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Expression Profiling of Immature Thymocytes Revealed a
Novel Homeobox Gene That Regulates Double-Negative
Thymocyte Development’

Masahito Kawazu,*’ Go Yamamoto,* Mayumi Yoshimi,* Kazuki Yamamoto,* Takashi Asai,*
Motoshi Ichikawa,* Sachiko Seo,* Masahiro Nakagawa,* Shigeru Chiba," Mineo Kurokawa,*
and Seishi Ogawa®**1

Intrathymic development of CD4/CD8 double-negative (DN) thymocytes can be tracked by well-defined chronological subsets of
thymocytes, and is an ideal target of gene expression profiling analysis to clarify the genetic basis of mature T cell production, by
which differentiation of immature thymocytes is investigated in terms of gene expression profiles. In this study, we show that
development of murine DN thymocytes is predominantly regulated by largely repressive rather than inductive activities of tran-
scriptions, where lineage-promiscuous gene expression in immature thymocytes is down-regulated during their differentiation.
Functional mapping of genes showing common temporal expression profiles implicates previously uncharacterized gene regulations that
may be relevant to early thymocytes development. A small minority of genes is transiently expressed in the CD44'CD25* subset of
DN thymocytes, from which we identified a novel homeobox gene, Duxl, whose expression is up-regulated by Runx1. Duxl promotes the
transition from CD44"¥"CD25* to CD44'*CD25™" in DN thymocytes, while constitutive expression of Dux! inhibits expression of TCR
B-chains and leads to impaired B selection and greatly reduced production of CD4/CD8 double-positive thymocytes, indicating its

critical roles in DN thymocyte development. The Journal of Immunology, 2007, 179: 5335-5345.

row progenitors is a critical process for the generation of

mature T cells, through which the immature thymocyte pro-
genitors, as identified by the absence of mature T cell markers
(CD4/CD8 double-negative (DN)* T cells), differentiate into the
CD4/CD8 double-positive (DP) cells, and finally produce CD4
or CD8 single-positive T cells. Although accounting for <5% of total
thymocytes in mice, the DN thymocytes undergo a dynamic de-
velopmental process that is essential for the subsequent expansion
into the DP population (1). Among these DN thymocytes,
the earliest chronological subset (DNI1) is recognized as a
CD44"e"C-Kit*CD25~ population (2, 3). In the first wave of cy-
tokine-dependent pre-T cell expansion, the DN1 cells begin to pro-
liferate with concomitant up-regulation of CD25, giving rise to the
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DN2 population showing the CD44"#"C-Kit*CD25" phenotype
(4). The DN2 thymocytes then start to rearrange their 7CR genes
and down-regulate the CD44 expression to generate the
CD44'°*CD25™ DN3 subset (5). In the DN3 stage, thymocytes are
subjected to a process called B selection and only those DN3 cells
that have productively rearranged their TCRf3 gene can survive and
transit into CD44'°¥CD25~ DN4 thymocytes, followed by rapid
expansion into the DP population (6-8).

During these early developmental processes, immature thymo-
cyte progenitors lose their multilineage plasticity and exclusively
commit to T cell differentiation. Under appropriate conditions, the
DNI population can generate multilineage hemopoietic compo-
nents in vitro (9, 10), although there still remains some controversy
with regard to their potential to B lineage differentiation (11). The
potential of the multilineage commitment is more restricted in the
DN2 stage, where cells can still give rise to NK cells and thymic
dendritic cells, but no more B cells (10, 12-14), and after the
DN2/DN3 transition and the succeeding B selection, thymocytes
mostly lose their potential to multilineage plasticity and totally
commit to T cell lineage (10).

Because these processes are thought to take place under tightly
controlled gene expression, it is of particular importance to clarify
the nature of this gene regulation and the key regulators involved
in that regulation. To date, a number of molecules have been iden-
tified that regulate these developmental processes (15). Notchl-
deficient thymocytes, for example, are not able 10 produce T cells
but differentiate into B cells (16), while pTa, TCRB, Lck, SLP76,
and Lar are shown to be indispensable for 8 selection and their
knockout mice show a severe maturational block at the DN3/DN4
transition (17). Similarly, the DN2/DN3 transition is completely
blocked in Runx/-deficinet mice (18, 19) and also in double knock-
out mice of pTa and common cytokine receptor y-chain genes
(20). In contrast, it is well anticipated that these developmental
processes in DN thymocytes should involve regulation of much
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FIGURE 1. Microarray analysis and clustering of genes differentially expressed during early thymocyte development. A, DN2, DN3, and DN4 thymo-

cytes from four C57BL/6 mice were FACS sorted and subjected to microarray analysis of gene expression profiles. B, Hierarchical clustering of 12
microarray data obtained from four independent experiments. Only branch portion is presented. C, One thousand five hundred differentially expressed genes
were grouped into six clusters showing discrete temporal expression profiles by K-means clustering methods (upper panels), which are also presented in
heat map (lower panel). The expression values for a gene across all samples were standardized to have a mean 0 and SD 1. Standardized expression levels
of genes are indicated in graphs (upper panels) and in heat map (lower panel). Vertical scale of the graphs is from —1.5 to +1.5. Each column of heat
map represents a gene and each row represents a sample. Red indicates high expression and biue low expression. The numbers of genes within clusters
are indicated along with those for which human counterparts were identified (in the parentheses).

larger numbers of genes than those related to these known molecules.
To understand the molecular mechanisms of DN thymocyte develop-
ment, it may be also of use to clarify how these developmental pro-
cesses are regulated in terms of their entire gene expression, to which
cell differentiation is ultimately ascribed.

In the current study, we approached this issue by investigating
gene expression profiles in discrete subsets of DN thymocytes un-
der development in which DN2, DN3, and DN4 thymocytes were
sorted and subjected to expression profiling analysis with high-
density oligonucleotide microarrays. Clustering of differentially
expressed genes among these DN thymocyte subsets demonstrated
that during DN development, regulation of gene expression is pre-
dominantly repressive rather than inductive, in which multiple lin-
cage-affiliated genes expressed in immature thymocytes are down-
regulated during the course of DN thymocyte development.
Functional mapping of clustered genes also revealed a possible
involvement of previously uncharacterized functional gene regu-
lations in thymocyte development. Finally, we identified a novel
homeobox gene (Duxl), transiently expressed in DN3 thymocytes.
We showed that Dux! is induced by Runx1 and regulates DN thy-
mocyte development by promoting the DN2/DN3 transition, while
deregulated expression of Dux! resulted in impaired B selection
and severely compromised production of DP thymocytes, indicat-
ing its critical roles in DN thymocyte production.

Materials and Methods
Cell sorting and RNA extraction

All Abs used for cell sorting were purchased from BD Pharmingen. Thy-
mocytes were harvested from 5- to 6-wk-old female CS7BL/6 mice. Four
independent cell sortings were performed and four mice were sacrificed for
each experiment. Before cell sorting, CD4* cells and CD8* cells were

depleted using the MACS LD system (Miltenyi Biotec). The remaining
fraction was stained with anti-CD44 and anti-CD25 Abs conjugated to
FITC or PerCP-CyS5.5, respectively, and also with PE-conjugated Abs to
CD4, CD8, CD3, NK1.1, and TCRy8 and sorted using a FACSAria cell
sorter (BD Biosciences). DN2, DN3, and DN4 subsets were identified as
FITC*PE™PerCP~Cy5.5", FITC™PE™PerCP~Cy5.5", and FITC™PE”
PerCP~Cy5.5™ populations, respectively. For expression analysis of var-
ious hemopoietic lineages, mononuclear cells were separated from a single-
cell suspension of bone marrow of 5- to 6-wk-old female CS7BL/6 mice by
centrifugation on a Histopaque-1083 (Sigma-Aldrich). c-kit™ cells were
obtained by positive selection for the c-kit Ag with MACS magnetic beads.
The remaining fraction was stained with FITC-conjugated Ab to Terl19,
PerCP-conjugated Ab to B220, and PE-conjugated Abs to Macl, and
Ter119* fraction, B220" fraction, and Macl™* fraction were sorted.
B220+ splenocytes and CD3+ splenocytes were collected by positive se-
lection of splenocytes for the B220 Ag or CD3 Ag with MACS magnetic
beads. RNA was extracted from sorted cells using an RNeasy Mini kit
(Qiagen) according to the manufacturer’s instruction.

