior to transduction with Ad
vectors. Following transduction, cells were collected by centrifuga-
tion, and brought into culture in RPMI-1640 (Gibco/BRL) containing
10% FBS, penicillin/streptomycin/fungizone {Gibco/BRL) and 25%
lymphocyte conditioned media (CM). CM was obtained from cul-
tures of freshly prepared canine lymphocytes which had been
stimulated for 24-48h with phytohemagglutinin (PHA, 10 p.g/ml,
Sigma-Aldrich) {35,36].

2.5, Recombinant protein purification and western blot analysis

The 6-HIS-tagged soluble human CD40L protein and its deriva-
tives were expressed in Escherichia coli BL21(DE3)(pLysS) as
previously described [21]. The concentrations of the proteins in
purified preparations and in celi lysate were determined using the
BioRad DC protein assay.

2.6. Gene transfer experiments

293, 293/hCD40 and 293/cCD40 cell lines and canine DCs were
plated in 24-well plates at 1 x 105 cells/well. Prior to transduction,
cells were washed with serum-free growth medium and incubated
on ice with 0.2 ml of either medium or medium containing a block-
ing agent. In the latter instance, recombinant Ad5 fiber knob [37]
or soluble hCD40L proteins were added to the medium at con-
centrations of 100 pg/ml for 1h on ice. Cells were transduced at
a multiplicity of infection (MOI) of 10, 100 or 1000 vp per cell
with Ad5 vectors in medium containing 2% FCS. After incubation on
ice for 1h, the medium containing the virus and the inhibitor was
removed, and cells were washed with medium containing 10% FCS.
Fresh medium was added, and incubation was continued at 37°C
for 22 h to allow reporter gene expression. Cells were then washed
with PBS and lysed in Luciferase Reporter Lysis Buffer (Promega).
The luciferase activity in the cell lysates was measured according
to the manufacturer's protocol. Each data point was assessed in
triplicate and calculated as the mean of three determinations. In
instances where transduction was performed without the addition
of ablocking agent, the virus was added to the cells in 0.4 mlaliquots
of medium containing 2% FCS.

All incubation and washing steps in gene transfer experiments
involving DCs were performed in cell suspensions since these cells

are only loosely adherent. To minimize variation in the data, which
could result from the loss of cells during the washing steps, the
luciferase activity measured in the cell lysates was normalized to
the protein concentration of resulting cell lysates.

2.7. Invivo canine vaccinations

All experiments were conducted under the oversight of the
Auburn University IACUC committee in AAALAC approved animal
and clinical care facilities. Qutbred beagle dogs from two litters
were used for vaccination. The dogs were 10 and 15 weeks of
age at the start of the experiment and weighed approximately
10~-15kg each. Additional adult beagle and beagle-corgi crosses
were used to provide blood for isolation of PBMCs. 1 x 10° vp
of Ad5CEA.FF/hCD40L (five dogs) or control Ad5CEA (five dogs)
vectors were delivered in 0.5 ml sterile phosphate-buffered saline
(PBS) to each dog. Intradermal (i.d.) injections were performed
in the right lower abdomen using a 25 gauge needle. The dogs
were re-injected with the same dose of each Ad5 vector and by
the same route as their original injection on weeks 4, 8 and 12.
Peripheral blood was collected each week and used for ELISA
detection of anti-CEA antibodies. At week 14, lymphocytes were
purified from collected peripheral blood for lymphoproliferation
assays.

