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Abstract

Although mucosal immune responses are critical for protection of hosts from clinical illness and even mortality caused by
mucosal pathogens, the molecular mechanism of mucosal immunity, which is independent of systemic immunity, remains elusive.
To explore the mechanistic basis of mucosal protective immunity, gene transcriptional profiling in mucosal tissues was evaluated
after the primary and secondary immunization of animals with an attenuated avian infectious bronchitis virus (IBV), a prototype of
Coronavirus and a well-characterized mucosal pathogen. Results showed that a number of innate immune factors including toll-like
receptors (TLRs), retinoic-acid-inducible gene-1 (RIG-1), type I interferons (IFNs), complements, and interleukin-1 beta (IL-1f3)
were activated locally after the primary immunization. This was accompanied or immediately followed by a potent Th1 adaptive
immunity as evidenced by the activation of T-cell signaling molecules, surface markers, and effector molecules. A strong humoral
immune response as supported by the significantly up-regulated immunoglobulin (Ig) gamma chain was observed in the absence of
innate, Th1 adaptive immunity, or [gA up-regulation after the secondary immunization, indicating that the local memory response is
dominated by IgG. Overall, the results provided the first detailed kinetics on the molecular basis underlying the development of
primary and secondary mucosal immunity. The key molecular signatures identified may provide new opportunities for improved
prophylactic and therapeutic strategies to combat mucosal infections.
© 2007 Elsevier B.V. All rights reserved.
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Mucosal and systemic immunity are generally
believed to be independently regulated and to act
differently in distinct disease processes. This concept is
based in large part on observations from studies of
specific viral or bacterial infections in animal model
systems. Increasing evidence also indicates that
mucosal vaccination can induce both systemic and
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local mucosal immunity, while systemic immunization
generally fails to elicit strong mucosal immunity
(Valosky et al., 2005; Zhang et al., 2002). This suggests
that the development of mucosal immunity relies on the
direct interaction of local epithelial cells with pathogens
(Cavanagh, 2003; Dhinakar and Jones, 1997). However,
the exact molecular transcriptions that regulate the
development of antigen-specific mucosal immunity are
not well defined.

It has been long recognized that innate immunity is
indispensable for the subsequent induction of potent
adaptive immunity at both the local (mucosal surfaces)
and the systemic levels. The long-recognized
innate factors that are important in enhancing adaptive
immunity include, but are not limited to, toll-like
receptors (TLRs), complements, type I interferons
(IFNs), inflammatory cytokines, and chemokines.
Indeed, cytokines, complements, and molecules derived
from microorganisms such as cholera toxin (CT) and
CpG DNA, which are capable of activating TLRs,
cytokines, and chemokines, have been employed as
vaccine adjuvants to enhance local and systemic
adaptive immunity (Fearon, 2000; Holmgren et al.,
2003; Staats and Ennis, 1999). But it still remains
elusive on the molecular basis for the regulation of
mucosal immune response introduced by mucosal
vaccination, including the induction of mucosal innate
immunity, the communication and transition from local
innate to local adaptive immunity, as well as the
commitment to memory response which is rapidly
recruited upon reencounter of the same mucosal
pathogen.

It was the aim of this study to characterize the
specific gene expression profiles of the upper respira-
tory tract (the trachea) at defined time points after
vaccination of animals with a model virus and to
uncover the molecular mechanisms underlying the
development of mucosal immunity. The disease model
we chose to use is chicken infectious bronchitis (IB).
Chicken IB is a well-studied disease localized mainly to
a mucosal site (the trachea) and is caused by infectious
bronchitis virus (IBV), the prototype of the Coronavirus
family (Cavanagh, 2005, 2003; Dhinakar and Jones,
1997). The disease can be prevented by vaccination of
chickens with attenuated live virus vaccine only when
administered locally (intranasal or intra-ocular), not
systemically (Cavanagh, 2005; Gillette, 1981; Seo and
Collisson, 1997). Studies also indicated that local
cytotoxic T cells (CTLs) play an essential role in the
clearance of IBV during early IBV infection (Seo and
Collisson, 1997), while mucosal antibody response
plays a critical role against subsequent infections

(Gillette, 1981). Additionally, the kinetics of epithelial
cells and antigen specific immune cells during IBV
infection or after vaccination has been well character-
ized in previous studies (Kotani et al., 2000a,b). In light
of the well-characterized mucosal immunity of chicken
IBV and the availability of a well-designed and
validated chicken cDNA microarray for global gene
expression study (Burnside et al., 2005), we believe that
IBV serves as an excellent model to better understand
the molecular regulation of mucosal immunity by
looking at the gene expression profiles at defined times
after vaccination. We are particularly interested in
identifying the sequential molecular regulation of
epithelial cells that may contribute to the activation
and recruitment of antigen specific immune cells in the
trachea. Because the mucosal surfaces are under
constant exposure to a variety of pathogenic organisms,
a better understanding of the molecular regulation of
mucosal immunity is critical in designing novel
strategies for prophylactic and therapeutic control of
mucosal-related infectious diseases.