Microarray experiments

Biotin-labeled cRNA probes were prepared using a Two-Cycle cDNA Syn-
thesis Kit (Affymetrix). Following fragmentation, biotin-labeled cRNA
was hybridized to the Mouse Genome 430 2.0 Array (Affymetrix) for 16 h
at 45°C as recommended by the manufacturer. Washing was performed
using an automated fluidics workstation, and the array was immediately
scanned with GeneChip Scanner 3000 7G. Expression data were extracted
from image files produced on Affymetrix GeneChip Operating software 1.0
(GCOS). The absolute detection call (present, absent, or marginal) for each
probe set was determined on GCOS. Normalization and expression value
calculation were performed using a DNA-Chip Analyzer (www.dchip.org)
(21). The invariant set normalization method (22) was used to normalize
arrays at probe cell level to mdake them comparable and the model-based
method (22) was used for computing expression values. These expression
levels were attached with SEs as measurement accuracy, which were sub-
sequently used to compute 90% confidence intervals of fold changes in two
group comparisons (22). The lower confidence bounds of fold changes
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were conservative estimate of the real fold changes. Differentially ex-
pressed probe sets were identified as those sets whose mean signals showed
>1.5-fold difference between DN2 and DN3 and DN3 and DN4. The prob-
ability of false discoveries with this threshold was calculated by random
permutations as described previously (23). Raw microarray data can be
found at hitp://www.ncbi.nlm.nih.gov/geo/, GEO accession no. GSE7784.

Clustering and pathway analysis

One thousand five hundred differentially expressed genes that were iden-
tified as described above were clustered using a K-means (24) server on
Gene Expression Pattern Analysis Suite (http:/gepas.bioinfo.cnio.es/) (25,
26). Molecular network of each cluster was analyzed by KeyMolnet soft-
ware, which was developed by the Institute of Medicinal Molecular De-
sign, Inc. (IMMD) (27). Known molecular data were curated by IMMD
and the obtained gene list of each cluster was combined with this software
and shown as molecular networks. Significance of a determined pathway to
obtained networks was determined. To ascertain whether any molecular
pathways determined by IMMD annotate a relation between molecules in
the networks at a frequency greater than that would be expected by chance,
this software calculates a p value using the hypergeometric distribution as
described previously (28).

Cloning of Duxl cDNA and construction of retrovirus plasmid

cDNAs of Duxl and FLAG-tagged Dux] having Notl and Xhol sites on
their 5’ and 3’ terminus, respectively, were PCR amplified from template
cDNA prepared from total thymic RNA using TaKaRa LA Tug (Takara
Bio) with the following sets of primers: 5'-AAAAGCGGCCGCATCGA
TACCATGGAGCTGAGCTGCAGTACT-3' (for Duxl sense), 5'-AAAA
GCGGCCGCATCGATACCATGGACTACAAGGACGACGATGACAA
GATGGAGCTGAGCTGCAGTACT-3' (for FLAG-tagged Duxl sense),
and 5'-AAAACTCGAGCTACGGAGTTTGGTGTGCTT-3’ (for the com-
mon antisense for both). Each PCR product was digested with Norl and
Xhol and cloned into the Nofl-Xhol site located at the 5’ upstream of

IRES-GFP or IRES-NGFRt of the pPGCDNsam (a gift from Dr. H. Nakauchi,
University of Tokyo, Tokyo, Japan) retrovirus vector. Nucleotide sequences of
these plasmids were confirmed by resequencing. Retrovirus was prepared by
transfecting the PlatE (a gift from Dr. T. Kitamura, University of Tokyo) cell
line with each construct.

Quantitative PCR analysis

Total cellular RNA was converted into cDNAs by reverse transcriptase
(Superscript 1II; Invitrogen Life Technologies) with random primers.
c¢DNAs were amplified in triplicate for 40 cycles at 95°C for 15 s and 60°C
for 60 s using an Applied Biosystems PRISM 7000 Sequence Detection
System according to the manufacturer’s instructions. Predesigned TagMan
primer and probe sets for 111005iB16Rik (Mm00841823_m1; Applied
Biosystems) (see Fig. 4), for PU.1 (Mm00488140_m1), and for 18S rRNA
(no. 4308329; Applied Biosystems) were used for the assay. PCR ampli-
fication of GAPDH, 1110051B16Rik (see Fig. 5B) and Ragl was per-
formed using Platinum SYBR Green gPCR SuperMix-UDG with ROX
(Invitrogen Life Technologies) and the following primer sequences:
GAPDH (forward, 5'-GAATCTACTGGAGTCTTCACC-3'; reverse,
5'-GTCATGAGCCCTTCCACGATGC-3'), 1110051B16Rik (forward,
5'-GGGAAAACTGGCTCAACAA-3'; reverse, 5'-GTGTTCTGTCCTGG
GTCTGG-3'), Ragl (forward, 5'-CTGAAGCTCAGGGTAGACGG-3';
reverse, 5'-CAACCAAGCTGCAGACATTC-3'). Significant PCR fluores-
cent signals were normalized for each sample to a PCR fluorescent signal
obtained using GAPDH or 18S rRNA as control.

Coculture of fetal liver (FL) cells with OP9-delta-like-1
(OP9-DL1) stromal cells

OP9-DL1 is a bone marrow stromal cell line that expresses a Notch ligand,
Delta-like 1, and supports development of DP thymocytes from FL-derived
hemopoietic progenitors (29) and was provided by Dr. J. C. Zifiga-Pfliicker
(University of Toronto, Toronto, Canada). In our OP9-DL1 assay, FL
cells were harvested from E14.5 embryos and cultured on OP9-DL1 cells
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in combination with retroviral gene transfer as previously described (19).
Briefly, mononuclear cells were separated from FL cells of C57BL/6 mice.
In-brief, 5 X 10* mononuclear cells were cultured on confluent OP9-DL}
cells in flat-bottom 24-well culture plates with 500 ml of MEM (Invitrogen
Life Technologies) supplemented with 20% FCS, penicillin/streptomycin,
and 5 ng/ml recombinant human (rh) IL-7 (Techne Laboratories). After 5
or 6 days of culture, § X 10* cells were passed onto newly prepared OP9-
DL1 cells in the presence of 5 ng/ml rhIL-7, and retrovirus infection was
performed using polybrene (final concentration, 8 mg/ml), followed by
another 5 or 6 days of culture. In brief, 5 X 10* cells were again passed
onto newly prepared OP9-DL1 cells and cultured for another 5 or 6 days,
but in rhiL-7-free culture medium.

PCR for TCRB rearrangement

PCR for TCRf rearrangements was performed as described elsewhere (30)
on DNA isolated from FL cells cultured on OP9-DL1 using the following
primers: D2, GTAGGCACCTGTGGGGAAGAAACT; 1B2, TGAGAG
CTGTCTCCTACTATCGATT; and V5.1, GTCCAACAGTTTGATGAC
TATCAC. After 40 cycles of amplification (10 s at 98°C, 2 min at 68°C),
PCR products were separated on a 4% agarose gel.

RNA interference

The vector backbone was RNAi-Ready pSIREN-RetroQ-ZsGreen (BD
Clontech). The RNA interference target sequences were GGAGCAG
GATAAACCTAGA (sequence 1), GACTGATATTCTAATTGAA (se-
quence 2), and GTTCCAGACTGATATTCTA (sequence 3). The small
hairpin RNA (shRNA) were designed by a shRNA design algorithm, which
was developed by Dr. M. Miyagishi (31). Oligonucleotides used for con-
struction were GATCCGGGGTAGGATAAACTTAGAACGTGTGCTGT
CCGTTCTAGGTTTATCCTGCTCCTTTTTACGCGTG (oligonucleotide
1, sense), AATTCACGCGTAAAAAGGAGCAGGATAAACCTAGAAC
GGACAGCACACGTTCTAAGTTTATCCTACCCCG  (oligonucieotide
1, antisense), GATCCGATTGATGTTCTAGTTGAAACGTGTGCTGTC
CGTTTCAATTAGAATATCAGTCTTTTTACGCGTG (oligonucleotide
2, sense), AATTCACGCGTAAAAAGACTGATATTCTAATTGAAACG
GACAGCACACGTTTCAACTAGAACATCAATCG (oligonucleotide 2,
antisense), GATCCGTTTCAGATTGATGTTCTAACGTGTGCTGTCCG
. TTAGAATATCAGTCTGGAACTTTTTACGCGTG (oligonucleotide 3,
sense), and AATTCACGCGTAAAAAGTTCCAGACTGATATTCTAAC
GGACAGCACACGTTAGAACATCAATCTGAAACG (oligonucleotide
3, antisense). Retrovirus was prepared by transfecting the PlatE cell line
with the knockdown vectors.

