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Abstract

Respiratory viral infections results in severe pulmonary injury, to which host
immune response may be a significant contributor. At present, it is not entirely clear
the extent to which lung injury is a necessary consequence of host defense. In this
report, we use functional genomics approach to characterize the key roles of cellular
immunity and immune-inflammatory response in the immunopathology of Sendai virus
infection in resistant C57BL/6J and susceptible DBA/2J mice. Infected mice
manifested an immune-inflammatory response characterized by the pulmonary influx of
neutrophils and mononuclear cells. DBA/2J mice mounted a vigorous immune
response, with significant up-regulation of cytokine/chemokine genes in two successive
waves through the course of infection. Whereas, C57BL/6J mice displayed an
efficient immune response with less severe pathology and clusters of
immune-inflammatory responsive genes were exclusively up-regulated on day 4 in this
strain. ~ Overall, DBA/2J] mice exhibited a dysregulated hyper-inflammatory
cytokine/chemokine cascades that does not limit viral spread resulting in a
predisposition to severe lung pathology. This response is similar to severe human
respiratory paramyxovirus infections, which will serve as a model for the elucidation of
hyper-immune inflammatory response that result to severe immunopathology in

respiratory viral infections.
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1. Introduction

Respiratory viral infections are a leading cause of severe respiratory illness in
humans, especially among children [1]. The severity varies from non-clinical or mild
upper respiratory tract infections to acute lower respiratory tract infections that may
lead to hospitalization and sometimes death [2], suggesting that individual susceptibility
contributes to disease severity. In addition, accompanying the clinical manifestations
of the disease, children with acute respiratory viral infection have elevated levels of
serum cytokines that correlate with viral replication in the respiratory tract. The
occurrence of this “cytokine storm” is thought to contribute to the severity of the
disease caused by these viruses [3 - 6].

Sendai virus (SeV) is the murine counterpart of human parainfluenza virus 1
(HPIV1) and these two viruses share high-sequence homology and antigenic
cross-reactivity [7, 8]. SeV was reported to infect nonhuman primates, and
theoretically can cause zoonotic disease in humans [9]. In addition, SeV infection in
mice has been used to study the pathogenesis of human respiratory viral infections.
Furthermore, the recombinant SeV is under consideration as a vaccine candidate for
human respiratory paramyxovirus infections [10], however, understanding the host
immune response to SeV will lead to careful design of vaccines against respiratory viral
infections. SeV and other respiratory paramyxoviruses cause respiratory diseases in
their hosts that range from mild to severe forms; with the greatest morbidity and
mortality occurring in immunocompromised hosts [11, 12]. The variation in
susceptibility to these viruses is not only due to the restriction of viral infection and
replication, also results from a number of aberrations or differences in the humoral,

cell-mediated and host transcriptional immune responses.



Respiratory viral infections, especially among children, are characterized by
bronchiolitis and airway occlusion, which are postulated to be characteristically
immunopathological because significant numbers of inflammatory cells are recruited
and activated in the lungs [13, 14]. Recent studies have demonstrated that
inflammatory mediators play essential roles in enhancing respiratory viral pathologies
[15-19]; however, several of these mediators have not yet been identified. The
contribution of host immune responses to the pathologies observed during respiratory
viral infections opens up the potential for therapeutic alternatives based on the
suppression of pathogenic immune response. T cells have been demonstrated to be an
indispensable part of this pulmonary inflammatory infiltrate [13, 14]. Therefore,
inflammatory mediators that recruit these cells into the lung during respiratory viral

infections are strong candidates as therapeutic targets [14].

In this report, we examine C57BL/6J and DBA/2J mice, representing the
two extreme responses to SeV infection, to understand the contribution of the host
immune response to the development lung pathology after respiratory viral infection.
Transcriptional profiling of the infected lungs of these mice paired with the lungs of an
uninfected mouse and harvested during different stages of the disease, allowed for the
correlation of the host immune response with the viral load and resulting in severe lung
pathology. Our results define the trends in the immune response and classified
immune mediators that are poorly associated with severe immuno-pathology because of
host response to respiratory viral infections. Here, we provide support for efforts to
harness cytokine/chemokine and receptor genes immune regulation, T cell cytolytic
function in immune therapy and vaccine design for the control of human respiratory

viral infections.



2. Materials and methods

2.1 Mice and viral infections

Specific pathogen-free (-8-week-old-) female C57BL/6J and DBA/2] mice
were purchased from Japan SLC (Hamamatsu, Japan). The MN strain of SeV was a
kind gift from Prof. Hiroshi Iwai of Rakuno Gakuen University, Ebetsu, Japan. Virus
stock seeding and mice infection were performed as previously described [20]. Mice
from each strain were divided into four groups for sampling on days 2, 4, 8 and 14 after
infection; aged matched DBA/2J mice were use as controls. At all indicated time
points, mice were sacrificed by intra-peritoneal injection of pentobarbital sodium
(Somnopentyl, Schering-Plough Animal Health, NJ) followed by cervical dislocation.
The Institutional Animal Care and Use committee of Hokkaido University approved all

mice experimental protocols.