2.8. Lymphoproliferation assays

PBMCs were obtained by density gradient centrifugation using
lymphocyte separation media (Cellgro, Mediatech, Inc, Herndon,
VA) and were resuspended in complete medium consisting of
RPMI 1640 supplemented with 10% fetal bovine serum, 2mM L-
glutamine, 50 .M 2-mercaptoethanol, and antibiotics. Cells were
added at 1 x 10° cells per well in round bottom 96-well plates.
Stimulated cells were incubated in triplicate wells with recombi-
nant human CEA protein (Vitro Diagnostics, Inc. Aurora, CO) over a
range of concentrations (1-30 p.g/ml). Additionally, BSA (30 pg/ml)
or gvalbumin (OVA) (25 wg/ml) wells were included as negative
control antigens and Con-A wells (0.5 jLg/ml) were included as pos-
itive control mitogens. Control cells were cultured in complete
medium alone. All cells were incubated at 37°C in a humidified
atmosphere of 5% CO; in air for two days, followed by an overnight
pulse with 1 uCifwell of tritiated thymidine diluted at 50 u.Ci/ml.
Cells were harvested and incorporated radioactivity was quantified
using a solid-phase beta scintillation counter (Matrix 9600; Packard
Instrument Co., Downers Grove, IL). The Stimulation Index (S.I.) was
calculated as the mean counts per million (cpm) of the stimulated
cells divided by the mean cpm of the control (OVA-stimulated) cells.
A positive response was defined as a post-vaccination S.1. >3.0. The
assay was performed in triplicate for each sample and results are
presented as means.

2.9. ELISA for detection of anti-CEA antibodies

For CEA antibody detection, 96-well EIA plates (Costar 3590)
were coated with recombinant CEA protein (Vitro Diagnostics, Inc.
Aurora, CO) at 100 ng/well in borate saline (BS) buffer, pH 8.4, for
4 h atRT, and then blocked with borate saline plus 1% (w/v) bovine
serum albumin (BS-BSA). Serial three-fold dilutions of dog serum
in BS-BSA (1:50-1:109,350) were added to the wells and incu-
bated overnight at 4°C. Plates were washed with PBS containing
0.05% (vfv) Tween-20 and incubated with AP conjugated rabbit
anti-dog (IgG H+L) antibodies (Jackson Immunoresearch Labora-
tories, Inc. West Grove, PA) diluted 1:2000 in BS-BSA for 4h at RT.
After washing, AP substrate {p-nitrophenyl phosphate, Sigma St.
Louis, MO) in diethanolamine buffer, pH 9.0, was added and incu-
bated for 20min at RT. Absorbance was measured at 405nm on
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a Multiskan Ascent microplate reader using Ascent software (Lab-
systems OY, Helsinki, Finland). Absorbance on CEA coated plates
was corrected for absorbance on parallel plates coated with oval-
bumin (Sigma-Aldrich Chemical Co., St. Louis, MO). COL-1 mouse
monoclonal antibody to CEA (NeoMarkers, Fremont, CA) followed
with AP conjugated goat anti-mouse IgG (Southern Biotechnology,
Birmingham, AL) was used as a positive control. For detection of
1gG isotypes goat anti-dog 1gG1 and sheep anti-dog 1gG2 antibod-
ies conjugated to horseradish peroxidase (Bethyl Laboratories Inc.,
Montgomery, TX) were applied to the wells at a dilution of 1:10,000.,
After incubation and wash 3,3’, 5’5 tetramethyl benzidine substrate
(Sigma) was applied for colorimetric development, The reaction
was stopped by adding 0.5M H,S04 and absorbance was read at
450 nm. Statistical analysis was performed by using two-tailed Stu-
dent’s t-test and values are presented as mean + standard error of
the mean.

3. Results
3.1. Generation of CD40-targeted Ad5

‘Human, rhesus and murine DCs have been successfully trans-
duced with CD40-targeted Ad5 in vitro, resulting in selective

