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Figure 3 RSV infection is associated with lung pathology and enhanced caspase 3 staining in the preterm lung. (A) Representative
Haematoxylin and Eosin (H&E) stain of lung sections from preterm and full-term lambs comparing control to RSV-infected groups. Lung sections
were examined under a 20X field. Bars = 200 μm. Immunoreactivity (IR) to caspase 3 in alveoli (B) and bronchioles (C) was scored in lungs of
control and RSV-infected animals. The data represent the mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA.
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lymphocytes was assessed through perforin mRNA (Fig-
ure 6B), whose levels were induced by RSV. Similar to
the cellular infiltration, perforin mRNA was induced at
comparable levels regardless of the age of the infected
animal (Figure 6B). The expression of PD-L1, a negative
regulator of T cell function was also measured: RSV
infection significantly induced PD-L1 mRNA expression
in both groups of lambs. However, a comparison
between age groups showed that PD-L1 levels in RSV-
infected preterm lambs were significantly higher than in
RSV-infected full-term lambs (Figure 6C). Taken
together, these results suggest that lymphocytic function
may be further reduced in preterm lambs than full-term
lambs.

Discussion
Given that infants born prematurely are at higher risks
of severe lower respiratory infections with RSV [30,31],
we sought to identify potential factors responsible for
the age-dependent susceptibility to this pathogen. In

this study, we extended characterization of our preterm
lamb RSV-infection model [12] by more thoroughly
evaluating the immunological aspects of the disease.
Herein, we have provided data indicating that during
RSV infection, preterm lambs have a heightened innate
immune response associated with significant airway
structural changes and defects in the distribution and
activation of immune cells crucial to host defense
against RSV. These responses were less pronounced in
full-term lambs. The inappropriate immune response
observed in preterm lambs could be attributed to the
enhanced viral load in the lungs or to the role for devel-
opmental age in mounting an appropriate anti-RSV
response. Correlation analysis of the qPCR data showed
that the expression of all targets assessed in this study
did not differ in lungs of either uninfected preterm and
full-term lambs (data not shown).
The recognition of RSV by pathogen-associated mole-

cular patterns by PRRs such as TLRs and RIG-1 [32]
results in a cascade of signaling events mediated by NF-
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Figure 4 Neutrophils of RSV-infected preterm lambs have reduced myeloperoxidase levels compared to full-term lambs. (A) Scoring of
neutrophil infiltration in the lung sections of each animal. Histochemical analysis of myeloperoxidase expression in lungs of (B) RSV-infected
preterm lambs and (C) RSV-infected full-term lambs. (D) Scores were assigned in lungs of control and RSV-infected animals based on IR to
myeloperoxidase. The data represent the mean ± SE. **p < 0.01, ***p < 0.001 by ANOVA. NS, p > 0.05. Bars = 100 μm.

Sow et al. Respiratory Research 2011, 12:106
http://respiratory-research.com/content/12/1/106

Page 8 of 12



5.50

5.60

5.70

5.80

5.90

6.00

6.10

6.20

pre-term full-term

N
it

ri
te

 (
M

)

control
RSV

0.000
0.010
0.020
0.030
0.040
0.050
0.060
0.070
0.080
0.090

pre-term full-term

A
rg

in
a

s
e

 A
c

ti
v

it
y

 (
U

/
g

 p
ro

te
in

)

control
RSV

A.

B.

C.