2.2 Bronchoalveolar lavage and differential cell counts

Mice from each group were sacrificed at the indicated time points (n = 4 per
group). Bronchoalveolar lavage fluid (BALF) samples were collected and processed
for total and differential cell counts as previously described [19]. For cytokine
analysis, samples were centrifuged at 800-x g for 10 min and the supernatants were
stored at —80°C. Cell counts were performed in triplicate and the results were

expressed as mean + SE values for each group

2.3 Determination of viral titer in the lungs of Sendai virus-infected mice

The viral replication level in the lung tissue of all groups was determined by
plaque assay on LLC-MK2 cells and real-time quantitative RT-PCR, as described
previously [9, 21, 24]. Briefly, mice (n = 4 per group) were sacrificed, and the right

lung was weighed, homogenized in 10% PBS and clarified at 3,000 g for 10 min. The



supernatant was used for virus titration in plaque assays on LLC-MK2 cells. To detect
viral RNA, total RNAs were obtained from the homogenized lung tissue of all groups at
the indicated time points (n = 4 per group) using TRIzol reagent (Invitrogen, Carlsbad,
CA). RNA samples for each group were refined using an RNeasy Micro Kit (Qiagen,
GmbH Germany), and further treated with Turbo DNase (Ambion, Foster, CA) for
DNA digestion and elimination. Next, cDNA was synthesized from RNAs templates
using ReverTra Ace (Toyobo, Osaka, Japan) and an oligo dT primer. Quantitative
real-time PCR analysis was performed using the Brilliant SYBR Green QPCR master
mix and a real-time thermal cycler (Mx 3000; Stratagene, Santa Clara, CA). Relative
quantification of mRNA was normalized to the expression of the Actb gene. The viral
load present in each sample was calculated using a standard curve, and differences in
lung viral titers between groups following natural log-transformation of the data were
analyzed. The primers used were TCTGTTGAAGGCTGTCATGC and
GAATGGGTTATCCGGGAGTT  for SeV  (accession no.M30202) and
TGTTACCAACTGGGACGACA and GGGGTGTTGAAGGTCTCAAA for the Actb
gene (accession no. NM_007393).
2.4 Histopathological analysis of Sendai virus-infected mice

Histopathological methods were employed as described previously [21].
Lungs were embedded in paraffin and sections were cut 5-pm thick in duplicate, stained
with hematoxylin—eosin and examined by light microscopy by two independent
Veterinary pathologists (Laboratory of Veterinary Pathology) who were blinded to the
experimental study groups. The degree of distribution and severity of inflammatory
infiltrates/structural alterations were examined around small airways and adjacent blood
vessels and changes were graded on a scale of 1-6 (Normal: 1; slight/ mild: 2;

moderately severe: 4; and severe/high: 6). Pathology scores for the lung sections were



averaged and analyzed as the pathological index. Values were expressed as mean +
SE values for each group.
2.5 Cytokine analysis of the lung lavage fluid of Sendai virus-infected mice
BALF protein expression levels of mouse inflammatory cytokines IL-1a, IL-18,

IL-2, IL-4, IL-6, IL-10, IL-12, IL-170, IFN-y, TNF-a, G-CSF and GM-CSF were
analyzed using a Multi-Analyte ELISA array Kit profiler (SABiosciences, Frederick,
MD) according to the manufacturer's protocol. Values were expressed as mean + SE
for each group in two separate measurements.
2.6 FACS analysis of surface and intracellular cytokine staining of T lymphocytes
subsets of lung lavage fluid

Cells collected by lung lavage from infected-mice (n = 4 per group) were pooled,
centrifuged, and resuspended in DMEM (Invitrogen, Carlsbad, CA), and an aliquots of
1x 10° cells/100 pl was used for each analysis. Cells were stimulated with the
stimulation solution that contains DMEM (Invitrogen, Carlsbad, CA), PMA
(Sigma-Aldrich, Switzerland), A23187 (Sigma-Aldrich, Switzerland), Brefeldin A
(BioLegend, San Diego, CA). And incubated at 37°C for 4 hrs, washed with FACS
buffer consisting of 1 x PBS, 0.1% sodium azide and 1% FBS (BioLegend, San Diego,
CA) and blocked with monoclonal antibody to the FcRIII/II receptor. Cell surface
staining was conducted according to standard protocols with fluorescent antibodies
directed against the following molecules CD4 (PE-conjugated anti-rat), CD8
(FITC-conjugated anti-rat), CD49b (biotin anti-mouse Ly108, streptavidin-APC) and
IFN-y (APC-anti-mouse IFN- y antibody) all purchased from BioLegend (San Diego,
CA). For intracellular IFN-y staining, cells were fixed in 4% paraformaldehyde and
permeablized with 0.5% saponin, thereafter stained with anti—IFN-y monoclonal

antibody. All flow cytometric studies were performed on a FACSCalibur flow



cytometry unit (BD Biosciences, Ontario, Canada), and 10,000-100,000 events of
interest were recorded for each sample. Samples were analyzed with FACS FlowJo
software (TreeStar, San Carlos, CA), and gates based on isotype control staining were
used to identify the percentage of cells bearing the markers of a specific linage.
2.7 Gene expression analysis of lungs of Sendai virus-infected mice

Total RNA isolation and preparation was performed as described above. For
gene expression, analysis 1ug of each total RNA sample was synthesize and converted
into first-strand ¢cDNAs using RT* PCR Array First Strand Kit (SABiosciences,
Frederick, MD). Each RT? Profiler PCR Array was performed in duplicate in a
96-well format using 10ul of cDNA targeting the mRNA levels of 84 Mouse
Inflammatory Cytokines/Chemokines and Receptors, (SuperArray Bioscience
Corporation; catalog no #PAMM-011-12A), according to the manufacturer's protocol.
The  complete list of genes analyzed is available online at

www.sabiosciences.com/ArrayList. The quantitative RT*-PCR array was run on an

MX 300 thermal cycler (Stratagene, La Jolla, CA). Data analysis was performed using
the manufacturer’s integrated web-based software package for the RT> PCR Array
System using AACt based fold-change calculations. The expression level of the
mRNA of each gene was normalized against the expression of Gusbh, Hprtl, Hsp90ab1,
Gapdh, and Actb, which were considered housekeeping genes. Changes in gene
expression were analyzed by t-test using appropriate cutoff criteria. A 10-fold
induction or repression of expression, with a P value of <0.05, was considered to
represent significantly up- or down-regulated gene expression. ~ We further
characterized gene expression patterns in C57BL/6J, DBA/2J and control mice by
carrying out gene cluster analysis of the indicated time points, generating a 2D gene tree

using an average linkage clustering heat map method (SuperArray RT” PCR Array Data



Analysis Web-base Software). The dendrogram illustrates the hierarchical time points
of the lungs of each mouse group, and the average cut off for fold changes in gene
expression was considered significant at P<(0.001.
2.8 Statistical analysis

Statistical comparisons were performed using Graph Pad Prism v5.02 software
and Students t-test or one-way ANOVA was employed to determine the difference
between experimental groups. Differences were considered significant at P < 0.05 and

all values where applicable, were expressed mean + SE.