™ Tail
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transduction and simultaneous activation of DCs, indicating CD40 is
an effective target in many species [17-24,38,39]. To establish the
principle that CD40-targeted Ad5 can also mediate gene transfer
to canine DCs, we employed a genetically engineered Ad5 vector
encoding firefly luciferase, designated Ad5Luc.FF/hCD40L (Fig. 1)
[19,21]. This vector was previously constructed so that the shaftand
knob domains of the native fiber protein are replaced by phage T4
fibritin (as a trimerization motif) genetically fused to the TNF-Like
(TNF-L) ectodomain of human CD40L (Fig. 1A). The presence of the
phage T4 fibritin structure allows the TNF-L ectodomain of CD40L
to retain its functional tertiary structure, required for activation of
CD40 [21]. Human and canine CD40 are 83% similar, and amino
acids predicted to be involved in CD40-CD40L binding are con-
served [40,41], suggesting an Ad5 vector expressing human CD40L
may interact effectively to allow transduction of CD40-expressing
canine cells.

3.2. Gene transfer analysis in 293 cells expressing CD40

To confirm that the human CD40L ectodomain of
Ad5LucFF/hCD40L mediates vector targeting to canine CD40,
luciferase transgene expression was analyzed as a measure of
vector transduction potential in 293 cells and cell lines stably

(B) 8 AdSLuct W AdSLUC:FF/hCDA0L
= LE+07 7
g 1E+C63 T
2
‘_2 1.E+05
s
o 1.E+04 1
g ]
b
k] 1.E+03
] .
3 ez v +
293 293MCD40: 293/6CD40

Cl

) B Adstuct M AdSLuc FFMCDA0L

1204

100 _
80
60 4
404
20
S i !

Noblock AdSknob  shCD4OL
293/MCD40 Celis

%RLU vs no hlock

(Cy TAdSLuct W AdSLUG.FFMCOA0L
1204
<
§ 1004
=
o B804
o
@ 60+
3 401
I
X 204
0 - "
No block Ad5 knob shCDA4OL
293 Celis
) I AdsLuct  M-Ad5Luc.FFMCDAOL
1207
3
8 100
5 )
o 80
o
4 60
3 4o
& .
2 2
0’ o
Noblock- Ad5knob  shCD40L
283/cCDAD Cells

Fig. 1. Efficiency of gene transfer and receptor specificity of CD40-targeted Ad5. (A) Schematic diagram of CD40-targeted AdS. The shaft and knob domains of native Ad5 fiber
were replaced by phage T4 fibritin genetically fused to the TNF-L ectodomain of human CD40L. {B) 293, 293/hCD40 and 293/cCD40 cells were transduced with untargeted
Ad5Luc1 (white bars) or CD40-targeted Ad5Luc.FF/hCD4OL (black bars) at an MO! of 10 vp/cell. To determine receptor specificity, 293 (C), 293/hCD40 (D) and 293/cCD40 (E)
cells were transduced with untargeted Ad5Luc? (white bars) or CD40-targeted Ad5Luc.FF/hCD40L (black bars) at an MOI of 10 vp/cell. Prior to infection with virus, cells were
incubated with recombinant Ad5 fiber knob or shCD40L to block transduction through CAR or CD40, respectively, 24 h after transduction, luciferase activity was determined
as ameasure of Ad5-mediated gene transfer. Luciferase activity is expressed as relative light units, Luciferase activity detected in the presence of blocking agents is normalized
against luciferase activity in absence of blocking agents. Mean + SD are shown from three replicates performed simultaneously.
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expressing CD40. 293 cells, which do not express endogenous
CD40, or 293 ceils stably transfected with either human CD40
(293/hCD40) or canine CD40 (293/cCD40) were incubated with
either untargeted Ad5Lucl or CD40-targeted Ad5Luc.FF/hCD40L
(10 vp/cell) (Fig. 1B). All 293 cell lines, which express the Ad5
receptor, CAR, were efficiently transduced by untargeted Ad5Lucl.
In contrast, wild-type 293 cells incubated with Ad5Luc.FF/hCD40L
expressed very low levels of luciferase, indicating this CD40-
targeted vector does not transduce cells efficiently through CAR.
However, Ad5Luc.FF/hCD40L-mediated luciferase expression
in both 293/hCD40 and 293/cCD40 cells (Fig. 1B), suggesting
Ad5LucFF/hCD40L capably transduces cells expressing either
human or canine CD40.