*

*

NS
NS

NS

*

0

0.5

1

1.5

2

2.5

3

pre-term full-term

M
a

c
ro

p
h

a
g

e
 in

fi
lt

ra
ti

o
n

 s
c

o
re

s

control

RSV***

NS

NS

Figure 5 Macrophages from preterm lambs are recruited to
the lung but are differentially activated after infection. (A)
Scoring of macrophage infiltration in the lung sections of each
animal. (B) Nitrite levels were measured in whole lung homogenates
using the Griess reaction. (C) Arginase activity was measured in lung
homogenates and expressed as units per μg of protein sample. The
data represent the mean ± SE. *p < 0.05, ***p < 0.001 by ANOVA.
NS, p > 0.05.
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Figure 6 Lungs from infected preterm lambs display similar
trends in lymphocytic infiltration compared to full-term lambs.
(A) Scoring of lymphocytes and plasma cells infiltration in the lung
sections of each animal. (B) Perforin mRNA levels were measured by
qPCR and expressed as fold induction relative to control animals of
the same time point. (C) PD-L1 mRNA levels were measured by
qPCR and expressed as fold induction relative to control animals of
the same time point. For qPCR results, preliminary correlation
analysis of qPCR data determined that the level of each mediator
was similar between control animals of either age groups. The data
represent the mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001 by
ANOVA. NS, p > 0.05.
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�B. During an infection with RSV, these signaling events
lead to the expression of cytokines and chemokines,
which mediate pro-inflammatory functions to recruit
and activate cells, but also regulate the pro-inflamma-
tory state (reviewed in [33,34]). In the current study,
RSV-infected preterm lambs had a heightened pro-
inflammatory response in their lungs compared to full-
term lambs. The observed heightened levels of MIP-1a,
MCP-1, IFN-g, TNF-a and IL-10 in RSV-infected pre-
term lambs may be due to the increased viral load
observed in that group of animals, or to age-related
inappropriate transcriptional regulation that contributes
to increased pathology, reduced viral clearance, and
enhanced disease severity.
RSV predominantly infects airway epithelial cells, which

form the first line of defense against the virus and are the
site of disease-associated inflammation. RSV infection of
preterm lambs was associated with changes in the bronch-
iolar epithelium, characterized by significant epithelial
thickening and increased presence of PAS staining in
epithelial cells. At present, it is unclear whether the epithe-
lial thickening and the increased PAS staining detected in
the preterm lambs are due to increased RSV replication,
to enhanced levels of immune mediators in the lambs, or a
combination of both. It is likely that the epithelial thicken-
ing, the intra-airway inflammation and bronchoconstric-
tion due to inflammation partially obstruct the
bronchiolar lumen and impairs airflow in the preterm
lung. Such changes would contribute to impaired gaseous
exchange. Additional studies on physiological measure-
ments of airflow and gas exchange would provide impor-
tant information on the disease process.
Cellular mediators of inflammation, including neutro-

phils, macrophages, T cells, B cells and eosinophils play
key roles in RSV disease in humans (reviewed in [35]).
Our findings suggest that these mediators are also
involved in the immune response triggered by RSV in
lambs. Primary RSV infection in infants is characterized
by a strong neutrophil influx [23-25]. In lambs, the neu-
trophil influx in the airways suggests that these cells
might be important contributors to RSV disease.
Reports in the literature describing the neutrophil
defense system in humans at birth have determined that
the neutrophil response is immature and functionally
suboptimal [36,37]. Our current study is consistent with
these reports in that, despite similar neutrophil infiltra-
tion at the site of infection, neutrophils from preterm
lambs had significantly lower myeloperoxidase levels
than full-term lambs following RSV infection. In addi-
tion, the ratio of myeloperoxidase IR to neutrophil infil-
tration scores (0.56 in preterm lambs, compared to 2.7
in full-term lambs) suggests that the levels of myeloper-
oxidase per neutrophil is greater in the full-term lambs..
In accordance with our findings, myeloperoxidase levels

are significantly reduced in infants born prematurely,
but not in term neonates (reviewed in [38]). In addition
to prematurity, it is likely that the inappropriate
immune response, concomitant with the enhanced viral
load in the lung, play a role in modulating myeloperoxi-
dase levels in neutrophils in preterm lambs. To our
knowledge, this is the first study to report the role of
RSV infection on myeloperoxidase levels during primary
infection in preterm lambs.
Although macrophages were recruited to the lungs of

both preterm and full-term lambs following RSV infec-
tion, the decreased nitrite levels and the trend towards
increased arginase activity in lungs of infected preterm
lambs suggest that macrophages are either immature or
differentially activated in the preterm lung infected with
RSV. Alternatively activated macrophages also fail to
produce nitric oxide through the induction of arginase
and are unable to efficiently kill intracellular pathogens
(reviewed in [39]). Based on nitrite levels and arginase
activity, our data indicates that macrophages in the
RSV-infected preterm lung may have a sub-optimal acti-
vation state, resulting in an ineffective immune response
to viral infection and poor viral clearance. In addition,
our finding that RSV-infected preterm lambs have
enhanced caspase 3 IR is in agreement with a study of
infants’ lungs with fatal lower respiratory tract illness
caused by RSV [40]. In the preterm lung, these apopto-
tic cells are probably not cleared by the macrophages,
thus contributing to an inappropriate immune response
for viral clearance.
RSV infection can dysregulate RSV-specific cytolytic T