3. Results
3.1 Disease progression and development of lung pathology

Previously, we and others [20, 21] have demonstrated that intranasal infection
with 1x10° TCIDs, SeV (lethal dose) resulted in a transient weight loss reaching a nadir
7 - 8 days after infection in both C57BL/6J and DBA/2J mice compared to the control
group (P < 0.05, Fig. 1A). Conversely, DBA/2J mice tend to exhibit severe
generalized susceptibility to the virus, typically resulting in death 8 - 10 days after
infection [20] (Fig. 1B).

In this analysis, the inflammatory cellular influx in infected mice had begun to
emerge by day 2 after SeV infection. On days 4 and 8§, the total leukocyte count in
BALF had increased significantly in both C57BL/6J (*P < 0.05) and DBA/2J (***P <
0.001) mice compared with the control group. The DBA/2J mice had a significantly
higher proportion of macrophages (Control versus DBA/2J ***P < 0.0001; DBA/2J
versus C57BL/6J **P < (0.001) and neutrophils (Control versus DBA/2J ***P < (.0001;
DBA/2J versus C57BL/6J **P < 0.05) as compared to C57BL/6J mice and the control

group (Fig 1C). The two strains did not show any significant difference in the
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lymphocyte populations. However, on days 4 and 8, C57BL/6J mice had also higher
cellular influx of macrophages (Control versus C57BL/6J *P < 0.05), neutrophils
(Control versus C57BL/6J *P < 0.05) and lymphocytes (Control versus C57BL/6J *P <
0.005) as compared to the control group (Fig 1C). In addition, on day 14 post
infection (p.i.) the cellular influx in C57BL/6J mice had declined to almost the same
level as that of the control group (Fig. 1C, F). Over all, DBA/2J mice had a 2-fold
greater cellular influx than C57BL/6J mice (**P < 0.05), consisting mainly of
macrophages, neutrophils, and lymphocytes (Control versus C57BL/6J *P < 0.05;
Control versus DBA/2J ***P < 0.0001; DBA/2J versus C57BL/6J **P < 0.001, Fig. 1C,
F). Next, we determined the viral titers from lung tissues of these strains by plaque
assay and direct measurement of viral RNA (Fig. 1D, E). Viral titers increased
significantly, peaking on day 4 in both strains (Control versus C57BL/6J **P < 0.005;
Control versus DBA/2J #**P < (0.0001). The viral load remained significantly higher
in DBA/2J mice (*P < 0.05) compared to that of C57BL/6J mice. However,
C57BL/6J mice demonstrated a considerable increase in viral titer on day 4, which
decreased to nearly basal levels by day 8, and reached an undetectable level by day 14.
This finding was consistent with previous reports of viral clearance between 12-21 days
following SeV infection in resistant mouse strains [22, 23]. Viral titers in DBA/2J
mice correlated with the severity of disease, which consistently suggest that there is
indeed a connection between the pulmonary titers and the morphological and clinical

characteristics of the infection [22].

Therefore, we investigated the inflammatory dynamics of the pulmonary
epithelium by comparing lung histopathological changes after viral infection.
Representative sections taken from each group of mice demonstrated the relative degree

of pathological change that developed in the lung after infection (Fig. 2A). There was
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little difference between the first histological profile of C57BL/6J mice and the normal
morphology of murine lungs on day 2. The airways were free of exudates and the
epithelium appeared intact. On days 4 and 8, cell density in the interstitium appeared
slightly elevated, although this returned to normal appearance by day 14. The
histological diagnosis most compatible with these observations was slight
broncho-bronchiolitis. In contrast, DBA/2J mice had severe lung pathology, with
exudates in the alveolar spaces containing a mixture of epithelial cell debris,
macrophages, neutrophils and lymphocytes. From days 4 to 8, the epithelial lining
exhibited large areas of deciliation alternating with degeneration, necrosis,
desquamation and marked hyperplasia with uneven thickness and cell arrangements.
The lamina propria were infiltrated multifocally by numerous macrophages, neutrophils
and lymphoid cells with round nuclei, generating the characteristic perivascular cuffing,
and this condition was diagnosed as severe necrotizing and purulent
broncho-broncholitis with multifocal alveolitis (Fig. 2A). Next, we analyzed
pathological scores for the lung sections. Lung lesions were much more severe in
DBA/2J mice than in C57BL/6J mice, when compared to the control group on days 4
(Control versus DBA/2J ***P < (0.001; DBA/2J versus C57BL/6J **P < 0.005), and 8
(Control versus DBA/2J ***P < 0.0001; DBA/2J versus C57BL/6J **P < 0.001;
Control versus C57BL/6J *P < 0.05) (Fig. 2B).
3.2 Kinetics of pro-inflammatory bronchoalveolar lavage fluid cytokines