Results
Clustering of differentially expressed genes during
DN thymocyte development

The DN2, DN3, and DN4 populations were FACS sorted from DN
thymocytes harvested from four C57BL/6 mice and analyzed by an
Affymetrix Mouse Genome 430 2.0 Array for gene expression
(Fig. 1A). Four independent experiments were performed using 16
mice. After normalizing the array signals using an invariant gene
set (22), we extracted differentially expressed probe sets whose
signals showed =1.5-fold difference between DN2 and DN3 or
between DN3 and DN4. With this threshold, 1,901 probe sets (or
1,500 nonredundant genes) were extracted as “differentially ex-
pressed” from a total of 27,330 probes (16,131 genes) expressed in
either of the three DN subsets, with a false discovery rate of 0.007
as determined by random permutation tests (23). In hierarchical
clustering, the four independent array data sets for each subset
were correctly clustered into the same clusters, validating the re-
producibility across the experiments (Fig. 1B). In contrast, the K-
means clustering of the 1,500 differentially expressed genes iden-
tified six clusters, CL1-CL6, showing discrete temporal
expression profiles: genes expressed higher in DN2 and down-
regulated in DN3 (CL1), those expressed higher in DN2 and grad-
ually down-regulated in DN3 and DN4 (CL2), those expressed in
DN2 and DN3 but down-regulated in DN4 (CL3), those only tran-
siently expressed in DN3 (CL4), those expressed both in DN3 and
DN4 (CL5), and those showing low expression in DN2 and DN3
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FIGURE 3. Temporal expression profiles of hemopoietic lineage-affil-
iated genes. A, Histogram of the number of lineage-affiliated genes with
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temporal expression profiles. Absolute numbers of lineage-affiliated genes
and all genes in each cluster are shown above the bar. C, Number and
composition of different lineage-affiliated genes with regard to clusters.
Area of each circular graph represents the number of genes affiliated with
each lineage.

and up-regulated in DN4 (CL6) (Fig. 1C). The lists of genes in
these clusters were presented in supplementary Table S1, a-f.*

Predominantly repressive gene regulation in DN thymocytes
and their lineage-promiscuous gene expression

With regard to the temporal profiles of gene expression in DN
thymocytes, our first note is that 1123 (74.9%) of the 1500 differ-
entially expressed genes are initially expressed in DN2 but even-
tually down-regulated during the course of DN thymocyte devel-
opment (CL1-3), while only 79 (5.27%) and 89 (5.93%) genes are
up-regulated in DN3 and DN4 (CL5 and CL6), respectively (Fig.
1C). The other set of genes (CL4) are transiently expressed in DN3
but have low expression in DN2 and DN4. Thus, gene regulation
during DN thymocyte development is largely repressive rather
than inductive. Our next note was that these down-regulated genes

* The online version of this article contains supplemental material.
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Table 1. Significantly relevant pathways in each cluster

Rank Name P
CL1
] Ets (Spi subfamily) regulation 3.84 X 1077
2 IL-4 signaling 135 X 107%
3 1gG signaling 1.39 X 107*
4 Integrin signaling 6.94 X 1074
5 c-kit signaling 1.47 X 107?
6 G protein (G12/13) signaling 1.55 x 1073
7 Ets (TCF subfamily) regulation 3.11 x 1073
8 Rho family signaling 830 x 1072
9 CD44 signaling 8.60 X 1073
CL2
] RUNX regulation 2.19 X 1077
2 Endoplasmic reticulum regulation 9.72 X 107°
3 Platelet-derived growth factor signaling 4.94 X 1074
4 Prolactin signaling 7.09 X 1074
5 PI3K signaling 1.23 % 107°?
6 y-Aminobutyric acid signaling 1.23 %X 107%
7 IL-2 signaling 1.78 X 107?
8 CCRI0 signaling 4.66 X 1073
9 G protein (Gq/11) signaling 587 X 1073
10 Human growth factor signaling 9.55 X 1073
CL3
1 NFAT regulation 9.67 X 107%
2 AP-1 regulation 3.12 X 1073
3 Caspase signaling 3.59 x 107?
4 PPAR« regulation 5.24 X 1073
CL4
] TCRap signaling 235 %x107°
2 Ets (Ets family) regulation 1.40 x 10~%
3 Integrin signaling 1.87 X 1073
4 NF-«B regulation 7.58 X 1073
5 Notch signaling 823 x 107°
CL5 and 6
1 Integrin signaling 1.67 X 1078
2 TCRaf signaling 7.23 X 107¢
3 Ets (Ets family) regulation 3.17 x 107°
4 RBJ/E2F regulation 2,64 X 1074
5 TCF regulation 4,53 X 1074

contain a variety of genes whose expression is relatively charac-
teristic to one or more hemopoietic lineages (lineage affiliated),
including NF-E2 and thrombin receptor (megakaryocytes), PU.J,
lysozyme, and myeloperoxidase (myeloid lineages), Lyn, Syk, Bk,
Bcl3, BCAP, and Bach2 (B cells), and 2B4, Fas ligand, and gran-
zyme B (mature T cells) (Fig. 24). This suggested that “promis-
cuous” expression of multiple lineage-affiliated genes in early thy-
mocyte progenitors and their repression during the course of their

Table 11 List of genes in CL4 with presumed DNA-binding capacity
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commitment to mature T cells could be one of the characteristics
of immature thymocytes. To confirm this in more detail, we iden-
tified those genes whose expression was thought to characlerize a
variety of mature hemopoietic lineages and tracked their expres-
sion levels during the course of DN thymocyte development. Be-
cause no comprehensive gene expression database was available
for mice, we did this using a human tissue expression database at
the Genomics Institute of the Novartis Research Foundation web
site (http://symatlas.gnf.org/SymAtlas/) (32) by translating mouse
genes into their human counterparts. A gene is considered to be
affiliated with a lineage if its human counterpart shows >10 times
higher expression in that lineage than their median expression
among 79 different tissues. Among the 1500 differentially ex-
pressed genes, the human counterparts were uniquely identified for
744 (49.6%) genes (Fig. 1C), of which 133 (17.9%) satisfied the
above criteria for being affiliated with one or more hemopoietic
cell lineages (Fig. 34), and lists of genes affiliated with respective
lineages are presented in supplementary Table S2, a—g.* Among
the 133 lineage-affiliated genes, 110 (83%) are expressed in DN2
and down-regulated during the course of the DN thymocyte de-
velopment (CL1-CL3), accounting for 20% of 548 down-regu-
lated genes assigned to CL1-3 (Fig. 3B). More genes are rapidly
down-regulated during the DN2/DN3 transition (CL1), whereas as
indicated from the relatively high CL3 component, down-regula-
tion of genes affiliated with NK cells seems to occur more slowly
(Fig. 3C). Although most of these down-regulated genes are affil-
iated with lineages other than T cells, many T cell-affiliated genes
are also prematurely expressed in immature thymocytes and un-
dergo down-regulation before they are definitely expressed later in
thymocyte maturation (Figs. 24 and 3C). Only 12 (9%) lineage-
affiliated genes were newly up-regulated until the DN4 stages and
mostly related to T cells (Fig. 3, B and C). Note that our criteria for
lineage relatedness may be too conservative, since many of genes
presumed to be specific to mature T cells, such as 2B4, Fas ligand,

. and granzyme B, were not extracted as T cell-related genes.

Pathway analysis of gene clusters during DN thymocytes
development

The functional features of genes showing discrete expressional
time courses are of interest to understand the regulation of DN
development. To address this, we statistically explored possible
functional links among genes within each cluster by evaluating a
probability that a given set of genes on the known functional path-
way was grouped together by chance within that cluster, showing
a similar temporal expression profile using KeyMolnet software

Entrez Gene
Identification Gene Title GO Motecular Function Description
26972 Sporulation protein, meiosis-specific, SPO11 homolog . DNA binding, DNA topoisomerase (ATP-hydrolyzing)
(Saccharomyces cerevisiae) activity, ATP binding, hydrolase activity
18131 Notch gene homolog 3 (Drosophila) DNA binding, transcription factor activity, receptor activity,
calcium ion binding, protein binding
72693 Zinc finger, CCHC domain containing 12 Nucleic acid binding, zinc ion binding, metal ion binding
278672 RIKEN cDNA 1110051B16 gene DNA binding, transcription factor activity, sequence-specific
DNA binding
13655 Early growth response 3 Nucleic acid binding, DNA binding, zinc ion binding, metal
ion binding
210104 cDNA sequence BC043301 Zinc ion binding, metal ion binding, nucleic acid binding
320790 Chromodomain helicase DNA binding protein 7 —
67344 Tctex! domain containing 1 —
15463 HIV-1 Rev-binding protein DNA binding, zinc ion binding, metal ion binding
272382 SpiB transcription factor (Spil/PU.1 related) DNA binding, transcription factor activity, sequence-specific