3.3, Validation of CD40-mediated transduction

To further investigate the targeting specificity of
Ad5LucFFfhCD40L, viral transduction was performed in the
presence of specific blocking agents. Prior to transduction, 293,
293/hCD40 and 293/cCD40 cells were incubated with either
soluble recombinant Ad5 fiber knob or soluble human CD40L
(shCD40L) to block CAR or CD40, respectively, on the cell surface.
Luciferase expression under these blocking conditions was com-
pared to luciferase expression without blocking (normalized for
each vector to 100%). As shown in Fig. 1{C-E), transduction of all
293 cell lines by Ad5Luc1 was inhibited by soluble knob (87% block
in 293 cells, and 90% block in 293/hCD40 and 293/cCD40), indicat-
ing transduction by untargeted Ad5 requires CAR, as expected. The
very low level of luciferase expression in 293 cells incubated with
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Ad5Luc.FF/hCD40L was not affected by soluble AdS5 knob (Fig. 1C).
The high luciferase expression levels in 293/hCD40 and 293/cCD40
cells transduced by Ad5LucFFfhCD40L were not affected when
CAR was blocked with soluble Ad5 knob (Fig. 1D and E), further
demonstrating that Ad5Luc.FF/hCD40L does not require CAR for
transduction of CD40-expressing cells. In contrast, pre-incubation
with shCD40L decreased luciferase expression levels by 81% in
293/hCDA40 cells, and by 78% in 293/cCD40 cells (Fig. 1D and E),
but did not affect luciferase expression levels following Ad5Lucl
transduction in 293 cells (Fig. 1C). These results demonstrate that
transduction by Ad5Luc.FF/hCD40L specifically requires cellular
expression of CD40,

3.4. Targeted gene transfer to canine cells

To determine if CD40-targeted Ad5 also transduces canine DCs,
as observed with DCs from other species, transduction experi-
ments were conducted with canine DCs cultured from isolated
PBMCs. Flow cytometry with anti-CD40 and -CD11c antibodies
indicated CD40 expression on 43.5% of CD11c¢+ PBMCs (DCs), while
only 1.7% of CD11c— cells were CD40+ (Fig. 2A), Based on CD40
expression, DCs were sorted into two groups: CD11c+/CD40—
and CD11c+/CD40+. Cells from each group were incubated with
either Ad5Lucl or Ad5Luc.FF/hCD40L for analysis of transduc-
tion efficiency as measured by luciferase expression levels. As
observed previously with human DCs {17], canine CD11c+/CD40+
DCs were refractory to transduction by untargeted Ad5, even at
a very high vector concentration of 1000 vp/cell (Fig. 2B). In
contrast, luciferase transgene expression was 15-fold higher in

B
B Ad5Luct
35001

W AdSLuc.FF/hCD40L

30001
25001
20009
15001
10001

500

Luciferase activity (RLU/mg)