Next, we determined the cytokine protein levels in BALF from all groups.
SeV infection appears to induce the majority of the tested BALF cytokines in both
strains, with the preponderance reaching peak levels on day 4 or day 8-p.i., as compared
to the control group (Fig. 3). We observed the induction of some of the cytokines on

day 2 p.i., with the DBA/2J mice showing significantly higher levels of IL-6 and IFN-y
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compared to the C57BL/6J mice (*P < 0.05) (Fig. 3), indicating an early immune
response in DBA/2J mice. Notably, on day 4 p.i., we observed a distinct and robust
response to SeV-induced pneumonia in both strains, although the DBA/2J mice
produced much higher levels of cytokines, which correlated with the increased levels of
lung cellular influx in this strain. Generally, DBA/2J mice had significantly elevated
levels of IL-1B, IL-2, IL-6, IFN-y, TNF-a and GM-CSF compared to C57BL/6J, which
instead had significantly elevated levels of IL-1a, IL-4, IL-10, IL-12 and G-CSF (*P <
0.05). Furthermore, day 8 p.i. coincided with the time of viral clearance in C57BL/6J
mice but severe lung pathology with persistent high viral titer in DBA/2J mice. The
levels of these cytokines (IL-18, IL-2, IL-6, IFN-y, TNF-a, GM-CSF) remained steadily
and significantly elevated in DBA/2J mice (*P < 0.05), whereas C57BL/6J mice
produced only IL-10 and IL-12 (*P < 0.05). In addition, we analyzed and compared
BALF between C57BL/6J and control mice on day 14 following infection. With the
exception of IL-6 and IL-12, the majority of cytokines assayed had returned to normal
baseline levels. The timing of this phenomenon coincides with the time at which viral
titers were undetectable in this strain (Fig. 1D, E). Taken together, these results
indicate that DBA/2J mice mount an early response to SeV infection characterized by
the increased production of inflammatory mediators, whereas C57BL/6J mice more
tightly regulate the inflammatory immune response.
3.3 Gene regulation in murine lung after Sendai virus infection

The mortality typically exhibited by DBA/2J mice occurs when virus-specific
adaptive immune response would have developed (Fig. 1B) [20]. Therefore, we
assessed the transcriptional regulation of inflammatory cytokine/chemokine and
receptor genes at early and late time points following SeV infection, by generating a

comparative transcriptional profile of the lungs of SeV-infected C57BL/6J and DBA/2J
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mice, and uninfected control mice. Using quantitative RT-PCR analysis, we profiled
84 inflammatory cytokine/chemokine and receptor genes. Cluster analysis of the
arrays clearly indicated a distinct pattern of responses to SeV-induced pneumonia
throughout the course of infection (Fig. 4). DBA/2J mice mounted an early immune
response two days after SeV infection, with the up-regulation of immune regulatory
genes that included Ifng, Tnfrsfla, Tnfrsflb, 112rb, 113, 115ra, 1111, Scyel, Ccl3, Ccl1l,
Ccl19, Ccl22, Ccl25 and Cxcll, as well as other related inflammatory genes such as
Abcfl and C3. However, only ll6ra, 116st and Cxcl15 were induced in C57BL/6J mice
(Fig. 4). Furthermore, on day 4 p.i., coincident with viral replication and the activation
of immune responses, the set of genes in these strains that were up- or down-regulated
were highly distinct from each other. These data correspond to the cellular influx,
viral titers and pro-inflammatory BALF cytokine responses observed on day 4 p.i. (Fig.
1C, D, F, 3). C57BL/6J mounted a robust response on day 4 p.i., with the exclusive
up-regulation of a cluster of cytokine/chemokine receptor genes (Fig. 4). The
expression of these genes became undetectable on day 8 p.i., with only a limited
number of genes (111r2, Cxcl13, Cxcr3, Ccl5, Ccr2, Itgam, Cxcl15, Cxcl10, ll6st, 111b)
that were up-regulated in this strain (Fig. 4). These results suggest that C57BL/6J]
mice have a superior ability to repress SeV infection, which was reflected in the
decrease in viral titer and less severe lung pathology observed in this strain (Fig. 1D, E,
2). These data further, indicated a very steady immune response in C57BL/6J mice in
response to SeV-induced pneumonia. Conversely, SeV infection in DBA/2J mice was
typified by a consistent pattern of gene regulation on days 2 and 4; however, on day 8
we observed a deviation in the previously up-regulated genes in DBA/2J mice, with an
alternate group of genes being up-regulated (Fig. 4). This result indicates a

dysregulated immune system in DBA/2J mice and correlates with the persistently high
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viral titers and severe lung pathology observed in this strain (Fig. 1D, E, 2). On day
14 p.., in C57BL/6J mice, llrl0b, 1115, Tnfrstla, Cxcl12, Mif and Iltgam, were
up-regulated, coincident with undetectable levels of viral particles and near normal lung
architecture (Fig. 1D, E, 2, 4). This observation is in agreement with earlier reports,
which indicated that SeV infection in resistant strains is characterized by a slight peak
in viral titer on days 4 - 5, followed by a rapid decline in titer, with virus no longer
detectable on days 10 -11 p.i. [12].

Taken together, our analysis revealed that C57BL/6J mice tend to mount an
efficient immune response, which enables it to clear the virus, whereas DBA/2J mice
mount a strong immune response and succumb to infection with severe lung injury.
Therefore, we sought to identify key inflammatory immune regulators in the lungs of
these two strains by performing a detailed comparative bioinformatics analysis. We
used a t-test* Log2 fold-change analysis of gene expression with a cut-off criteria of
10-fold up- or down-regulation, and differences were considered significant at P < 0.05
based on reliable Ct-values. We detected 56 genes exhibiting differential relative
expression levels in DBA/2J when compared to C57BL/6J mice. In addition, our
analysis further revealed 26 and 5 significantly up- and down-regulated genes,
respectively (P < 0.05) (Table 1). The majority of the consistently up-regulated
cytokine/chemokine and receptor genes in DBA/2J mice were; CC family chemokines
(Ccl3 (MIP-1A), Cclll Ccl19, Ccl22), interleukins (Ifng, 13, 111, 1113, 1116,
Cx3cl1(Scyel)), CXC family chemokines (Cxcll, Cxcl10 (IP-10)), chemokine receptors
(Ccr8, Ccr9, Xcrl), cytokine receptors (112rb, 115ra, 116st, Tnfrsfla, Tnfrsflb) and other
inflammatory-related genes (Abcfl, C3, Crp, Tollip). The down-regulated genes were
Ccl5 (RANTES), Itgam, Ltb, Sppl and Tgfbl. Previously, Ccl3, Cxcl10, Ifng and 1113

have been implicated in the immune response or immunopathology of the disease [24 -
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27].