DNA binding. transcription factor activity
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FIGURE 4. Structure of Duxl and similarity to its candidate orthologs. A, Homology of Duxl to its putative human orthologs (DUXA and DUX4)
in amino acid sequences in which boxes indicate the identical amino acids among the three genes, asterisks indicate the common amino acids between
Duxl and DUXA. and open circles indicate the common amino acids between Duxl and DUX4. B, Structure of predicted Duxl protein with its
similarity to DUXA and DUX4. C, Gene structures of Dux/ in mouse and DUXA and DUX4 in humans. D, Distribution of Dux/ expression in various
tissues and cell lineages as determined by qPCR. The amount of transcript of Dux/ was normalized to the amount of 185 rRNA in each tissue/
population and is shown relative to levels in the total splenocytes in the upper right panel. Data shown are the average = SD from triplicate samples.
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(IMMD) (27). Because of the small numbers of genes within the tionally related genes or pathways were extracted from each clus-
clusters CLS and CL6, both clusters were analyzed after being ter. Table I shows a list of pathways extracted in high significance
combined together. In this pathway analysis, several sets of func- values (p < 0.01). For examples, genes involved in c-kit signaling
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(p = 0.00147) and CD44 signaling (p = 0.0086) were extracted
from the CLI cluster, reflecting the fact that c-kir and CD44 are
down-regulated in DN3 and also indicating that the pathways ex-
tracted from CL1 are expected to be inactivated in DN3. Other
pathways that are known to undergo dynamic regulations during
DN thymocyte development were also extracted from different
clusters, including the Runx1 pathway from CL2 (gradually down-
regulated), NFAT and AP-1 pathways from CL3 (down-regulated
in DN4), TCRaf3, NF-«B, and Notch pathways from CL4 (tran-
siently activated in DN3), and Ets and TCRaf pathways from
CLS5/CL6 (up-regulated in DN3 or DN4). The other pathways that
were extracted with high significance values but have not been
previously implicated in T cell development include those related
to platelet-derived growth factor, y-aminobutyric acid, and perox-
isome proliferator-activated receptor a.

Expression and structure of 110051B16Rik or Duxl gene -

In view of clarifying gene regulations that operate during thymo-
cyte development, of particular interest are genes included in CL4,
because they show a unique temporal expression profile of tran-
sient induction or up-regulation in DN3 and contain key genes for
the thymocyte development or 3 selection, including pre-TCRe«,
SpiB, Egr3, and Notch3 (33-37) (Fig. 2B). Especially, we were
interested in genes that were thought to be involved in transcrip-
tional regulations (Table 1I). Among these genes, we focused on a
gene, 1110051B16Rik, which encodes a putative transcription fac-
tor with unknown functions (Table Il and Fig. 4A). It has an open
reading frame of 1050 nt and the predicted protein shares structural
features and sequence similarities with the families of double ho-
meobox proteins that are thought to have rapidly diverged during
evolution (Fig. 4B) (38). Although currently no definite human
ortholog is uniquely identified due to incomplete sequence homol-
ogy to human sequences, it shows the highest similarity with hu-
man DUXA or DUX4 in their amino acids sequence and gene
structure with DUXA (Fig. 4, B and C), and thus, was named as
Dux! (Dux in lymphoid lineage). In hemopoietic compartments,
expression of Duxl is largely restricted to DN3 thymocytes and
B220-positive B cells in bone marrow and spleen, implicating their
functional roles in both subsets of lymphocytes, although it is also
expressed in embryos from mid to late gestation, as well as in other
non-hemopoietic adult organs, including brain, prostate, and uterus
(Fig. 4D).

Function of Dux] in thymocyte development

To get an insight into the role of Dux! in thymocyte development,
we first examined its expression among the subpopulations of DN3
thymocytes by FACS sorting DN3 cells into two populations ac-
cording to their expression of intracellular TCRB (iTCRf) chains
(Fig. 5A, upper panel) (8, 39). In quantitative PCR (qPCR) anal-
ysis, Duxl transcripts were detected in the iTCRB ~ fraction
(DN3a) but not in the iTCRB™ fraction (DN3b), indicating that the
Duxl expression is largely restricted to the DN3a fraction (Fig. 54,
lower panel).

To explore the effect of constitutively expressed Dux!/ on DN
thymocyte differentiation, we transduced the Dux! cDNA into
mouse FL cells using a bicistronic retrovirus vector with a marker
GFP c¢DNA in the second cistron, and the Dux/-transduced FL cells
were then assayed on the OP9-Delta-1 (OP9-DL1) culture system
that can mimic intrathymic development of DP thymocytes from
the FL hemopoietic progenitors (29). As previously described, the
mock-infected FL cells generated substantial numbers of GFP™*
DP thymocytes after 15 days of culture on OP9-DL1 (Fig. 5B,
upper central panel) (19). In contrast, the number of GFP* DP
cells was dramatically reduced in the culture from the Dux!-trans-
duced FL cells (Fig. 5B, upper right panel). Although the total cell
numbers were not significantly different between both cultures, the
GFP* cells from the Duxl-transduced culture generated an in-
creased proportion of the CD25"CD44™" cells, compared with
mock-infected cells (Fig. 5B, middle panels) that produced a sim-
ilar proportion of CD25*CD44'"™" cells as GFP ~ cells (data not
shown). The increased proportion of CD25°CD44'°% in Duxl-
transduced culture was accompanied with a reduced DN2 popula-
tion. The GFP*CD257CD44'"" cells in the Dux/-transduced FL
cells had a Thyl™ CD11c = Macl “NK1.17B220 ~ phenotype.
We extracted total RNAs from mock-infected DN2 and DN3 and
Duxl-introduced DN2 and DN3 cells cultured on OP9-DLI1 and
analyzed their expression of Ragl, PU.1, and c-kit using real-time
PCR and flow cytometry, respectively. In Duxl-introduced DN2
and DN3 cells, expression of Ragl was enhanced and expression
of PU.I] was reduced, whereas no difference was observed in ¢-kit
expression between mock-infected and Duxl-introduced cells (Fig.
5C). Therefore, Duxl is supposed to promote the DN2/DN3 tran-
sition in some respects, while not in others.

Mock-infected and Duxi-transduced CD25" CD44'*™ cells were
sorted and their genomic DNA was analyzed by PCR for TCRB
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rearrangement. Interestingly, although the fraction of iTCRB-pos-
itive cells in Dux!-transduced DN cells was substantially reduced
compared with that in control DN cells (Fig. 5B, lower panels), the
extent of DJB and V-DJB rearrangement in Duxi-transduced
CD25"CD44" cells was comparable to those of control cells or
rather slightly accelerated compared with control cells (Fig. 5D),
indicating that Dux] actively represses expression of rearranged
TCRf genes. Indeed, expression of surface TCRf in the mouse
thymoma cell line AKRI, which exhibits the DP phenotype
(CD4*CD8*TCR™), was reduced after Dux! was introduced us-
ing retroviral vector (Fig. SE). Taken together, these data suggest
that the increased CD25%CD44'% population in the Duxi-trans-
duced cells show a DN3a-like phenotype and that constitutive ex-
pression of Duxl promotes the DN2/DN3 transition but compro-
mises the process of B selection.

To further investigate the role of Duxl in DN2/DNS3 transition,
we knocked down the expression of Dux! in FL cells using RNA
interference, in which FL cells were transfected with a retrovirus
that produces shRNA directed against Dux! and examined for their
development in the OP9-DL1 culture. Among three different ShRNAs
(sequences 1-3), only sequence 1 shRNA showed significant
RNA interference as confirmed by the reduced cell surface expres-
sion of a truncated form of nerve growth factor receptor (NGFRt)
in NIH3T3, where the NGFRt was translated from a bicistronic
message of the Duxl-IRES-NGFR:t (Fig. 6A). When transduced
with sequence 1 shRNA, FL cells showed a reduced DN2/DN3
transition in OP9-DL1 culture as determined by the higher levels
of CD44 expression in GFPTCD25™ cells compared with GFP~
CD25™ cells within the same culture or with GFP*CD25™ cells in
the aLuc (mock)-infected culture (Fig. 6B).

It was of particular interest to explore a possible functional link
between Dux! and Runx1, because we showed that Runx] is es-
sential for the DN2/DN3 transition (18). Thus, we tested whether
Duxl can rescue the phenotype of Runx1 deficiency in developing
thymocytes by transducing Dux! into FL cells from Runx]-defi-
cient mice in OP9-DLI culture. Although mock-transduced
Runx]-deficinet FL cells showed the defective DN2/DN3 transi-
tion with impaired down-regulation of CD44 (19), Dux! transduc-
tion clearly increased the CD44'"¥CD25™ population (Fig. 7, A
and B), although the latter population still did not express intra-

4

intraceflular TCRp

O : GFP(-) fraction
O : GFP(+) fraction

cellular TCR chains (Fig. 7A, lower panels). Thus, Dux! can in-
duce down-regulation of CD44 in a Runx/-independent manner.
We further examined whether Duxl is induced by Runxl1 or not,
where Runx/ was transduced into normal FL cells in OP9-DLI
culture or an AKR1 cell line, and expression of Dux/ was measured
by quantitative PCR 72 h after the transduction. In both experi-
ments, Runx]-ransduced GFP* cells showed a marked increase in
Dux! expression (Fig. 7C). These results indicated that Runx1 pro-
motes the DN2/DN3 transition by, at least in part, regulating ex-
pression of Dux!; although it is not clear whether this regulation is
direct or indirect.