o4
CD40-

)] DAdSLuct M AdSLuc.FF/ACDAOL
1404
1204
100+
80
60 9
40

%RLU/mg vs no block

20

Noblock  AdS knbb
CD11c+CD40-Cells

shCDAOL

Fig. 2. Receptor specificity of cell transduction and efficiency of gene transfer mediated by CD40-targeted Ad5 in canine DCs. (A) Anti-CDA40 antibodies detected expression of
CD400n43,5% CD11c+cells, and cells were sorted cells based on CD40 expression levels. (B) CD11c+/CD40+ and CD11¢+/CD40- cells were transduced with untargeted Ad5Lucl
(white bars) or CD40-targeted Ad5Luc.FFfhCD40L (black bars) at an MOI of 1000 vp/cell to determine the receptor specificity of vector transduction, (C) CD11c+/CD40— and
(D) CD11c+/CDAG+ canine cells were transduced with untargeted AdSLuc1 (white bars) or CD40-targeted Ad5Luc,FF/hCD40L (black bars) at an MOI of 1000 vpjcell in the
presence of recombinant Ad5 fiber knob or soluble human CD40L to further confirm the receptor specificity of vector transduction, Luciferase activity detected in the presence
of blocking agents is normalized against Iuciferase activity in absence of blocking agents. Mean +SD are shown from three replicates performed simultaneously.
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CEA at a range of concentrations (1-30 jLg) or ovalbumin (25 j.g) followed by an overnight pulse with tritiated thymidine. Cells were harvested and incorporated radioactivity
was quantified, The S.I, was calculated as the mean cpm of the stimulated cells divided by the mean cpm of the ovalbumin-stimulated cells. A positive response was defined

as a post-vaccination S.1. >3.0 (denoted by dotted line),

CD11c¢+/CD40+ DCs incubated with Ad5Luc.FF/hCD40L. Transgene
expression was only slightly increased in CD11c+/CD40~ DCs fol-
lowing incubation with Ad5Luc.FF/hCD40L, suggesting this vector
specifically transduces cells via CD40. This minimal increase in
Ad5Luc.FF/hCD40L-mediated gene transfer in CD11c+/CD40— DCs
may be due to low-level expression of CD40 in this CD11c+ sub-
set that could not be detected by flow analysis. Supporting this,
luciferase expression was 84% lower in CD11c+/CD40+ cells pre-
incubated with shCD40L and transduced with Ad5Luc.FF/hCD40L,
but only 30% lower in CD11c+/CD40~ cells pre-incubated with
shCD40L (Fig. 2C and D). Furthermore, when transductions were
performed with vectors encoding GFP, GFP expression was detected
only in CD11c+/CD40+ cells incubated with the CD40-targeted
vector. GFP expression was not detected in CD11c+/CD40- cells
incubated with CD40-targeted vector or in either DC subset incu-
bated with untargeted vector (Supplementary Fig. 1). These results
again confirm the specificity of CD40-mediated transduction by this
CD40-targeted Ad5 vector. Thus, the efficient and specific delivery
of transgenes to canine DCs by Ad5Luc.FF/hCD40L in vitro validates
the examination of this vector for in vivo delivery of transgenes to
CD40-expressing cells, particularly DCs.

3.5, Antigen-specific immune responses following vaccination in
healthy dogs

The ultimate goal is the development of a vaccine that can
deliver tumor-specific transgenes to DCs in vivo in order to gen-
erate a TAA-specific immune response. Therefore, it was critical
to investigate the capacity of untargeted versus CD40-targeted
Ad5 vectors to induce TAA-specific immune responses. We have
previously demonstrated an enhanced immune response in mice
following injection of CD40-targeted Ad5 by various routes [25].
To determine if similar immune responses are detected in dogs, we
performed a pilot experiment with healthy dogs injected with Ad5
vectors engineered to express human carcinoembryonic antigen
(CEA) as a model tumor antigen (Ad5CEA and Ad5CEA.FFfhCD40L).
CEA orthologues have been identified in dogs; however xenoanti-
gens are more likely to overcome immunotolerance and induce

a more robust antigen-specific immune response [42-45). Five
dogs received id. injections of AdSCEA (1x 10° vp/injection)
and five dogs received injections of Ad5CEA.FF/hCD40L (1 x 10°
vp/injection) according to the schedule outlined in Fig. 3A. One dog
served as a negative control, receiving no injections. At week 14,
PBMCs were harvested and lymphocyte proliferation was quan-
tified as a measure of TAA-specific T cell activation. An S.I. of
greater than 3.0 was considered positive. A positive lymphopro-
liferative response was observed in three of five dogs immunized
with Ad5CEA.FFfhCD40L and in four of five dogs immunized with
Ad5CEA, although the average S.1. tended to be greater in respond-
ing animals immunized with Ad5CEA.FFfhCD40L (Fig. 3B). These
results suggest that while vaccination with either untargeted or
CD40-targeted Ad5 induces an antigen-specific T cell response, this
response may be magnified in individuals responding to the CD40-
targeted vector.