Interestingly, on day 4 p.i. C57BL/6J responses were modulated exclusively by
the up-regulated genes, which included the following: chemokine genes (Ccl2, Ccl4,
Ccl5, Ccl6, Ccl7, Ccl8, Ccl9, Ccl12, Ccll7, Ccl24, Cxcl4, Cxcl5, Cxcl9, Cx3cll),
chemokine receptors (Ccr3, Ccr4, Ccr5, Ccr6, Ccr7, Ccrl0, Cxcr5), cytokine genes
(I1A, 111f8, 1l1f6, 114, 1110, IL20, Tnf, Lta, Ltb, Cd40nlg, Tgbfl, ltgam), cytokine
receptors (111r1, 112rg, 118rb) and Caspl, which is an inflammatory response gene (Fig.
4).

Additionally, we found that of all the genes analyzed in this study, gene
transcripts that include Ifng, Itgb2, 111B, 113, 1110rb, 1111, 1118, Ccl20, Ccl25, Cxcl1,
Cx3cl, Abfcfl and Bcl6 were commonly up-regulated in both strains (Fig. 4). These
results depict the scenario of an existing immune pathway by which the two strains
could be exerting similar immune responses. However, there were distinct differences
between the two strains in the expression of inflammatory mediators triggered by SeV
infection in terms of absolute values, phases, and tissue damage. These differences
appear to be associated with the severity and progression of the disease, thereby
resulting in the death of the susceptible DBA/2J mice, and in the recovery of the
resistant C57BL/6J mice (Fig. 1B, 5D).

3.4 The kinetics and role of CD4", CD8" and NK (CD49b™) T cells in immune response
and immunopathology of Sendai virus infection

T cells play pivotal roles in defending the body from invading pathogens by killing
infected cells and providing growth factors to other immune cells. T cells recruited
following respiratory viral infection can be either pro-inflammatory or regulatory with
the possibility that abnormal recruitment may increase inflammation [19, 28]. We

analyzed immune responses at this early and late phase of the infection focusing on
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CD4+ and CD8+ T cells and NK T cells in BALF of infected mice. We report that
C57BL/6J mice had higher proportions of CD4", CD8" and NK (CD49b") T cells that
are required for effective viral clearance compared to DBA/2J mice (Fig. 5A, C).
However, the T cell responses with expression of high levels of IFN-y were earlier in
DBA/2J mice than in C57BL/6J mice (Fig. 5B, C). The early high expression levels of
IFN-y and lack of well-coordinated T cell responses in DBA/2J mice must have delayed
the viral clearance, resulting in the severe lung pathology observed in this strain [22,
23].
4. Discussion

The interface between host and pathogen represents an ultimate battleground for
survival: the pathogen must secure a niche for replication, whereas the host must limit
the pathogen’s advance. Thus, upon initial encounter (day 2 p.i.) both strains of mice
seem to trigger a similar sequence of defensive events, typically characterized by the
activation of tissue-resident macrophages and recruitment of neutrophils (Fig 1C, F).
As infection progresses (days 4 and 8 p.i.), signs of extensive cellular proliferation and
tissue damage, as well as T-cell-associated processes become apparent (Fig. 1C, 2, 3).
These findings support the concept that both strains may elicit both innate and adaptive
immune responses that either have the potential to be beneficial for virus control or may
cause more extensive immunopathology.

The timing of pulmonary immune response in DBA/2J mice was early and
intense, with the expression of several cytokines. The cytokine profile in DBA/2J
mice was similar to that observed in primary human alveolar and bronchial epithelial
cells or DBA/2J mice infected with the highly pathogenic HSN1 influenza virus [29, 30].
Furthermore, both infections were shown to be commonly associated with elevated

plasma concentrations of IL-6, TNF-a, IFN-y, CXCL10 (IP-10), CXCL9 (MIG) and
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CCL2 (MCP-1), supporting the link between disease severity and high viral loads with
an increased production of pro-inflammatory cytokines.

SeV is a strong inducer of interferon as well as other cytokines such as IL-2,
TNF-a, IL-6 and IL-10, whose peaks were observed on days 7-10 p.i., coincident with
clearance of the virus from the lungs [31]. We noted the distinct expression of cellular
pro-inflammatory mediators in the BALF of these strains. Virus-infected
macrophages and dendritic cells, which reside in close proximity to the epithelium, can
produce significant amounts of IFNs and TNF-a and in response to SeV infection [32].
IFN-y promotes innate immune responses by activating macrophages and enhances the
TLR-induced production of TNF-a, IL-6 and IL-12 [33]. In addition, IFN-y
antagonizes the anti-inflammatory effects of IL-10 either by attenuating IL-10
production, thereby inhibiting the TLR-induced 1110 gene expression or by suppressing
IL-10 signaling [34]. Here we demonstrate that during acute illness, DBA/2J mice had
increased macrophages recruitments and robust IFN-y responses, as demonstrated by
high-peak levels of the IFN-stimulated cytokines TNF-o and IL-6, which likely
predispose them to more severe tissue injury [35]. The dysregulation of IL-1B, IL-6
and TNF-a cytokine expression has been implicated in the pathology of several diseases
[36, 37]. Thus, our data are consistent with a role of these cytokines in inducing lung
immunopathology [38]. This suggests that the low levels of these cytokines in
C57BL/6J mice might have protected them from excessive inflammation and weight
loss.