2. Materials and methods
2.1. Virus and animal immunization

Attenuated IBV-Massachusetts (IBV-Mass) grown
on primary chicken embryo kidney cell culture was
used for the primary and secondary immunizations
(Wang et al., 2006). Three-week-old SPF chickens
(SPAFAS, Storrs, CT) were administered intranasally
with either 50 ul of 10*? EIDs, of IBV-Mass or the
same amount of sterilized water as controls. Eight
chickens from either vaccinated or control groups were
euthanized at 1, 3, 5, 8, 12, and 21 days post-inoculation
(d1, d3, d5, d8, d12, and d21). Trachea tissues were
separated from the surrounding connecting tissue,
aseptically removed, and soaked in RNAlater (Ambion,
Austin, TX) to preserve the integrity of tissue RNA. A
secondary immunization was performed at d21 with the
same protocol. Tracheal samples were collected at 1 and
3 days later (d22 and d24). Animal protocols used in this
study were approved by the institutional IACUC (03-
A008).

2.2. RNA preparation and array hybridization

The mucosal lining of the trachea was carefully
peeled off with forceps and samples from two chickens
at the same time point were pooled for total RNA
extraction with RNeasy mini kit (Qiagen, Valencia, CA)
(Wang et al., 2006). To get enough RNA, total RNA thus
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extracted was then subject to RNA amplification
(Ambion, Foster City, CA). RNA quality and quantity
was assured by gel electrophoresis and NanoDrop
spectrophotometer (Wilmington, DE) before further
analysis. A mixed loop-design as illustrated in Fig. 1
was used for the microarray experiment, which allowed
direct comparison of data among all time points with
enhanced statistical precision, power, and robustness
(Tempelman, 2005). Four different RNA samples were
used for the four different hybridizations at each time
point with the chicken 13 k cDNA microarray slides
(FHCRC, Seattle, WA). RNA amplification, cDNA
synthesis, probe labeling and hybridization were
performed as recommended (http://www.fherc.org/
science/shared_resources/genomics/dna_array/spotte-
d_arrays/chicken_array/). After washing, arrays were
scanned immediately and spot intensities of the
hybridized images were collected by using GenePix-
Pro6.0 (Molecular Devices, Sunnyvale, CA).

2.3. Microarray data analysis

R/BioConductor “LIMMA (LInear Model for
MicroArray)” package was used for background
correction, normalization and model fitting (Smyth,
2004). Those genes with an ANOVA adjusted p-value
for false-discovery rate <0.01 and an absolute fold
change >2 at two time points or more were considered
as significantly expressed genes (Tempelman, 2005).

C1-24

Fig. 1. A flowchart schematically shows the microarray experiment
design. C1-24, pooled samples from age-matched control chickens; T,
IBV-Mass immunized chickens; the numbers indicated the day after
the primary immunization. Total RNA from each group was used to
compare with RNA from other four groups as indicated by the lines
between the groups. The arrowhead pointed samples were labeled
with Cy5 and hybridized with the samples on the other end of the lines,
which were labeled with Cy3. Four different RNA samples were used
for the four different hybridizations at each time point with the chicken
13 k ¢cDNA microarray slides (FHCRC, Seattle, WA).

Functional annotation of the significant genes was
analyzed with KAAS (http://www.genome.jp/kegg/
kaas) or TIGR (http://www.tigr.org). Key immune
components were selected for further hierarchical
clustering and pathway analysis with GenMAPP
(Dahlquist et al., 2002). All data were deposited into
GEO database (http://www.ncbi.nih.gov/geo/info/lin-
king.html, GSE6198).

2.4. Real-time RT-PCR and array data validation

Selected genes were subjected to real-time RT-PCR
to validate the microarray data (Supplementary Table
1). Viral glycoprotein gene (IBV-S) was also quantified
to determine the viral RNA copies. Furthermore,
transcriptional profiling of key cytokines not included
in the array was assessed. Real-time PCR was
performed with SYBR®™ Green (Applied Biosystems,
Foster City, CA) on Mx3000P™ (Stratagene, La Jolla,
CA). Primer-dimer formation was assessed by both
melting curves and gel electrophoresis. Series of diluted
cDNAs were used to establish standard curves for RNA
quantification (Bai et al., 2006).

3. Results

We examined the gene expression profiles in the
trachea mucosal lining at 1, 3, 5, 8, 12, and 21 days (d1,
d3, d5, d§, d12, and d21) after primary immunization
and at 1 and 3 days (d22 and d24) after secondary
immunization with IBV-Mass. Of the 13,008 usable
cDNA features on the array (Burnside et al., 2005), a
total of 1752 elements were changed by 2-fold or more
for at least two time points (Supplementary Tables 2 and
4). The majority of changes occurred upon primary
immunization, while relatively few elements changed
upon the secondary immunization. The significantly
altered immune-related genes, which are grouped based
on their functions and their expression patterns, are
described below.