cells expression and suppress memory development in
the respiratory tract. A rapid loss of RSV-specific mem-
ory CD8+ cells in the lungs after infection has been
noted in mice (reviewed in [41]). In addition, RSV has
been reported to inhibit the development of cytotoxic
responses in vivo, by suppressing CD4 lymphocyte func-
tion [42], interfering with antigen-dependent T cell
receptor signaling [43], or inducing lymphocyte apopto-
sis [44] among other mechanisms. Although we
observed no significant differences in lymphocytic infil-
tration or in the expression levels of components of the
lymphocyte lytic machinery (perforin/granzyme) in this
study, RSV infection significantly induced the expression
levels of PD-1 (data not shown) and PD-L1 in the ovine
lung. Because the PD-1/PD-L1 pathway plays an impor-
tant role in regulating T cell exhaustion [45-48], it is
conceivable that other functional aspects of CD8+ cells,
such as their capacity to degranulate, are impaired in
the RSV-infected ovine lung.
There appears to be a correlation between degrees of

cellular infiltration and chemokine levels between pre-
term and full-term lambs. Similar levels of neutrophils
are present in the infected lungs of both preterm and
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full-term lambs, which correlate with similar levels of
IL-8 in the two groups of infected lambs. In the absence
of infection, lungs of lambs of either age group have lit-
tle to no macrophage infiltration. However, in response
to RSV infection, the relative increase above baseline in
lung macrophage numbers appears to be higher in pre-
term lambs (infiltration scores of 0 to 2.17 in preterm
lambs compared to infiltration scores of 0.67 to 1.6 in
full-term-lambs). This is consistent with overall higher
levels of MCP-1 and MIP-1a following infection in pre-
term lungs and a relatively greater elevation in these
mediators compared with uninfected baseline levels (for
MCP-1: 4.88-fold increase in preterm compared to 3.26-
fold in full-term; for MIP-1a: 9.4-fold increase in pre-
term compared to 2.7-fold in full-term). These observa-
tions suggest that a heightened immune response to
RSV infection may occur in preterm lambs to compen-
sate for an initial deficit in baseline levels in the imma-
ture non-infected lung. This initial deficit, together with
the increased viral load, the overall exaggerated response
and altered activation state of the cells may contribute
to the increased pathology observed.

Conclusions
In summary, the current study demonstrated that RSV
infection of preterm lambs resulted in enhanced levels
of pro-inflammatory mediators, including cytokines
and chemokines. Lungs of RSV-infected preterm
lambs, but not full-term lambs, had marked structural
changes, as evidenced by epithelial thickening,
increased PAS staining and increased caspase 3 stain-
ing in bronchioles and alveoli. Although the expression
of caspase 3 suggests the activation of the apoptotic
machinery as a result of viral infection of cells, the
inefficient innate immune responses mediated in part
by the phenotypically altered neutrophils and macro-
phages likely contribute to the enhanced disease
pathology and severity. The similarities in the severity
of RSV between lambs and humans in regards to viral
susceptibility, clinical responses, lesions and immune
responses highlight the utility of the pre-term lamb
model to study pathogenesis of RSV. In addition, the
ability to induce premature birth in lambs provides an
excellent opportunity to study the mechanisms under-
lying the age-dependent susceptibility of human infants
to RSV. Finally, the outbred nature of lambs is a useful
characteristic to determine the genetic basis for sus-
ceptibility to, and re-infections with RSV.

Abbreviations used in this paper
IFN: interferon; IHC: immunohistochemistry; IL-: interleukin; IR:
immunoreactivity; MCP: monocyte chemotactic protein (also called CCL2);
MIP1-α (also called CCL3); PD-L1: programmed death ligand 1; RT-qPCR:

reverse transcriptase quantitative polymerase chain reaction; RSV: respiratory
syncytial virus; TNF-α: tumor necrosis factor α.
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