The over induction of IFN-y by infectious pathogens has also been shown to
play a role in inhibiting the development of Th2 responses [39]. We consistently
found high levels of IFN-y and IL-2, and low levels of IL-4, IL-10 in the BALF of

DBA/2J mice, whereas, IL-4 and IL-10 were expressed at higher levels in C57BL/6J



18

mice, suggesting that DBA/2J mice are either deficient in migrating inflammatory cells
or the cells are not producing these cytokines. Interestingly, our data showed that
DBA/2J mice exhibited increased influx of neutrophils and macrophages, which we
believed to have had a negative effect on CD4" and CD8" T cells populations in this
strain.  The decrease proportion of these cells might have lead to ineffective T cell
immune responses, which allows for the rapid replication of the virus, thereby killing
other cells that are important for cellular immunity in this strain. This observation
suggests in part, that regulation of cellular influx and T cell cytolytic functional
responses following SeV infection to a certain extent determine susceptibility to the
disease.

The Thl cytokine IL-12 has been linked to reduced severity of SeV-induced
bronchiolar inflammation [40]. Furthermore, mice infected with murine
cytomegalovirus, respiratory syncytial virus, influenza virus or herpes simplex virus;
displayed high level of IL-12 that is critical for early activation of NK cells and the
establishment of a Thl antiviral, immune response [41, 42]. This cytokine form a
bridge that triggers the activation of the adaptive immune response and act
synergistically with IL-4 to promote T cell response [42]. Therefore, the low levels of
these cytokines in DBA/2J mice confirm the lack of effective adaptive immune
response required for viral clearance.

In acute influenza infection, CD8" T cells produce high levels of IL-10, which
controls excessive inflammation and associated tissue injury. In addition, blocking
IL-10 was found to result in enhanced pulmonary inflammation and injury [43]. In our
study, high numbers of CD4" and CD8 T cells with the transiently increased
expression of IL-10 were observed in C57BL/6J but not DBA/2J mice, suggesting a link

between viral clearance and the regulation of the magnitude of inflammation during
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acute viral infection. Our analysis further revealed that chemokine and receptor genes
were up-regulated upon SeV infection, indicating that the expression of these genes is
an essential early host response during SeV infection. This expression of chemokines
probably initiated the cellular influx observed during the course of infection, especially
in DBA/2J mice. This result is consistent with those from other studies of chemokine
expression in the lung during respiratory viral infections [45, 46]. Perhaps one of the
most intriguing aspects of our results was the consistent down-regulation of Ccl5, Tgfb1,
Sppl, Ltb and Itgam in DBA/2J mice, whereas these genes remained up-regulated in
C57BL/6]J mice (Table 1). For instance, Ccl5 (RANTES) has been reported to interact
with Ccr5, and provide anti-apoptotic signals for macrophage survival during SeV
infection, and accelerate the recruitment of memory CD8" T cells to the lung airways
during viral infection [47, 48]. Furthermore, Itgam, Tgfbl, Ltb and Sppl play key
roles in inflammation, macrophage or T-cell activation, and the initiation of adaptive
immune responses in viral infections [49]. The down-regulation of these genes in
DBA/2J mice, might account for the decreased recruitment of T cells subsets observed
in this strain, thereby affecting their ability to inhibit the cell-cell infectious process
leading to excessive airway inflammation.

Further, we report the up-regulation of Ccll, Ccl2, Ccl4, Ccl5, Ccl6, Ccl7,
Ccl12, Ccr2, Ccr3, Ccr4, Ccrb, Ccr6 and Ccrl0 gene transcripts in C57BL/6J mice,
and we envisaged that these genes could play essential roles in protective immunity
against respiratory viral infections. The severity of SeV infection may be linked to the
extent of plasma leakage as a result of dysregulation of these proteins or genes such as
IL-2, IL-6, TNF-a, INF-y, GM-CSF, 1118, Ccl2, Ccl3, Ccl5, Ccl7 and Ccr2, which have
been reported to play a role in vascular permeability in addition to their regulatory

functions in inflammatory responses [36,45]. Therefore, we postulated that the
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regulation of these genes might be linked to the severe hypoxemia observed in DBA/2J
mice.

Finally, we herein report that the deleterious lung pathology seen in DBA/2J
mice is in part due to hypercytokinemia (cytokine storm) because of an over-reaction of
the immune system that became detrimental to the host. A similar conclusion was
drawn in a recent study with influenza A virus infection in mice [50]. Nonetheless,
our data emphasize the overall complexity of the processes involved, which can be
attributed to the participation of many differentially expressed gene products in the
anti-inflammatory regulatory circuits. Thus, our study provides information on the
molecular framework leading to either protective immunity or severe disease and death
in respiratory viral infections (Fig. 5D). For these reasons, these animal models of
immune regulation and enhancement allow for a deeper understanding of the role of
specific immune mediators in respiratory viral disease, assist in vaccine design, and
indicate which immunomodulatory therapy might be helpful to children with acute