Discussion

Several groups have investigated the gene expression profiles of
developing thymocytes (40-43). Despite the differences in ana-
lytical methods, panels of genes to be examined, microarray used,
thymocyte subpopulation analyzed, or species, the reported ex-
pression pattern of some representative genes such as pTa, Nothc3,
Egr3, or SpiB were reproduced in our study (15, 40, 42). Further-
more, our study revealed a new aspect that was not described so far
and adds to knowledge of the development of thymocytes. Intra-
thymic development of thymocytes is a dynamic process, during
which immature thymocytes progressively commit to mature T
cell differentiation accompanied by explosive expansions of their
population. As such, we initially expected that this process be
driven by induction of a large number of regulatory genes. Unex-
pectedly, however, our expression profiling clearly showed that
gene regulation during early thymocyte development is character-
ized by mostly repressive activities of transcription, where 90% of
the differentially expressed genes were eventually down-regulated.
This means that as thymocytes differentiate from their progenitors,
they become to use more limited sets of genes at least before dif-
ferentiating into DP cells.

Among these down-regulated genes, a notable subset is a group
of genes that show lineage-promiscuous expression. According to
our somewhat arbitrary criteria, these genes account for a substan-
tial proportion (20%) of down-regulated genes in DN2. In other
words, immature thymocytes in the DN2 subset simultaneously
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express genes from different lineage-affiliated programs. Such lin-
eage-promiscuous states were previously implicated for multipo-
tent hemopoietic progenitors based on the observation for limited
numbers of lineage-affiliated genes (44-46). We confirmed this
for DN thymocytes by analyzing expression of a large number of
genes and also evaluated their temporal changes during the course
of their development. Of note is that mature T cell-related genes
expressed in DN2 are also transiently repressed during DN2 to
DN4 progression. Because our criteria of >10 times higher ex-
pression than the median could be too strict, more DN2 genes
undergoing down-regulation thereafter could be explained under
this framework.

The interpretation of this lineage-promiscuous gene expression
in very immature thymocytes is elusive, but it may be speculated
that these immature cells are conditioned or primed before their
differentiation into particular lineages and that these “primed”
states are represented by expression of multiple lineage-affiliated
genes. In this scenario, the lineage-promiscuous expression of DN
thymocytes could be related to plasticity of these cells. DN2 thy-
mocytes are committed to T lineage to a certain extent but still can
give rise to other lineages such as NK cells (10, 12-14), which
might reflect the observation that NK cell-affiliated genes were
more slowly down-regulated during DN thymocyte development
(Fig. 3C). Alternatively, lineage-promiscuous gene expression
could be explained by the heterogeneous lineage potential at the
level of cellular complexity. Because CD44*LCD25'"" DNI cells
are composed of muitiple subsets with distinct differentiation ca-
pacity that could be identified with additional c-kit and CD24
staining (11), DN1 cells express a large number of lineage-pro-
miscuous genes down-regulated at the DN1/DN2 transition (40).
This may be also the case with DN2 cells we have sorted without
c-kit and CD24 staining in this study. Although, the observation
that differentiation capacity of DN1 cells with lysozyme expres-
sion was similar to that of DN1 cells without lysozyme expression
(47) strongly supports the former interpretation, it is necessary to
examine the gene expression profiles of each single DN cell, as
well as more precise sorting with c-kit and CD24 staining, to know
which interpretation is more accurate. )

Computational mapping of differentially expressed genes show-
ing similar temporal profiles (CL1-CL6) to known functional
pathways seems to be effective to extract the relevant pathways in
DN thymocyte development, because it successfully extracted
well-characterized pathways in developing thymocytes, such as
those related to Runx], TCRB, NF-xB, NFAT, and Notch genes. In
addition, it also implicated the presence of several previously un-
known pathways that might be regulated during thymocyte devel-
opment. Although further evaluations are required, finding of these
potentially relevant pathways will provide valuable clues to the
exploring molecular mechanisms of regulation of DN thymocyte
development. _

During DN thymocyte development, only a minority of genes
was newly induced, among which those included in the CL4 clus-
ter were of our particular interest, because they were transiently
expressed within a window in DN3 and contained several well-
known pathways and genes that are critical for thymocyte devel-
opment. From a few candidate genes within this cluster that are
potentially involved in transcriptional regulations, we identified a
novel double homeobox gene, named Dux!, which is transiently
expressed in DN3a and could have critical roles in regulation of
DN thymocyte development. When constitutively expressed in FL
cells in OP9-DLI culture, Duxl enhances the proportion of

CD44'“CD25" thymocytes that mimic the phenotype of DN3a-

cells with severely reduced DP cells, while the knockdown of Duxli
in FL cells impaired the proper DN2/DN3 transition. Thus, Duxl is

GENE EXPRESSION PROFILE OF IMMATURE THYMOCYTES

thought to play an important role in promoting the DN2/DN3 tran-
sition in the development of DN thymocytes.

In early thymocyte development, Duxl has several functional
similarities to SpiB, in that it is highly expressed in DN3a as well
as B cells, and that normal thymocyte development is impaired
when constitutively expressed or knocked down in early thymo-
cytes (33). These observations may implicate a possible functional
link between SpiB and Duxl, which should be addressed in further
analysis. For example, SpiB also regulates B cell differentiation,
implicating that Dux] is also involved in development of B cells.

Of particular interest is the finding that Dux! is induced by
Runx! expression and can partially rescue the Runx/-deficient
phenotype with regard to the down-regulation of cell surface
CD44, indicating that Dux] is one of the effecter molecules in-
volved in the DN2/DN3 transition that is regulated by Runx1. The
detailed molecular mechanism of the DN2/DN3 transition is
largely unknown because only limited numbers of mice strains,
namely, Runx/-deficient mice (18) and pTa/common cytokine re-
ceptor y-chain double knock-out mice (20), exhibit the matura-
tional block between the DN2 and the DN3 stage. However, con-
sidering the fact that during the transition from the DN2 1o the
DN3 stage, the TCRf gene is rearranged and af8T cell, y8T cell,
and NK cell lineages begin to diverge (10, 48, 49), the DN2/DN3
transition, on which our findings could shed light, is supposed to
be a crucial developmental step.

On the other hand, the interpretation of the severely reduced
production of DP cells associated with constitutive expression of
Duxl in FL cells is complicated in a context of its physiological
roles. Since the Duxi-transduced FL cells seem to show a matu-
rational block at the transition between DN3a and DN3b, during
which Dux] undergoes down-regulation in vivo, it may be postu-
lated that Dux! being normally down-regulated in this step is im-
portant for the 8 selection and subsequent DP thymocyte produc-
tion. We may safely conclude that the precise regulation of Duxl
expression is essential for DP thymocytes to be normally generated
in OP9 culture, but its physiological functions in 3 selection and
DP thymocyte generation are still elusive. To address this, more
sophisticated experimental approaches with precisely targeted ex-
pression of Dux! in vivo should be required.

In conclusion, through the gene expression profiling of chrono-
logically discrete subsets of DN thymocytes, we demonstrated the
predominantly repressive gene regulation during DN thymocyte
development along with its implication in lineage-promiscuous
gene expression in immature thymocytes. Among the gene cluster
showing transient expression in DN3, we identified Duxl, a novel
double homeobox gene, that is induced by Runx1 and involved in
regulation of DN thymocyte development.
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Highly pathogenic avian influenza virus (H5N 1) is
an emerging pathogen with the potential to cause
greatharmto humans, and thereis concern about
the potential for a new influenza pandemic. This
virus is resistant to the antiviral effects of
interferons and tumor necrosis factor-a.. How-
ever, the mechanism of interferon-independent
protective innate immunity is not well under-

stood. The prophylactic effects of chitin micro-

particles as a stimulator of innate mucosal
immunity against a recently obtained strain of
H5N1 influenza virus infection were examined in
mice. Clinical parameters and the survival rate of
mice treated by intranasal application of chitin
microparticles were significantly improved com-
pared to non-treated mice after a lethal influenza
virus challenge. Flow cytometric analysis
revealed that the number of natural killer cells
that expressed tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and that had
migrated into the cervical lymph node was
markedly increased (26-fold) after intranasal
treatment with chitin microparticles. In addition,
the level of IL-6 and interferon-gamma-inducible
protein-10 (IP-10) in the nasal mucosa after H5N 1
influenza virus challenge was decreased by
prophylactic treatment with chitin microparticles.
These results suggest that prophylactic intra-
nasal administration of chitin microparticles
enhanced the local accumulation of natural killer
cells and suppressed hyper-induction of cyto-
kines, resulting in an innate immune response to
prevent pathogenesis of H5N1 influenza virus.
J. Med. Virol. 79:811-819, 2007.
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INTRODUCTION

Avian influenza A subtype H5N1 outbreaks involving
fatal human respiratory disease were reported in Hong
Kong in 1997 (H5N1/97) [Claas et al., 1998; Subbarao
et al., 1998]. The subsequent re-emergence of human
H5N1 disease with high fatality rates has been reported
in southern China [Peiris et al., 2004), Vietnam [Tran
et al., 2004], Thailand (Grose and Chokephaibulkit,
2004], Cambodia, Indonesia, Turkey, and Iraq. At least
278 laboratory-confirmed cases of human infection with
a fatality rate of greater than 50% were reported to the
World Health Organization [2007] from January 2003 to
March 2007. It has been reported that an oseltamivir-
resistant H5N1 influenza virus (A/Hanoi/30408/2005)
was isolated from a Vietnamese girl [Le et al., 2005}, and
H5N1 influenza viruses isolated from Hong Kong
(A/Hong Kong/156/97, A/Hong Kong/483/97, and A/
Hong Kong/486/97) were resistant to the antiviral
effects of interferons and tumor necrosis factor-o [Seo
et al., 2002].