3.1. Innate immune response

3.1.1. Factors identified for pathogen recognition
TLRs are one of the key molecules of the innate
immune system, which detect conserved structures
found in a broad range of pathogens. Type 1 TLR2 (2.9-
and 4.2-fold for d1 and d3), TLR3 (4.0-fold for dl),
TLR6 (3.5-fold for d5), and TLR7 (3.8-, 5.1-, 3.0-fold
for d1, d3, and d5) were significantly up-regulated upon
primary IBV immunization. TLR3 is induced by the
intermediate dsRNAs during viral replication and its
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role in viral immunology is well established (Le Goffic
etal.,2007; Liu et al., 2007; Wang et al., 2006). TLR7 is
required for single stranded RNA virus recognition and
the subsequent cytokine production by plasmacytoid
dendritic cells (pDCs) and activation of B cells (Lund
et al.,, 2004). TLR2/6 pathway is responsible for
recognition of peptidoglycan and lipoprotein from
Gram-positive bacteria, mycoplasmas, mycobacteria,
and spirochetes (Hoebe et al., 2005). However, unlike
its counterpart of type 2, type 1 TLR2 possesses less
ability to act as a receptor for bacterial LPS and is likely
to be a novel sentinel for viral infection (Fukui et al.,
2001). Overall, it appeared that TLR3, TLR7, and type 1
TLR2/6 all played some roles in the local recognition of
the RNA virus, IBV-Mass.

Viral RNA replication can also be sensed in a TLR-
independent mechanism. Retinoic-acid-inducible gene-
1 (RIG-1)-mediated antiviral activity, which leads to
type 1 IFN production, was revealed by the induction of

D1 D3 D5 D8

RIG E3 protein (increased 8.2-, 6.1-, 6.8, 3.5-fold from
dl to d8) (Gack et al., 2007), together with the
repression of cytochrome p450 (—2.5-, —3.2-, —2.0-
fold for dl1, d3, and d5) for retinoic acid degradation.
RIG-1 and other cytoplasmic RNA helicases ensure
viruses are detected even when they have escaped initial
recognition by TLRs. Taken together, we identified two
sets of infection sensors, suggesting two independent
strategies employed for the elicitation of local innate
immunity in response to IBV infection.

3.1.2. Cytokine related activities

Cytokines, the master regulators of immune system,
play a pivotal role in local mucosal immunity. Each
cytokine binds to a specific cell-surface receptor to
initiate a cascade of intracellular signaling for specific
cell functions (Kruth, 1998). The activated cytokines
and their receptors (Fig. 2) encompassed IL-1$ (10.8-,
5.5-,2.1-, and 2.5-fold for d1, d3, d5, and d21), IL-10R2

Cls

RIG-1

IL-1 beta
BPI
VLIGA
P2X7
IRF-1

C3a
STAT-1
IL-10R

Mx

GMF beta
Spi-1/PUA
p47-phox
cDs2
Caspase6
M-CSFR
Caspase-3
TLR3
p40-phox
Type 1 TLR2
CARMA1
IL4R

TLR 6
STAT4

Cathepsin $
Gammac

C4

HMG1
Cytochrome ¢
H Factor
HMT

D12 D21 D22 D24

Fig. 2. Expression profiles of local innate immunity after attenuated IBV-Mass immunizations. Rows are individual genes, and columns are the
measurement taken at different time points. Colors represent the relative gene expression level. Green indicates an expression below the mean value
for the gene, black indicates an expression near the mean, and red indicates an expression above the mean. log, fold changes of genes used in
clustering analysis are provided in Supplementary Table 3. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)
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(6.9-, 2.4-, and —2.3-fold for d1, d3, and d12), and
common cytokine receptor vy (increased 2.4-, 4.0-, 4.4-,
and 2.9-fold from d1 to d8) to bind IL-2, IL-4, IL-7, IL-
9, IL-15, and IL-21. Since cytokines function in almost
every phase of the host response to viral infections,
including control of inflammation and induction of the
antiviral state, their stimulation here indicates the
activation of the host immune system.

IFNa/f are synthesized by infected cells and
immature DCs and establish the antiviral state. Firstly,
IFN regulatory factor-1 (IRF-1, 4.3-, 2.0-, 2.4-fold for
dl, d3, and d5) was responsible for sustained IFN
transcription after infection. Secondly, IFNs triggered a
Jak/Stat signaling cascade and induced p53-dependent
antiviral protection (Shin-Ya et al., 2005). This was
revealed by the activation of STAT (STAT-1, 6.4-, 3.4-,
3.7-fold for d1, d3, and d5; STAT-4, 3.4-, 2.5-, 3.0-fold
for d1, d3, and d5) p53 (p53-inducible proapoptotic
scotin, 9.1-, 5.5-, 6.8-, 2.4-, 4.0-, and 2.3-fold for d1, d3,
ds, d8, d12, and d24; CD82/R2 leukocyte antigen, 2.0-,
2.2-,2.4-,3.9-, and 2.6-fold for d1, d3, d5, d12, and d24;
liver LKB I-interacting protein, 2.6-, 1.9-, 2.1-, and 2.1-
fold for dl, d3, d5, and d21) and caspase cysteine
proteases (caspase-6, 2.7-, 2.6-fold for d1 and d3; and
CARD-9, 3.1-, 3.6-, 2.4-fold for d1, d3, and d5) (Fig. 2).
Thirdly, IFN antiviral state was enhanced via IFN-
responsive genes. Myxovirus resistance protein Mx
(increased 18.4-, 4.1-, and 2.7-fold for d1, d3, and d5)
has intrinsic GTPase to sense nucleocapsid-like
structures during infection and traps viral components
to locations unavailable for new particle generation (Li
et al., 2007). The novel very large inducible GTPase
VLIG-1 (increased 20.2-, 5.3-, and 8.8-fold for d1, d3,
and d5) is responsible for regulation of several hundred
genes in pathogen defense at the transcriptional level
(Klamp et al., 2003). Taken together, the activation of
cytokines like IL-1B, MIP-1$3, and IFN signaling
pathways may be critical in bridging the innate and
adaptive local immunity by modulating the local
microenvironment.