bronchiolitis.
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Figure 1. Kinetics of immune response in C57BL6/J, DBA2/J and control mouse
groups following Sendai virus infection. Mice were infected intranasally and
monitored for a period 14 days, with a median tissue culture infectious dose (10’
TCIDsp) of SeV. Control mice were mock challenged with PBS and for the
determination of virulence; three mice from each group as well as the control were
weighed daily. (A) Body weight changes in each group, C57BL/6J (black squares),
DBA/2J (grey squares) and control (open triangles) mice (n = 4-5 per group), following
inoculation with SeV or PBS. (B) Survival curves of mouse groups. On days 2, 4, 8
and 14 following inoculation with SeV or PBS, mice were sacrificed and their lungs
were lavaged. (C) Total cellular composition and differential counts of the BALF
from C57BL/6J (black bars), DBA/2J (grey bars) and control (open bars) mice (n = 4-5
per group at indicated time points). Total cell counts on both days 4 and 8 p.i.: Control
versus C57BL/6J, *P < 0.05; Control versus DBA/2J, ***P < 0.001; C57BL/6J versus
versus DBA/2J, **P < 0.05. Data are presented as mean total leucocytes and mean
absolute values of differential counts; Macrophages (Control versus DBA/2J ***P <
0.0001; DBA/2J versus C57BL/6J **P < 0.001; Control versus C57BL/6J mice *P <
0.05); Neutrophils (Control versus DBA/2J ***P < (0.0001; DBA/2J versus C57BL/6J
**P < 0.05; Control versus C57BL/6J mice *P < 0.05), and Lymphocytes (Control
versus DBA/2] **P < 0.001; Control versus C57BL/6J mice *P < 0.005), + SEM.
(D-E) The pulmonary kinetics of lung viral replication of SeV infected mice. The
viral replication levels in the lung tissue of all groups after infection were determined by
plaque assay on LLC-MK2 cells and real-time quantitative RT-PCR. Lung viral titers
of all mouse groups on days 2, 4, 8 and 14 following SeV infection. (D) Plaque assay
and (E) qRT-PCR analysis of lung viral titers after infection with SeV or PBS. Titers

are expressed in logjo viral copies or gram per lung tissue: Control versus DBA/2J,
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**¥*P < (0.0001; Control versus C57BL/6J, **P < 0.005; DBA/2J versus C57BL/6J,*P <
0.05. (F) Photomicrograph representation of cytospin slides (x 20 magnification) of
the pulmonary cellular influx from the BALF of all mouse groups at the indicated time

points; Giemsa staining, Bar = 100pm.

Figure 2. Lung pathology is more severe in DBA/2J than in C57BL/6J following
Sendai virus infection. (A) Histopathology of representative lung sections taken at
indicated time points following SeV infection. Lung sections of C57BL/6J (panel A -
D), DBA/2J (panel E - G) and control mice (panel H) at X10 magnification. DBA/2J
mice had exudates in the alveolar spaces that contain a mixture of epithelial cell debris,
neutrophils, lymphocytes and morphologically altered macrophages (black arrows).
From days 4 to 8 p.i. (panel F-G) the epithelial lining exhibited large areas of deciliation
alternating with degeneration, necrosis, desquamation and marked hyperplasia with
uneven thickness and cell arrangements (blue arrows). On day 2 p.i., the lungs of
C57BL/6J mice (panel A) had no exudates in the airways and their epithelium appeared
generally intact.  All alveolar spaces were empty, with the exception of a small number
of macrophages, neutrophils and lymphoid cells, the density of which was comparable
to that observed in the normal control lung. However, on days 4 and 8 p.i. the
interstitial cell density appeared slightly elevated (panel B - C) (black arrows), although
this returned to normal by day 14 p.i. (panel D). (B) Histogram showing the
pathological index scores at representing the degree of lung lesions by H&E stain in
each group at indicated time points. The degree of distribution and severity of
inflammatory infiltrates/structural alterations were examined around the small airways
and adjacent blood vessels and changes were graded on a scale of 1- 6 (Normal: 1;

slight/mild: 2; moderately severe: 4; severe/high: 6). Results are expressed as the
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mean values of the pathological index in the experimental groups. Error bars, 1 SE.

Lung sections were stained with H&E for histological evaluation, Bar = 100um.

Figure 3. Sendai virus infection induces high levels of lung pro-inflammatory
cytokines that are either beneficial or detrimental to the host. Pulmonary cytokine
(IL-1a, IL-18, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17a, IFN-y, TNF-0, G-CSF and
GM-CSF) levels were determined in the BALF of C57BL/6J (black bars), DBA/2J
(ash-grey bars) and control (open bars) mice (n = 4 per group) following inoculation
with SeV or PBS. BALF samples were collected on days 2, 4, 8 and 14, and cytokine
levels were determined in duplicates using the mouse panel of the Multi-Analyte
ELISArray profiler. Data are expressed as the mean + SEM of 4 mice measured in
pg/ml at each time point. Students t-test was use to determine the statistical
differences between C57BL/6J and DBA/2J mice, (*P < 0.05) and control versus

C57BL/6J, (*P <0.05) on day 14.

Figure 4. Sendai virus infection causes changes in cytokine/chemokine gene
expression in the lungs of DBA/2J and C57BL/6J mice. Cluster analysis showing a
heat map of mouse inflammatory cytokine/chemokine and receptor genes regulated in
the lungs of C57BL/6J, DBA/2J and control mice. DBA/2J mice mounted a rapid and
intense inflammatory, immune response, with significant up-regulation of
cytokine/chemokine and receptor genes in two successive waves from days 2 — 4, and 8
after infection. In contrast, clusters of immune responsive genes were exclusively up
regulated in C57BL/6J mice on day 4. A 2D gene tree was generated using the
average linkage clustering heat map method. Genes with a significant fold change (P

< 0.001) are shown. Each row represents the lungs of mice from each group at the
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indicated time points, and the hierarchical structure of the intervals and infection
response are illustrated as a dendrogram while the fold change values are color coded
with green for down-regulated genes, black for average or unregulated genes and red for

up-regulated genes.

Figure 5. Differential antigen-specific cellular immune response required for
viral clearance in infected mice. The dynamics of changes in lung lavage cells were
assessed by flow cytometry for the proportions of CD4+, CD8+ and NK T cells on days
2, 4, 8 and 14 after SeV infection. Antigen-specific IFN-y producing cells were
measured by intracellular staining. Gates based on isotype control staining were used
to identify the percentage of cells bearing markers of a specific linage and numbers in
plots indicate percent cells in each quadrant. (A) Double staining of CD4/CDS8'T
cells, (B) CD4" T cell and IFN-y or CD8" T cell and IFN-y, (C) NK (C49b") T cells and
IFN-y. The profiles provided are representatives of one of two separate experiments
for both mouse strains. (D) An overview of the sequence of immune events leading to

viral clearance or severe lung immunopathology following SeV infection in mice.