Natural killer cells eliminate tumor cells and cells
infected by viruses, including influenza virus, via
their cytotoxic activity and production of cytokines
[Biron and Brossay, 2001; Cooper et al.,, 2001; Gazit
et al., 2006]. Natural killer cells are rapidly recruited
to sites of infection, and can inhibit viral replication
and dissemination through the respiratory tract
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[Stein-Streilein et al., 1983; Stein-Streilein and Guffee,
1986, and unpublished data by P. Strong]. Thus, natural
killer cells play a role in the early stage of host defense
against viral infection, and also bridge the subsequent
adaptive anti-viral immune responses [Kos and Engle-
man, 1996; Biron, 1997; Biron et al., 1999; Andoniou
et al., 2005; O’Leary et al., 2006]. Although the precise
mechanism of the innate immune response to highly
pathogenic H5N1 influenza virus is still unknown, the
role of natural killer cells in innate immunity against
viral infection seems to be important.

Chitin (a natural polysaccharide of N-acetyl-p-gluco-
samine), one of the most abundant polysaccharides in
nature, is an essential component of fungal walls and the
exoskeletons of crabs, shrimp, and insects. Chitin is non-
allergenic, non-toxic, bio-degradable and biocompatible.
Chitin-derived products are now widely used in the
medical, veterinary, cosmetic, health supplement, and
environmental industries [Okamoto et al., 1993]. Chit-
osan, a highly deacetylated form of chitin, has been used
as a vaccine adjuvant due to its muco-adhesive proper-
ties, and has been shown to enhance antibody responses
to mucosally delivered vaccine antigens [Bacon et al.,
2000]. Chitin microparticles (1—-20 pm in diameter), in
contrast to chitosan, have strong immunomodulatory
properties. Previous studies showed that chitin micro-
particles had effective adjuvant activity with an inacti-
vated influenza vaccine [Hasegawa et al., 2005] or with
an HIV-DNA vaccine [Hamajima et al., 2003]. Chitin
microparticles, when administered intranasally, have
also been found to reduce symptoms of respiratory
allergy and allergic asthma [Strong et al., 2002; Ozdemir
et al., 2006]. Other studies using chitin microparticles
have demonstrated their Thl-inducing properties and
shown that phagocytosis of chitin microparticles by
macrophages through involves the mannose receptor
and results in the production of IL-12, IL-18, and tumor
necrosis factor-o, which in turn stimulated natural
killer cells to produce IFN-y [Shibata et al., 1997a,b,
1998]. _

In the present study, prophylactic use of intranasally
applied chitin microparticles to stimulate innate muco-
sal immunity tolethal H5N1influenza virus challenge is
investigated. It is shown that intranasal pretreatment
with chitin microparticles induces expression of tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) in a large proportion of natural killer cells in
the cervical lymph node, and suppresses viral load and
hyper-induction of cytokines that may play a role in the
pathogenesis of H5N1 [Chan et al., 2005; de Jong et al.,
20061].

MATERIALS AND METHODS
Mice

Six- to 8-week-old female BALB/c mice were pur-
chased from Japan SLC. Mice were kept under specific-
pathogen-free conditions approved by the Institution
Animal Care and Use Committee of National Institute of
Infectious Diseases.

J. Med. Virol. DOI 10.1002/jmv
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Viruses
The mouse-adapted strains of A/Puerto Rico/8/34 (A/
PR8, HIN1) and wild-type A/Vietnam/1194/04

(VN1194, H5N1) viruses were used in this study. The
A/PRS8 virus was passaged 148 times in the ferret, 596
times in the mouse, and 73 times in 10-day fertile
chicken eggs. The VN1194 virus isolated from patients
with H5N1 disease in Vietnam in 2004 was prepared in
Mardin-Darby canine kidney (MDCK) cells without any
additional special steps for mouse adaptation. These
viruses were stored at —80°C and viral titers were
quantified by plaque assay.

Preparation of Chitin Microparticles,
Poly(I:C) and LPS

Chitin microparticles prepared from shrimp derived
chitin was kindly provided by P. Strong (CMP Ther-
apeutics Ltd., Oxford, UK). Particle size was determined
by Christison Particle Technologies (Gateshead, UK)
using a Model 780 Accusizer and the average particle
size was 10 um. The sterility of the chitin microparticles
was confirmed by plating on agar plates. The concentra-
tion of endotoxin in the chitin microparticles prepara-
tions was examined by Limulus Amebocyte Lysate
Assay (BioWhittaker, Wokingham, UK) and shown to
be less than 1 EU/ml. Synthetic dsRNA [poly(I:C)] was
kindly provided by Toray Industries, Inc. (Kamakura,
Kanagawa, Japan). Lipopolysaccharide (LPS) was pur-
chased from Sigma (St. Louis, MO).

Pretreatment with Chitin Microparticles,
Poly(I:C) and LPS and Virus Infection in Mice

To assess the efficacy of intranasal pretreatment with
innate immune stimulators as prophylactic agents
against influenza (A/PR8, H1N1) and highly pathogenic
avian influenza (VN1194, H5N1) strains, chitin micro-
particles (100 pg), poly(I:C) (10 pg), LPS (1 pg) or PBS
were administered intranasally to mice. CMP treat-
ments were performed once a day for 2 or 3 days and
other treatments were performed once (6 hr) before viral
challenge. Previous experiments established the opti-
mum dosing schedule for CMP, poly(I:C), and LPS.
These amounts of each of the innate stimulators were
sufficient to generate adjuvant activity against influ-
enza virus infection when they were administered
intranasally with vaccine [Ichinohe et al., 2005, 2006].
Five mice for each experimental group were anesthe-
tized with diethyl ether and received an intranasal
application of 10 ul of PBS containing chitin micro-
particles, poly(I:C) or LPS (5 pl/each nostril) prior to
influenza virus infection. Mice were anesthetized 6 hr
after final administration, and 2 |l of a suspension of
influenza virus (A/PR8 or VN1194) was dropped into
each nostril (4 pl per mouse). Virustiters of nasal washes
were measured 3 days after inoculation of the influenza
virus. H5N1 virus infection experiments were carried
out in biosafety level 3 containment facilities approved
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by the Guides for Animal Experiments Performed at the
National Institute of Infectious Diseases.

Titration of Virus

Mice were given 100 pg of chitin microparticles or
PBS twice intranasally at 30 and 6 hr before infection,
then infected with 1,000 PFU of H5N1 influenza virus.
Mice (n=3 mice per time point) were sacrificed and
tissues were collected 3, 5, 8, or 10 days post-infection.
Viral titration in the frontal lobe, trigeminal nerve
ganglia, brain stem, cervical lymph node, spleen, liver,
kidney, large intestine, muscle, serum, nasal wash,
and lung wash of infected mice was determined by
plagque assay using MDCK cells (Fig. 4). Lung washes
and nasal washes were prepared in PBS containing
0.1% bovine serum albumin, as described previously
[Asahi et al., 2002] and used for viral titration after
removing cellular debris by centrifugation. Tissue
homogenates (1-10%, w/v) were prepared in PBS
containing 0.1% bovine serum albumin, centrifuged
at 9,170g for 10 min, and supernatants were inocu-
lated into cells in the presence of 10 pg/ml acetylated
trypsin (Sigma).