3.1.3. Complement system

A biochemical cascade of the complement system
helps virus clearance and forms the central core in
innate immunity (Ogundele, 2001). Recent studies also
suggested that the complement system is important in T-
cell activation (Kemper and Atkinson, 2007). Comple-
ment participation in local immunity was confirmed by
the induction of complement Clq (3.0-, 2.5-, 2.4-fold
for d1, d3, and d5), Cls (8.6-, 6.3-, 8.5-, 2.4-, and 2.0-
fold for d1, d3, d5, d21, and d24), anaphylatoxin C3a
receptor (4.8-, 5.6-, 4.1-, 2.1-, and 2.3-fold from d1 to

d12), and complement C4 (2.0-, and 3.0-fold for d3 and
d8), as well as inhibition of its negative regulator factor
H (decreased —2.1-, —1.8-, and —2.0-fold for d1, d3,
and d5) (Fig. 2). Clq and C4b are involved in the
opsonization process, suggesting the activation of the
classical complement pathway. C3a and C4a stimulate a
local inflammatory response to limit infection. This
together with the stimulation of phagocytes demon-
strate that the various complement components at
mucosal sites are actively involved in the primary
defense and communication between the innate and
adaptive immune systems.

3.1.4. Chemokine and other factors for immune cell
trafficking

One of the major functions of chemokines is to guide
the migration of cells during immune surveillance.
Chemokines identified here included CXCR4 (2.1-, 2.1-,
3.0-, 2.2-fold for d1, d3, d5, and d12), CCR6 (2.0-, 2.5-,
2.2-fold for d1, d3, and d5), chemokine-like receptor
1/CHEMR23 (3.0- and 2.9-fold for d1 and d3), stromal
cell-derived factor SDF4/Cab45 (2.8-, 2.0-, 2.9-fold for
d3, dS, and d58), and the functionally unknown ah221
(5.6-, 2.4-, 2.5-, 2.2-fold for dl1, d3, d5, and d12) and
ah294 (7.0-, 3.8-, 6.4- and 2.0-fold from d3 to d12).
CXCR4 is important for the regulation of stem/
progenitor cell trafficking (Tamamura et al., 2006). It
has been reported that CCR®6 is responsible in regulating
the positioning and recruitment of DCs and T cells during
inflammatory and immunological responses in small
intestine (Lugering et al., 2003). CHEMR?23 interacts
with chemerin and plays a key role to direct macrophage
and immature DC trafficking from blood to tissue sites
(Zabel et al., 2005). SDF4 is a novel calcium-binding
protein that localizes to the Golgi compartment, and its
role in immune cell recruiting remains to be defined.
Chicken has a different repertoire of chemokines from
those of mammals, and little is known about the function
of ah221 and ah294, which could be an orthologue of
mammalian CCLS5 (Hughes et al., 2007). Since
chemokine activated integrins are responsible for
leukocyte chemotaxis in microenvironments (Kim,
2004), the activation of integrin B2 (CDI18, 2.3-, 3.4-,
2.5-fold for d1, d3, and d5) provided further evidence for
the participation of chemokine and their activated
molecules in directing the appropriate influx of immune
cells to local tissues.

In addition to chemokines, matrix metalloproteinase
(MMPs) have recently been implicated in the migration
of immune cells (Faveeuw et al., 2001; Gurney et al.,
2006; Li et al., 2004). For example, a recent study
suggested that mice deficient in MMP3 exhibited a
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transient block of CD4" T-cell migration to the lamina
propria of intestines during a bacterial infection,
confirming the role of MMP3 in the migration of T
cells to local tissues (Li et al., 2004). We observed that
MMP3 was significantly up-regulated after primary
immunization (164.8-, 47.6-, 28.1-, 16.0-, 6.2-, and 2.4-
fold from d1 to d21), suggesting its potential role in the
migration of activated T cells.