To analyze antigen-specific humoral immune responses, CEA-
specific IgG serum concentrations were quantified. A strong
anti-CEA humoral immune response was induced in both groups
of dogs by 14 days post-immunization, though the antibody titer of
dogs immunized with untargeted Ad5CEA was significantly higher
as measured on days 21, 35 and 42 (Fig. 4A). We further exam-
ined the isotype of the antibody response on day 35, the day with
the most significant difference in antibody responses between the
groups. The concentration of IgG1 was significantly lower in dogs
immunized with Ad5CEA.FF/hCD40L (Fig. 4B and C), resulting in a
higher ratio of 1gG2 to IgG1 (Fig. 4D).

4. Discussion

DC-based vaccination can overcome tumor-associated suppres-
sion of immune responses, although the full potential of this
strategy has yet to be realized in the context of a reliable cancer
therapy [4-8]. In order to overcome the potential limitations asso-
ciated with autologous DCs transduced and matured ex vivo, our lab
has investigated methods to directly transduce and activate DCs in
vivo in a an animal model highly likely to provide clinically relevant
information.
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Fig. 4. Antigen-specific humoral responses in healthy dogs vaccinated with CD40-targeted Ad5. (A) Serum was drawn weekly from each dog foliowing vaccination with

AdS5CEA (squares) or Ad5CEA.FF/hCD40L (triangles). ELISAs were performed to detect

human CEA-specific canine IgGs. Serum from each time point was incubated with

recombinant human CEA, and detected with anti-dog IgG secondary antibody to determine total IgG concentrations, (B} 13G1 and (C) 1gG2 isotypes were detected with
goat anti-dog IgG1 and sheep anti-dog IgG2 antibodies, respectively. (A, B and C) Absorbance was read at 450 nm. Statistical analysis for was performed by using two-tailed
Student's t-test and values are presented as mean £ SE.*p < 0.05; **p<0.0001.(D) Average ratio of 1gG2:1gG1 following vaccination with AdSCEA (white) or AdSCEA.FF/hCD40L

(black).

Several strategies to accomplish in vivo delivery ofimmunother-
apeutic antigens to DCs have now been reported, including the use
of free antigen, protein fusions and viral gene therapy [46-51].
However, complete success depends on overcoming biological
delivery challenges. In this regard, Arthur et al. previously found
that Ad5 vectors are superior to other non-viral methods for deliv-
ering antigens to DCs in vitro [10], and other groups have since
demonstrated highly efficient Ad5-mediated gene transfer to DCs
ex vivo, using high concentrations of Ad5 [52,53]. Additionally, Ad5
capsid protein is a potent adjuvant that enhances CTLresponse [54].
Therefore, TAA transfer by Ad5 vectors is likely to enhance produc-
tion of tumor cell-specific CTL [55]. Thus, an Ad5 vector re-targeted
to bind a specific protein expressed on the surface of DCs seems
likely to provide an enhanced in vivo immunotherapeutic strategy.

In addition to targeting DCs, proper activation and matura-
tion of DCs is crucial for stimulating an antigen-specific immune
response. It is now obvious that the collective term “DC” actually
refers to a heterogeneous population of cells, derived from differ-
ent lineages, in different maturation states, and likely displaying
distinct functional features [8]. In general, antigen presentation by
mature DCs leads to an antigen-specific immune response, while
antigen presentation by immature DCs has been implicated in
the induction of immune tolerance through activation of regu-
latory T cells [56]. CD40 is an attractive candidate for targeting
DCs as it is expressed on the cell surface of DCs, and, while it is
also expressed on endothelial cells and other immune cells, CD40
expression is far less ubiquitous than CAR expression. Additionally,
localized dermal injection of CD40-targeted virus delivers virus to
a location that is rich in CD40-positive DCs and lacks substantial
numbers of other CD40-expressing cells, such as B cells. Binding
of CDA4OL to CD40 induces DC maturation, enabling these cells to
migrate to draining lymph nodes and activate antigen-specific T
cells. This complete activation of DCs is critical for tumor rejection
in vivo [57].