Table 1. Log2 fold-changes in the gene expression of inflammatory
cytokine/chemokine and receptors, observed in DBA/2J compared to C57BL/6J mice
throughout the course of infection. Relative changes in gene expression between these
mice were calculated using the AACt (cycle threshold) method at all indicated time
points. The average of the cycle numbers of the five housekeeping genes Gush, Hprtl,
Hsp90abl, Gapdh, and Actb was used to normalize the expression between samples.

The expression data is presented as 10-fold changes or more in up- or down-regulation.
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Overall changes in gene expression were analyzed by t-test*. Changes were

considered significant at P < 0.05, based on reliable Ct values.

END
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Table 1 Simon AY et al

Accession No. Gene Symbol Gene Description Up or Down P-value

Chemokine gene
NM_011329 Cclt Chemokine (C-C motif) ligand 1 218 0.638
NM_011330 Ccll1 Chemokine (C-C motif) ligand 11 7.3 0.000*
NM_011331 Ccl12 Chemokine (C-C motif) ligand 12 5.97 0.122
NM_011332 Cell7 Chemokine (C-C motif) ligand 17 2.07 0.577
NM_011888 Ccl19 Chemokine (C-C motif) ligand 19 6.62 0.026*
NM_011333 Ccl2 Chemokine (C-C motif) ligand 2 4.02 0.186
NM_016960 Ccl20 Chemokine (C-C motif) ligand 20 6.62 0.052*
NM_009137 Ccl22 Chemokine (C-C motif) ligand 22 8.54 0.003*
NM_019577 Ccl24 Chemokine (C-C motif) ligand 24 7.25 0.093
NM_009138 Ccl25 Chemokine (C-C motif) ligand 25 3.52 0.093
NM_011337 Ccl3 Chemokine (C-C motif) ligand 3 9.01 0.005*
NM_013652 Ccl4 Chemokine (C-C motif) ligand 4 4.06 0.098
NM_013653 Ccl5 Chemokine (C-C motif) ligand 5 -3.52 0.003*
NM_013654 Cel7 Chemokine (C-C motif) ligand 7 2.83 0.253
NM_011338 Ccl9 Chemokine (C-C motif) ligand 9 291 0.035*
NM_008176 Cxcl1 Chemokine (C-X-C motif) ligand 1 6.45 0.038*
NM_021274 Cxcl10 Chemokine (C-X-C motif) ligand 10 3.12 0.027*
NM_019494 Cxcl11 Chemokine (C-X-C motif) ligand 11 7.89 0.224
NM_011339 Cxcl15 Chemokine (C-X-C motif) ligand 15 6.58 0.29
NM_019932 Cxcl4 Chemokine (C-X-C motif) ligand 4 2.24 0.333
NM_009141 Cxcl5 Chemokine (C-X-C motif) ligand 5 2.09 0.089

Chemokine Receptors Genes

NM_009912 Cer1 Chemokine (C-C motif) receptor 1 4.69 0.061
NM_009835 Ccré6 Chemokine (C-C motif) receptor 6 2.33 0.549
NM_007719 Cer7 Chemokine (C-C motif) receptor 7 6.31 0.132
NM_007720 Ccr8 Chemokine (C-C motif) receptor 8 10.23 0.001*
NM_009913 Ccr9 Chemokine (C-C motif) receptor 9 6.76 0.005*
NM_011798 Xcr1 Chemokine (C motif) receptor 1 8.33 0.004*

Cytokine Genes

NM_008337 Ifing Interferon gamma 6.59 0.050*
NM_008350 nii Interleukin 11 4.26 0.050*
NM_008355 13 Interleukin 13 8.89 0.077
NM_010551 e Interleukin 16 7.38 0.004*
NM_019508 117b Interleukin 17b 2.58 0.050*
NM_008360 s Interleukin 18 2.23 0.19
NM_130058 i Interleukin 1 family member 8 8.31 0.1
NM_010556 13 Interleukin 3 2.83 0.003*
NM_010735 Lta Lymphotoxin A 7.34 0.126
NM_007926 Scyel Small inducible cytokine subfamilyE, member 1 2.58 0.005*
NM_011616 Cd40lg CD40 ligand 3.83 0.151
NM_008401 Iltgam Intergrin alpha M -3.48 0.002*
NM_008518 Ltb Lymphotoxin B -3.51 0.005*
NM_009263 Spp1 Secreted phosphoprotein 1 -7.06 0.000*
NM_011577 Tgfb1 Transforming growth factor, beta 1 -5.78 0.003*

Cytokine Receptors Genes

NM_008348 ll10ra Interleukin 10 receptor, alpha 2.26 0.079
NM_133990 I113rat Interleukin 13 receptor, alpha 1 2.58 0.33

NM_008362 nr1 Interleukin 1 receptor, type 1 3.06 0.131

NM_008368 I12rb Interleukin 2 receptor, beta chain 6.89 0.000*
NM_008370 lI5ra Interleukin 5 receptor, alpha 6.62 0.004*
NM_010560 ll6st Interleukin 6 signal transducer 2.87 0.005*
NM_011609 Tnfrsfla Tumor necrosis factor receptor subfamily, member 1a 2.62 0.016"
NM_011610 Tnfrsf1b Tumor necrosis factor receptor subfamily, member 1b 6.15 0.000*

Other Genes Involved in inflammatory Response

NM_013854 Abcfl ATP-binding cassette, subfamily F member 1 5.23 0.053*
NM_009744 Bclé B-cell leukemia/lymphoma 6 6.28 0.06

NM_009778 c3 Complement component 3 6.18 0.004*
NM_009807 Casp1 Caspase 1 4.82 0.098
NM_007768 Crp C-reactive protein, pentraxin-related 12.23 0.003*

NM_023764 Tollip Toll interacting protein 3.23 0.034*