3.1.5. Phagocytosis and inflammation

Molecules involved in monocyte/macrophage sig-
naling were shown to be stably elevated (Fig. 2), which
included Spi-1/PU.1 (2.7-,2.1-, 2.1-, 2.3-fold for d1, d3,
d5, and d12), glia maturation factor GMF-f3 (2.3-, 2.1-,
2.5-fold for dl1, d3, and d5), and macrophage colony
stimulating factor receptor M-CSFR (3.5-, 2.8-fold for
dl and d3). Abundant transcription factor Spi-1
promotes macrophage differentiation (DeKoter and
Singh, 2000). GMF is an intracellular signal transduc-
tion regulator to stimulate p38, NF-kB, and GM-CSF
and promote CD4 /CD8" cell differentiation (Yama-
zaki et al., 2005). M-CSF is essential for macrophage
linage development. Neutrophils induce respiratory
burst through NADPH oxidase enzymes (p47-phox,
2.0-,2.8-,2.6-, 2.9-, 2.7-fold from d1 to d12; p40-phox,
4.2-, 2.9-fold for d1 and d3; NADPH dehydrogenase,
2.1-, 1.9-, 2.3-, and 3.1-fold for d1, d3, d5, and d21;
NADH-ubiquinone oxidoreductase ASHI, 2.3-, 2.7-,
3.0-, 2.1-fold from dl to d8), which produce large
quantities of reactive oxygen species to kill the
phagocytosed pathogens. Neutrophil function was also
accomplished via degranulation, a process that release
antimicrobial cytotoxic molecules, such as protease
cathepsin S (2.2-, 2.4-, 2.0-fold for d1, d3, and d5) and
bactericidal permeability-increasing protein BPI (25.8-,
4.0-, 4.9-fold for d1, d3, and d5). BPI is recognized as a
“molecular shield” for mucosal surface protection
(Canny et al., 2002). Since neutrophils are generally
specific to bacterial defense, its unexpected influx
locally may suggest a previously unappreciated
protective mechanism against virus infections.

Inflammation is mediated by granulocytes, comple-
ments, and histamines, as well as its own regulatory
factors. We observed a down-regulation of histamine
methyltransferase HMT (—2.0, —5.3-, —5.2, —2.2,
—2.2-fold for d3, d5, d8, d21, and, d24), which is
dominant in histamine biotransformation in bronchial
epithelium. Moreover, specific regulatory factors like
purinergic receptor P2X7 (5.3-,2.3-, 3.1-fold for d1, d3,
and d5) and high mobility group box HMGBI1 (2.4-, 3.1-
, —4.0-fold for d3, d5, and d12) (Fig. 2) showed
dramatic alteration, indicating a well-controlled inflam-

mation. P2X7 functions as a major regulator in IL-1 3-
mediated inflammation via its cation channel (Chen and
Brosnan, 2006). HMGBI1 is derived from activated
macrophages and functions as a late mediator of
systemic inflammation (Yan et al., 2000). Thus, the
process of inflammation is orchestrated by an array of
mediators including IFNs and SOCS3 as described later,
which may be important in fine-tuning the type of
potent local adaptive immunity to be induced.

3.2. Thl adaptive response

3.2.1. Antigen presentation and T-cell activation
Activation of the adaptive immune system is
triggered by processes of antigen presentation and T-
cell activation (Viret and Janeway, 1999). IBV infected
cells were recognized by the engagement of TCR on
CDS8* T cells (TCRB, increased 4.0-, 5.6-, 8.1-, 6.7-,
6.2-, 1.8-, 2.0-, and 3.4-fold from d1 to d24; TCR{,
increased 2.5-, 3.8-, 4.3-, 3.0-, 2.7-fold from d1 to d12)
with peptides presented by MHC class I (increased 2.3-,
1.8-, and 1.9-fold from d3 to d8) on macrophages or
DCs. Exogenous viral antigen was processed and
presented by MHC class II (B chain, 3.1-, 2.6-, 2.0-fold
for d1, d3, and d5; invariant chain, increased 2.2-, 2.4-,
2.5-, 2.0-fold from d1 to d8) on mature DCs (mDC
marker CD83, 4.4-, 1.9-, 2.0-fold for d1, d3, and d5).
Interaction of TCR on CD4" T cells with the MHC class
II-peptide complex resulted in activation and differ-
entiation of T lymphocytes via a series of biochemical
events. Full activation required the interaction of other
surface proteins and costimulatory molecules, e.g.,
CD8a (2.3-, 3.1-fold for d5 and d8) is activated by
lymphoid-restricted zinc finger transcription factor
Ikaro (2.5-, 3.9-fold for d3 and d5) (Urban and
Winandy, 2004), and CD3 complex (CD3d/y homolog,
increased 3.6-, 4.8-, 8.1-, 6.9-, 2.3-, 1.9-, 2.1-, 3.3-fold
from d1 to d24; CD3¢, 3.1-, 3.6-, 7.0-, 3.4-, and 2.5-fold
for dl, d3, d5, d8, and d24). Upon activation, the
tyrosine kinase (2.8-, 2.1-, 2.6-fold for d1, d3, and d5)
and its associated GRAP (GRB2-related adaptor
protein, 2.4-, 2.9-, 2.3-fold for d3, d5, and d8) (Parry
et al., 2006) phosphorylated the intracellular portions of
the CD3 complex, which in turn, interacted with { chain
associated protein ZAP-70 (increased 2.4-, 2.5-, 4.1-,
2.2-fold from d1 to d8) for transcription of genes in T-
cell differentiation and proliferation. In addition, T-cell
activation was further facilitated by Ilymphocyte
cytosolic protein LCP-1/L-plastin (11.4-, 9.7-, 9.5-,
3.7-, and 2.2-fold for d1, d3, d5, d8, and d24), which
binds to actin to promote surface transport of the T-cell
activation molecules CD69 and CD25 (Wabnitz et al.,



338 X. Guo et al./Veterinary Immunology and Immunopathology 121 (2008) 332-343

2007). Overall, the results clearly revealed the
molecular kinetics of local T-cell activation.