Results from the analysis of our in vitro gene transfer in
model cell lines and canine DCs demonstrates CD40-targeting dra-
matically enhances Ad5-mediated transgene expression in cells
expressing CD40, and in DCs in particular, Furthermore, CD40-
targeted Ad5 requires cell expression of CD40 for transduction, and
is incapable of transducing cells through CAR. This specificity will
likely allow in vivo transduction of DCs with a much lower vec-
tor dose than is required for untargeted Ad5 transduction. Studies
are currently underway to confirm the in vivo cell specificity of
CD40-targeting.

In order to obtain clinically relevant information regarding
the immune response generated in vivo following vaccination
with CD40-targeted Ad5, we immunized healthy dogs with CD40-
targeted or untargeted Ad5 encoding human CEA as a model tumor
antigen. A key issue in the successful development of effective
cancer immunotherapies is the design of vaccines that can over-
come immune tolerance and induce a T cell response to autologous
TAA, which are also expressed by normal cells. In this regard,
experiments in mouse models suggested that vaccination with
xenogeneic TAAs (xenoantigens) encoding slight differences in
sequence overcome immune tolerance by improving MHC I and
11 epitope presentation, evoking tumor immunity {42-45]. Thus,
using Ad5 vectors encoding human CEA allowed us to more thor-
oughly investigate the potential of eliciting TAA-specific immune
responses in dogs via a CD40-targeted Ad5 vector.

Antigen-specific T cell responses were generated in dogs receiv-
ing either the CD40-targeted vector or the untargeted vector.
Interestingly, the extent of lymphoproliferation appeared to be
enhanced in responders immunized with CD40-targeted Ad5 as
compared to untargeted Ad5, though these responses will need
to be investigated with a larger number of dogs in order to thor-
oughly evaluate statistical significance. Further, as observed with
previous studies in mice [25],an antigen-specific humoral response
was also observed following vaccination with either CD40-targeted
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or untargeted vectors in all dogs. However, a clear difference in
the quality of the response was detected in the ratio of IgG1 to
IgG2 isotypes generated by the two vectors. Though the relation-
ship between Th type responses and IgG subclass has not been
completely characterized in dogs [58], previous reports suggest
that increased IgG2 production correlates with a Th1 type immune
response that is characterized by a cytokine profile similar to that
in humans [59-62]. Also similar to human patients, Th1 induc-
ing cells, as determined by cytokine production, are diminished
in dogs with metastatic cancers [63]. Suppression of DC-activated
Th1 immunity has been implicated in the progression of cancers
such as melanoma, thus an enhanced antigen-specific Th1 cellular
immune response is likely to result in a more effective anti-tumor
response, Future studies measuring cytokine release by T cells will
be required for complete evaluation of the immune response gen-
erated, however.