Flow Cytometry

Mice were given 100 pg of chitin microparticles
intranasally once a day for 3 days, and sacrificed 6 hr
after the final administration to collect the cervical
lymph node. The number of natural killer cells in the
local lymphoid tissue was analyzed by three-color flow
cytometry. Single cell suspensions were prepared from
the cervical lymph node and red blood cells were
depleted by incubation in 0.83% NH4CL Cells were
incubated with 5 ug/ml of anti-mouse CD16/32 antibody
(eBioscience, San Diego, CA) to block nonspecific
binding, then incubated with FITC-labeled anti-mouse
pan-natural killer cell antibody (Dx5, eBioscience) and
phycoerythrin (PE)-labeled anti-mouse tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) anti-
body (N2B2, eBioscience). To quantitate the total
number of live cells an aliquot of cells were incubated
with propidium iodide (PI, final concentration; 5 pg/ml).
Samples were analyzed with a flow cytometer (FACS-
Calibur, BD Biosciences, San Jose, CA), and the data
were analyzed with CELLQuest software.

Multiplex Cytokine Assays

Mice were given 100 pg of chitin microparticles or
PBS intranasally once a day for 2 days, then infected
with 1,000 PFU of H5N1 influenza virus. After the
challenge, mice were sacrificed to collect nasal washes
at 3, 5, 8, or 10 days post-infection. Samples of nasal
washes were analyzed for 20 cytokines (FGF basic,
GM-CSF, IFN-y, IL-1a, IL-18, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12, IL-13, IL-17, IP-10, KC, MCP-1, MIG,
MIP-1¢, TNF-a, and VEGF) by Luminex 200™
(Luminex Co., Austin, TX) using mouse cytokine
twenty-plex antibody bead kit (BioSource Interna-

813

tional, Inc. Camarillo, CA), according to the manufac-
turer’s instructions. Briefly, Multiplex beads were
vortexed and sonicated for 30 s and 25 ul of beads
suspension was added to each well of a 96 well filter
plate and washed twice with wash buffer. The nasal
wash were diluted 1:1 in assay diluent and loaded onto
a Millipore Multiscreen BV 96-well filter plate to
which 50 ul of incubation buffer had been added to
each well. Serial dilutions of cytokines standards were
prepared in parallel and added to the plate. Samples
were incubated on a plate shaker in the dark at room
temperature for 2 hr. The plate was applied to a
Millipore Multiscreen Vacuum Manifold, washed twice
with 200 pl wash buffer, and 100 ul of biotinylated
Anti-Mouse Multi-Cytokine Detector Antibody was
added to each well. The plate was shaken again as
above for 1 hr applied to a Millipore Multiscreen
Vacuum Manifold, and washed twice with 200 pl wash
buffer. One hundred microliters of Streptavidin R-
phycoerythrin was added directly to each well, plate
was shaken again as above for 30 min, applied to the
vacuum manifold, and washed twice. One hundred
microliters of wash buffer was added to each well and
the plate was shaken for 3 min. The assay plate was
analyzed using the Bio-Plex Luminex 100 XYP instru-
ment. Cytokine concentrations were calculated using
Bio-Plex Manager 3.0 software with a five parameter
curve-fitting algorithm applied for standard curve
calculation.

Statistics

Comparisons between experimental groups were
made using the Student’s z-test for paired observations;
P < 0.05 was considered statistically significant.

RESULTS

Protective Effect of Chitin Microparticles
on A/PR8 (H1N1) or A/Vietnam (H5N1)
Influenza virus Infection

To assess the efficacy of intranasal pretreatment with
chitin microparticles as a prophylactic treatment
against avirulent (A/PuertoRico/8/34/, HIN1) or highly
pathogenic avian influenza virus infection (A/Vietnam/
1194/2004, H5N1), a chitin microparticle suspension
was given intranasally to mice. After HIN1 viral
challenge, mice pretreated intranasally with either
poly(I:C) or LPS given 6 hr prior to infection showed a
marked reduction in virus titer in their nasal wash
(Fig. 1A). Mice treated with three daily doses of CMP
showed a partial but significant reduction of nasal-wash
virus titers (Fig. 1A). The protective effect of chitin
microparticles against H5N1 influenza virus infection
was also examined. Mice treated intranasally with three
daily doses of chitin microparticles showed a marked
reduction in virus titer in their nasal washes, although
mice pretreated with either poly(I:C) or LPS showed
only a partial reduction in virus titers in their nasal
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Fig. 1. Protective effect of innate immune stimulators against HIN1
and H5N1 influenza virus infection in BALB/c mice. A: Mice (n = 5 mice
per group) received 100 pg of chitin microparticles (CMP) once a day for

3 days, or 10 pg of poly(1:C), 1 pg of LPS, or PBS once 6 hr before viral -

challenge, then were infected intranasally with 100 PFU of A/PR8
(H1N1)influenza virusesin 2 pl suspension for each nostril. Virus titers
in nasal washes 3 days post-inoculation are shown. B: Mice were
pretreated as above and infected intranasally with 1,000 PFU of
VN1194 (H5N1) influenza viruses in 2 pl suspension for each nostril.
Virus titers in nasal washes 3 days post-inoculation are shown. Data
represents the means+ standard error (SE). Open circles indicate
values for individual mice. Asterisks indicate significant differences
compared with infected controls: *P < 0.05; **P < 0.01.

washes (Fig. 1B). These results suggest that chitin
microparticles can stimulate an immunological reaction
that leads to reduction of viral replication in vivo.

Pretreatment With Chitin Microparticles
Protects Mice From Lethal Infection of
H1N1 and H5N1

The mortality of mice after inoculation with a lethal
dose of HIN1 or H5N1 influenza virus was monitored.
Chitin microparticles (100 pg) was given intranasally
once a day for 3 days before infection with 100 PFU
(4 LD50) of H1N1 virus in a 20 pl suspension (Fig. 2A,B).
All the control mice pre-treated with PBS were dead
9 days after infection, with marked clinical symptoms of
disease and marked reduction of body weight. Mice
pretreated with chitin microparticles also lost weight
and developed clinical symptoms, but 15 days after
infection, 60% of mice recovered their body weight, and
survived for the duration of the experiment (at least
40 days after infection). :

The prophylactic effect of chitin microparticles
against lethal H5N1 influenza virus infection was also
examined. Mice were given 100 pg of chitin micropar-
ticles intranasally once a day for 2 days, or PBS 6 hr
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Fig. 2. Prophylactic effect of chitin microparticles (CMP) against
H1N1l-induced pneumonia or H5N1 influenza virus infection. Mice
(n=4-5 mice per group) were administered 100 pg of chitin
microparticles to the lung intranasally in a volume of 20 ul PBS once
a day for 3 days (closed circles) or PBS (open circles), then challenged
with a lethal dose (4 LD50) of A/PR8/H1N1 influenza virus in 20 ul PBS
to the lung. Survival curves (A) and body weight changes over time (B)
after virus challenge are shown. Body weights are plotted as a
percentage of the average initial weight. The open cross indicates the
time-point at which all mice in a group succumbed to disease. Infected
mice were monitored for 40 days. C: Mice (n=5 mice per group)
received 100 pg of chitin microparticles once a day for 2 days (closed
circles), or PBS (open circles), then infected intranasally with 1,000
PFU of VN1194 (H5N1) influenza virus in 2 ul suspension for each
nostril. Survival curves after virus challenge are shown. The survival
rates were monitored for 18 days.

before intranasal infection with 1,000 PFU of H5N1
influenza viruses. Interestingly, intranasal administra-
tion of chitin microparticles led to a significant improve-
ment in survival and fewer clinical symptoms compared
with PBS-treated control mice (Fig. 2C). These results
suggested that intranasal pretreatment with chitin
microparticles protects mice against both HIN1 and
H5N1 lethal infections.
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Fig. 3. Virus titers in various organs after challenge with 1,000 PFU of VN1194 (H5N1). Mice were
administered 100 pg of chitin microparticles (CMP) intranasally once a day for 2 days (closed circle) or PBS
(open circle), and infected with 1,000 PFU of VN1194 influenza virus. Mice were sacrificed to collect organs
3, 5, 8, or 10 days post-inoculation. Virustiters in the indicated organs after viral challenge are shown, Data
represents the means + SE, and represents the numbers of mice that failed to clear viruses/total number of

mice (n = 3). Asterisks indicate significant differences compared to the PBS control group; P <0.05.

Reduction of H5N1 Influenza Virus Titer in
Multiple Organs by Pretreatment with
Chitin Microparticles

To examine the efficiency of viral spread of A/Vietnam/
1194/04 (H5N1) after nasal infection in mice, viral titers
in multiple tissues from mice intranasally infected with
1,000 PFU of H5N1 were measured 3, 5, 8, and 10 days
after infection with or without chitin microparticles
pretreatment (n=3 mice per time point). Mice were
given 100 pg of chitin microparticles or PBS intranasally
twice at 30 and 6 hr before infection, then infected with
1,000 PFU of H5N1 influenza viruses. When the mice
were infected with a small volume (2 pl in each nostil) of
virus suspension without chitin microparticles pretreat-
ment, virus titers were detected in nasal washes and in
the trigerminal nerve ganglia of all mice 3 days post-
inoculation, and were highest at 5 days post-inoculation
(open circles in Fig. 3). Thereafter, virus was detected in
the.lung and brain stem 8 days post-inoculation (open
circles in Fig. 3). Interestingly, live virus was not
detected in the frontal lobe of the cerebrum, which is
directly connected to the nasal cavity via the olfactory
nerve. No live virus was detected in the spleen, liver,
kidney, large intestine, muscle, or serum of mice (data
not shown).