3.2.2. Elevated Thl molecular makers

T-cell polarization plays an important role in
immune responses against pathogens. Molecules
exclusively linked to Thl cells were activated imme-
diately upon IBV immunization. The elevated Thl-
specific factors comprised of Ras-related C3 botulinum
toxin substrate 2 (Rac2, 3.6-, 3.3-, 4.4-, 3.5-, and 2.3-
fold for d1, d3, d5, d8, and d24) (Li et al., 2000), bovine
antigen WCI.1 (5.3-, 4.4-, 2.3-fold for dl1, d3, and d5)
on y/d T cells (Rogers et al., 2005), and Tim3 (T-cell Ig
and mucin domains-containing protein 3, increased 2.5-
,2.4-,2.5,2.3 and 2.4-fold from d1 to d12) (Chae et al.,
2004) (Fig. 3). All of them are selectively expressed on
Thl lymphocytes and are associated with IFN-vy
production. In addition, the activation of IFN-vy, the
Thl hallmark cytokine, could be inferred from the
activation of IFN-v inducible Mgl1 (7.6-, 3.2-, 4.2-fold
for d1, d3, and d5), an immunity-related GTPase (IRG)

D1 D3 D5 D8

for host resistance to intracellular pathogens (Taylor,
2007). In summary, these molecular markers are strong
indicators that proliferating T helper cells differentiate
into Thl subtypes.

3.2.3. Elevated Thl effector factors

CTLs, one of the major sources of IFN-vy, are
superbly equipped Thl lethal effector cells capable of
selectively eliminating virus-infected cells. Markers for
CTLs such as granzyme A (4.6-, 2.0-, 18.1-, 6.4- and
4.1-fold from dl to d12), membrane mucin porimin
(5.6-, 2.2-, 5.5-, and 3.4-fold for d1, d3, dS, and d21),
and the Fas/FasL system (Fas ligand, 2.4- and 2.3-fold
for d1 and d5; Fas, 4.5- and 2.1-fold for d1 and d5) were
activated after primary immunization (Fig. 3). Gran-
zyme A is an important effector of CTLs and NK for
target cell lysis by reactive oxygen species and
mitochondrial transmembrane potential loss (Pardo
et al., 2004). Granzyme K triggers DNA fragmentation
and is involved in apoptosis. Unlike cytolysis or
apoptosis induced by granzymes and Fas/Fas ligand
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the web version of the article.)
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system, porimin does lethal damage to cell membrane
and induces cell death with features similar to oncosis
(Ma et al., 2001). Activated CTLs start to express Fas
ligand (2.4- and 2.3-fold for d1 and d5), which binds to
Fas (4.5- and 2.1-fold for d1 and d5) expressed on
infected cells to induce apoptotic cell death (Cianga
et al., 2004). Overall, the early induction of CTL
responses may account for the overt purging of virus
from local infection sites. Consistent with this, local T
lymphocytes resident in the oral mucosa provide
essential protection against oral candidiasis following
active immunization by the oral route (Farah and
Ashman, 2005).

3.3. Humoral response

A number of genes important in triggering B cell
activation were up-regulated after primary immuniza-
tion. The signaling molecules responsible for B cell
activation and differentiation included CD80-like co-
stimulator (2.7-, 2.8-, 3.9-fold for d1, d5, and d21), B
cell maturation promoting cytokine PBEF (pre-B cell
enhancing factor, 5.6-, 2.3-, 2.5-, 2.0-fold for d1, d3, d5,
and d12), Th2 promotion factor SOCS3 (suppressor of
cytokine signaling 3, 8.3-, 2.8-, 2.1-fold for d1, d3, and
d5) (Seki et al., 2003), B cell adaptor protein (BCAP,
2.8-, 5.0-, 2.6-, 6.4-, 3.0-fold for d3, d5, d8, d21, and
d24), adaptor and scaffold protein of SAM-domain
protein SAMSN-1 (3.6-, 3.1-, 5.5-fold for dl1, d3, and
d5) (Zhu et al., 2004), avian B cell differentiation
antigen chB1 (3.3-, 3.9-, 3.1-fold for d1, d3, and d5)
(Goitsuka et al., 2001), zeste homolog enhancer EZH2
(2.1-,2.9-, 6.5-, 2.7-fold for d1, d3, d5 and d21) for IgH
rearrangement regulation, immunoglobulin heavy chain
binding protein BIP (3.5-, 3.3-, 6.0-, 6.2-, and 2.8-fold
for d1, d3, dS, d21, and d24), and syndecan-1/CD138
(4.4-, 2.3-, 4.2-, 3.4-fold for d1, d3, d5, and d21) on Ig
secreting plasma cells (Fig. 3). These are accompanied
or followed by the transient activation of Ig w chain
(IgM) (1.9-, 1.7-fold for d3 and d5) and its linkage
component of Ig J chain (—2.8-, —2.0-, 2.5-fold for d1,
d3, and d5) (Fig. 3). Ig y chain was activated after
primary immunization and surged immediately after the
secondary immunization (5.1-, 6.6-, 1.0-, 5.1-,4.9-,7.8-
fold from d5 to d24). Surprisingly, no activation of Ig «
chain (IgA) was observed. Instead, data obtained from
real-time RT-PCR revealed that the transcription of Ig «
chain was suppressed (—27.33-, —17.86-, —4.51-fold
for d8, d12, and d22, respectively). This is further
supported by the suppression of TGF-$ (—2.4-, —2.2-,
—3.6-fold for d5, d8, and d12, respectively), a regulator
for IgA. Taken together, the results suggested that IgA