In summary, these results from a pilot vaccination study in dogs
confirm in a clinically relevant animal model that re-targeting Ad5
to bind CD40 circumvents the requirement for CAR expression,
allowing efficient transgene expression in DCs in vitro, and subse-
quent antigen-specific immune responses in vivo. CD40-targeted
Ad5 may in turn provide more effective cancer therapies. Most
importantly, immune responses in these dogs are comparable to
expected responses in humans, and establish that dogs provide
a reliable intermediate model system for investigating potential
immunotherapies for cancers such as osteosarcoma, lymphoma,
breast cancer and melanoma. Thus, these experiments have pro-
vided the critical groundwork necessary to allow further evaluation
of targeted immunotherapies in canine cancer patients in order
to provide information for development of successful translational
therapies.
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Measles virus Edmonston strain (MV-Edm) is thought
to have remarkable oncolytic activity that selectively
destroys human tumor cells. The P/V/C protein of wild-
type MV was shown to resist the antiviral effects of inter-
feron (IFN)-o.. Here, we engineered new MVs by arming
MV-Edm tag strain (a V-defective vaccine-lineage strain,
MV-Etag) with the P or N, P, and L genes of wild-type MV
(MV-P and MV-NPL, respectively). The oncolytic activi-
ties of the MVs were determined in human renal cell car-
cinoma (RCC) cell lines and primary human RCC cells
by the MTT assay. The antitumor efficacy of the MVs
was evaluated in A-498 xenografts in nude mice. IFN-o
effectively inhibited the replication of MV-Etag and MV-P,
but not MV-NPL. MV-NPL more efficiently induced cyto-
pathic effects (CPEs) in OS-RC-2 cells, even in the pres-
ence of human [FN-o.. MV-NPL replicated more rapidly
than MV-P and MV-Etag in A-498 cells. Apoptosis was
induced earlier in A-498 cells by MV-NPL than MV-Etag
and MV-P. MV-NPL showed more significant antitumoral
effects and had prolonged replication compared to MV-
Etag and MV-P. In this study, we demonstrated that the
newly engineered MV-NPL has more effective oncolytic
activity and may help establish an innovative cancer
therapy.
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INTRODUCTION

Oncovirotherapy, which uses replication-competent viruses as
a cancer therapy, is attracting much interest."! Recently, several
reports confirmed that these live-attenuated viruses can induce
rapid and lytic infections in tumor cells.**® Furthermore, some
viruses are being used as cancer therapies in current clinical

trials. #1112 Measles virus Edmonston strain (MV-Edm) has potent
antineoplastic activity against various human cancers, includ-
ing lymphoma, ovarian cancer, mesothelioma, breast cancer,
and hepatocellular carcinoma.!,>-¢ It selectively induces potent
cytopathic effects (CPEs), notably intercellular fusion in cancer
cells, but causes minimal damage in normal cells.*” In addition,
the MV genome is very stable and the vaccine strains have never
reverted to pathogenic forms, making MV highly suitable for fur-
ther development as an oncolytic agent.

Measles virus is a negative-strand RNA virus of the
Morbillivirus genus in the Paramyxoviridae family. A polymerase
(L) and its cofactor (P) associate with the viral RNA and N protein
to form a ribonucleoprotein. This complex is surrounded by the M
protein. The P gene encodes the P protein and two nonstructural
accessory proteins, C and V.'® The two MV envelope glycoproteins
H and F work in concert to induce virus—cell membrane fusion.
CD46 and CD150 were identified as two MV receptors. CD150
expression is confined to immune cells, whereas CD46 is expressed
ubiquitously in nucleated cells.”-* CD46 is abundantly expressed
in cancer cells,® but minimally expressed in normal cells such as
fibroblasts and peripheral blood lymphocytes,®'” making cancer
cells a suitable target for MV oncolytic therapy.

Type I interferon (IFN-a/B) is a powerful innate antiviral
defense. MV vaccine strains can induce significantly higher levels
of type I IEN than wild-type MV To combat the cellular innate
immune response, many viruses encode antagonistic molecules
that block some steps of the type I IFN antiviral response.?® The
P proteins of wild-type MV have been shown to resist type I IFN.
Furthermore, an engineered MV-Edm tag strain (MV-P), whose
P gene was replaced with the comparable wild-type gene, induces
significantly less IEN-a in turor cells and has enhanced oncolytic
potency against human multiple myeloma compared to the paren-
tal virus.” The major function of the N protein is to surround
the genomic RNA, encapsidate the viral genome, and support
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