In the nasal wash and brain stem of chitin micro-
particles-treated mice, the virus titer was significantly
reduced compared to PBS-treated mice (closed circles in
Fig. 3). In addition, virus titers tended to be much lower

inlung washes, cervical lymph node, and terminal nerve
ganglia in the chitin microparticles-treated group
compared to the control group (closed circles in Fig. 3).
Live virus titers were not detected in the frontal lobe of
the cerebrum.

Migration of Natural Killer Cells Expressing
Tumor Necrosis Factor-Related Apoptosis-
Inducing Ligand (TRAIL) in the Cervical
Lymph Node After Intranasal Administration
of Chitin Microparticles

Previous work suggested that chitin microparticles
given intranasally induced an accumulation of natural
killer cells in local lymphoid tissue (unpublished data).
To define the mechanism of the protective effect of chitin
microparticles against highly pathogenic H5N1 influ-
enza virus infection, the migration of natural killer cells
into the cervical lymph node was examined. The
proportion of natural killer cells in the cervical lymph
node increased 6-fold in chitin microparticles-treated
mice compared with PBS-treated mice 6 hr after chitin
microparticles administration (Fig. 4A). As tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) plays an important role in the immune
response of natural killer cells to influenza virus
infection [Ishikawa et al., 2005], the number of natural
killer cells expressing tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) on their cell surface
was counted. The number of tumor necrosis factor-
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Fig. 4. Increased natural killer (NK) cell migration into the cervical -

lymph node after intranasal chitin microparticles (CMP) treatment.
Mice were administered 100 pg of chitin microparticles intranasally
once a day for 3 days or PBS, and sacrificed to collect the cervical lymph
node 6 hr after the final administration. cervical lymph node cells of 5
mice were pooled and stained with PI and anti-mouse CD49bFITC and/
or anti-mouse tumor necrosis factor-related apoptosis-inducing ligand
{TRAIL) PE antibodies. Viable cells (PI-) were selected with forward

related apoptosis-inducing ligand (TRAIL)-expressing
natural killer cells increased 26-fold in the cervical
lymph node of chitin microparticles treated mice
compared with PBS-treated mice (Fig. 4B). These
results suggest that migration of natural killer cells
expressing tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) into local lymph nodes might
play a role in the reduction of virus titer and improve-
ment of clinical symptoms in virus infected mice.

Reduction of IL-6 and Interferon-Gamma-
Inducible Protein-10 (IP-10) Secretion From
Nasal Mucosa by Pretreatment with Chitin

Microparticles in H5N1 Influenza Virus Infection

Chitin microparticles might also play a role in the
reduction of inflammatory cytokines and chemokines
that accompany H5N1 influenza virus infection. To
examine this possibility, the level of secreted cytokines
described in the Materials and Methods in nasal mucosa
was examined in mice infected with H5N1 virus with or
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and side scatter gated for lymphocytes. The expression of CD49b and
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) was
analyzed in this population. A: Numbers in each histogram above the
marker indicate the percentage of ‘live'-gated cells deemed
panCD49b+. B: CD49b and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) profile of cells recovered from the cervical
lymph node of mice pretreated with chitin microparticles or PBS.
Figure is representative of three experiments.

without chitin microparticles pretreatment. Among
them the secretion of IL-6 in nasal mucosa was up-
regulated by H5N1 influenza virus infection 10 days
post-inoculation, while in the chitin microparticles-
treated group, there was a marked reduction of IL-6
secretion (Fig. 5A). Likewise, the secretion of interferon-
gamma-inducible protein-10 (IP-10) was inhibited in
mice pretreated with chitin microparticles compared to
the PBS-treated group 8 days post-inoculation (Fig. 5B).
On the other hand tumor necrosis factor-a was not
detected in nasal mucosa of mice after H5N1 influenza
virus infection (data not shown). These results sug-
gested that chitin microparticles pretreatment may
inhibit the hyper-induction induction of cytokines and
chemokines that are relevant to the pathogenesis of
H5N1 influenza virus in infected mice.

DISCUSSION

The present study demonstrated that intranasal
administration of a suspension of chitin microparticles
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Fig. 5. Kinetics of IL-6 (A) and interferon-gamma-inducible protein-
10 (IP-10) (B) secretion in the nasal mucosa after H5N1 influenza virus
infection. Mice (n = 3) were administered 100 pg of chitin microparti-
cles (CMP) intranasally once a day for 2 days (closed circles) or PBS
(open circles), then infected with 1,000 PFU of VN1194 (H5N1)
influenza virus. After viral challenge, mice were sacrificed to collect
nasal washes 3, 5, 8, or 10 days post-inoculation. The levels of each
cytokine in nasal washes after the viral challenge are shown. Data
represents the means + SE.

has protective effects against lethal H5N1 influenza
virus infection of the upper respiratory tract in mice.
These findings were consistent with results showing the
protective effects against avirulent influenza virus (A/
PR8, H1N1) infection in mice by intranasal administra-
tion of chitin microparticles into the lung (unpublished
data by P. Strong). It is previously reported that chitin
microparticles had a mucosal adjuvant effect when co-
administered with an influenza hemagglutinin vaccine
and increased both the mucosal and systemic humoral
responses that provided complete protection against
challenge with the homologous influenza virus H1IN1 or
H5N1 in mice [Hasegawa et al., 2005; Asahi-Ozaki et al.,
2006; Ichinohe et al., 2006]. The current study demon-
strates hitherto unrecognized effects of chitin micro-
particles in enhancing innate protection against
infection with a highly pathogenic avian influenza virus
strain.

It has been reported that the highly pathogenic H5N1
influenza virus induces high levels of pro-inflammatory
cytokines and chemokines that may play a role in the
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pathogenesis of [Chan et al., 2005; de Jong et al., 2006].
It is demonstrated that intranasal administration of
chitin microparticles induced the accumulation of
natural killer cells expressing tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in the cervi-
cal lymph node and suppressed viral load and hyper-
induction of cytokines. These results suggested that
recruitment of natural killer cells expressing tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) into local sites of infection (Fig. 4) and
suppression of pro-inflammatory cytokines and chemo-
kines (e.g. IL-6 and interferon-gamma-inducible pro-
tein-101in Fig. 5) may contribute to a reduction of clinical
symptoms and enhance protection against lethal H5N1
influenza virus infection.

The importance of natural killer cells in viral defense
has been demonstrated most convincingly in a patient
who lacked natural killer cells and was therefore
susceptible to virus infections [Biron et al., 1989]. Mice
in which natural killer cells have been depleted demon-
strated increased mortality after infection with influ-
enza viruses [Stein-Streilein and Guffee, 1986].
Therefore, it might be expected that the enhancement
of natural killer cells activity by chitin microparticles
and the accumulation of natural killer cells locally into
the site of infection and an enhancement of tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) expression on their surface (Fig. 4) might
increase resistance to viral infection. In natural killer
cells or T-cells, tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) plays an important role in the
immune response to influenza virus infection [Ishikawa
et al., 2005). Presumably due to this recruitment of
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-expressing natural killer cells, H5N1 virus
titers were suppressed in nasal washes, lung washes,
cervical lymph node, trigeminal nerve ganglia and in the
brain stem of mice pretreated with chitin microparticles
compared to mice in the control group (Fig. 3). Con-
sistent with these findings, pretreatment of mice with
chitin microparticles led to a significant improvement in
survival rate and reduction in clinical symptoms
following H5N1 virus infection (Fig. 2A,B) and HIN1
virus infection (Fig. 2C).

Finally, the present studies suggest that intranasal
administration of chitin microparticles boosts innate
immunity and protects mice from infection by the highly
pathogenic H5N1 influenza virus infection in the upper
respiratory tracts. It is proposed that if mice are given
chitin microparticles as a daily prophylactic they would
have enhanced protection against infection with H5N1.
This prophylactic effect is elicited by activation of
natural killer cells and regulation of inflammatory
cytokines such as IL-6 and interferon-gamma-inducible
protein-10 (IP-10). The adjuvant effects of chitin micro-
particles are also expected [Hasegawa et al., 2005;
Asahi-Ozaki et al.,, 2006; Ichinohe et al., 2006] in
inducing adaptive immunity following infection. Identi-
fication of therapeutic innate immunity enhancing
agents such as chitin microparticles may lead to
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antiviral strategies against the highly pathogenic H5N1
influenza virus and may have relevance as part of a first
line defense against H5N1 outbreaks.
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