might not be an important arm of local primary and
secondary immunity against IBV-Mass and the domi-
nant local IgG immunity after secondary immunization
provided protection from virus entry by neutralizing
viruses.

4. Discussion

Since transcriptional control is one of the most
important aspects in regulating any biological process,
transcriptional profiling has been widely used to
uncover the underlying mechanisms of a number of
complex biological processes including development
and diseases. Here, we have intended to identify the
molecular mechanism of mucosal immunity by
examining the local gene transcription profile at defined
time points after primary and secondary immunizations.
To our knowledge, this is the first attempt to
characterize the molecular control of the protective
mechanisms in mucosal immunity. We recognized that a
diversity of cellular and molecular factors are involved
in the induction and regulation of mucosal immunity. A
number of innate factors such as TLRs and RIG-1
worked synergistically in the initial sensing of the
danger signals, which is followed by the induction of
type I IFNs, IL-13, MIP-1@3, SOCS 3, and other soluble
mediators which not only triggered the antiviral state of
adjacent cells, but also facilitated the activation and
migration of T cells to local tissues by modifying the
local microenvironment and dictating the type of
adaptive immunity. More recent studies have suggested
that TLR3 and RIG-1 are also involved in the local
recognition of other respiratory RNA viruses including
influenza A virus and respiratory syncytial virus (Le
Goffic et al., 2007; Liu et al., 2007), suggesting that
multiple universal innate factors are activated in the
local respiratory tract upon virus entry and they may
play a critical role in triggering a potent local adaptive
immunity by working synergistically. We observed that
potent innate and Thl adaptive local immunity were
induced by IBV-Mass primary immunization and they
were mainly responsible for the viral clearance from the
local infection sites. A strong humoral response
dominated by mucosal IgG, the specific antibody
already primed earlier, was activated after the secondary
immunization and provided protection against virus
entry by neutralizing virus particles. These observations
are consistent with the previous studies showing the
importance of local CTL response in primary infection
and local neutralizing antibody response against
secondary exposure to the same virus (Gillette, 1981;
Seo and Collisson, 1997). The molecular transcription
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profile further provides proof for the hypothesis that
strong innate and adaptive local immunity are
efficiently induced locally by mucosal vaccination
(Cavanagh, 2003; Dhinakar and Jones, 1997), and it is
this regional immune response that plays a critical role
in providing effective protection against mucosal
pathogens.

Despite the long-recognized type I IFNs induced
genes such as Mx activated by IBV (Enjuanes et al.,
2006), other well-characterized and important signature
molecules for mucosal immunity such as IL-1@ and
MIP-13 were also significantly up-regulated immedi-
ately after primary immunization (Mattapallil et al.,
1998; Staats and Ennis, 1999). Surprisingly, T-cell
activation was detected as early as day 1 after primary
immunization, suggesting the efficient trafficking of T
cell to local tissues. Several chemokines including
CXCR4, CCR6, and cell adhesion molecules such as
syndecan-4 were activated locally and may be partly
responsible for the migration of activated T cells. New
evidence clearly suggests that cytokines such as IL-13
might be critical for the induction MMPs and the
subsequent migration of immune cells such as
neutrophils and CD4" T cells to local tissues (Flannery
et al., 1999; Gurney et al., 2006; Koshy et al., 2002; Li
et al., 2004; Wertheimer et al., 1995), a process that has
long been recognized to be mediated mainly by
chemokines. A transient block of CD4™ T-cell migration
to the lamina propria of the intestinal tract was observed
in MMP3-deficient mice (Li et al., 2004). We reason
that MMP3, possibly activated by IL-13 as described
previously (Flannery et al., 1999; Wertheimer et al.,
1995), may facilitate the migration of T cells to local
tissues, leading to development of a Th1 dominant local
immunity and the eradication of virus from local
tissues. This is supported by the observation that a
significant increase in MMP3 from dl to d8 after
primary immunization occurred concurrently with the
up-regulation of T-cell receptors locally, suggesting that
MMP3 may be important in the migration of T cell to
local respiratory mucosal tissues, similar to what was
found in the gut and intestine tract (Li et al., 2004).
Further investigations are needed to confirm the
potential role of MMP3 in facilitating the migration
of activated T cells to the respiratory tract.

It is generally believed that mucosal IgA is the
predominant immune effector molecule induced after
mucosal immunization to prevent the entry of invading
bacterial and viral pathogens (Harriman et al., 1999).
Surprisingly, we did not detect any expression of Ig «
chain after primary and secondary immunizations.
Instead, local IgG was induced after primary immuni-

zation and surged immediately after secondary immu-
nization, suggesting a dominant local IgG in the
stimulation of memory response against viral re-
infection. Our data is consistent with the recent study
showing that chlamydial re-infection is successfully
prevented by heightened IgG2a and IgG2b responses in
secretions in IgA deficient (IgAflf) mice (Morrison and
Morrison, 2005). More recent studies have also
suggested an important, protective role of IgG against
influenza virus infection in mice, where IgA is not
indispensable to confer protection, and IgGl, IgG2a,
and IgM may be effective in preventing influenza virus
infection in IgA knockout mice (Mbawuike et al.,
1999). Similarly, complete protection of both the upper
and lower airways was correlated with the presence of
respiratory syncytial virus (RSV)-specific IgG in
mucosal secretions at the time of challenge (Valosky
et al., 2005). Others have elucidated that IgA might be
only important in non-pathogen induced antibody
responses (Harriman et al., 1999; Mbawuike et al.,
1999). Taken together, local IgG response is one of the
dominant responses in secondary immunity against
pathogens and may provide an in situ defense of the
mucosa against invasion. Results from our and others’
studies challenged the role of IgA in secondary
immunity in virus infection. It will be of interest to
further examine the secondary immunity against other
bacterial and viral infections to see if this is a universal
mechanism.

Although potent innate and local CTL responses
were induced after the primary immunization and were
responsible for the clearance of virus from local tissues,
we did not detect any activation of these molecules after
the secondary immunization. Together with the rapid
increase of IgG after secondary immunization, we
suspect that the virus was immediately neutralized by
local IgG after administration to avoid recognition
locally by innate factors and the subsequent activation
of CTLs. Therefore, it is reasonable to speculate that
complete protection by local IgG is the reason why no
local innate and CTL responses were induced. The role
of memory CTLs in preventing local virus entry
appeared to be minimal, if any. The result is contra-
dictory to the previous study showing that memory
CTLs mainly reside in local nonlymphoid tissues and is
ready to react after second pathogen exposure
(Masopust et al., 2001). Since the authors did not
examine the activation of the memory CTLs following a
second exposure to the same pathogen, the role of
memory CTLs in preventing pathogen entry remains
unclear. We prefer the notion that memory CTLs may
only be activated if the virus breaches the innate barriers
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Fig. 4. A proposed model on the molecular kinetics of mucosal
immunity following local immunizations of IBV-Mass. IBV antigen
is firstly recognized by two independent innate mechanisms including
TLR and RIG-1. Cytokines such as IL-1@ and IFNs activated by the
innate pathways regulated the activation of T cells and induced cells to
an anti-viral state. In addition, a number of other innate responses are
also induced, including phagocytosis, complement, inflammation, cell
death, and antigen presentation, which created an ideal microenvir-
onment for T-cell activation and served as a bridging factor for
connecting the local innate and adaptive immune systems. Once
the T cells are activated, two branches of adaptive immune responses
are initiated with CTLs being activated initially, followed by humoral
immunity. CTLs, together with parts of the innate immunity, are
responsible for the virus clearance from the local infection sites. Local
IgG is the only and dominant arm of local secondary immunity against
subsequent virus exposure.

and enters the host and that they are important in
combating local infection and eradicating infected cells.
Further investigations are necessary to evaluate the role
of memory CTLs in local protection.

Overall, we have provided data on the molecular
control of mucosal primary and secondary immunity
using avian IBV as a model system. As schematically
shown in Fig. 4, multiple innate factors were activated,
worked synergistically, and orchestrated the activation
of T cells as supported by the up-regulation of Fas,
granzyme, porimin, and other weapons of CTLs used to
kill virus-infected cells, which is followed by the
activation of B cells and increased expression of Ig
gamma chain locally. The kinetics of molecular
signatures identified here by transcriptional profiling
not only provides a proof for the mechanistic basis of
mucosal immunity to respiratory viral pathogens but
also confirms the previous observations on mucosal
immunity defined using traditional immunology tools
(Gillette, 1981; Seo and Collisson, 1997). It should be
noted that the molecular signatures defined here may

not be complete due to the lack of certain genes on the
13 k cDNA array and the inevitably missed time points.
Nevertheless, expressional kinetics reveals the mole-
cular mechanisms of primary and secondary mucosal
immunity and provides guidance on how vaccines
could be best designed to confer efficient protection
against mucosal infectious diseases in respiratory
tracts.
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