


Figure4.2 BALF cdlularity and cytokinelevelsin neonatal mice after infection. A)
BALF wasisolated and the cellularity determined at 5 hpi and at 2, 4, and 10 dpi. Absolute
cell numbers were plotted versus time post-infection. n=4-5/group. B) Cytokinelevelsinthe
BALF supernatant was determined for the following cytokines: IL-2, -4, -5, -6, -12(p40) -
12(p70),-13, -17, IFN-y, and TNF-a. Only detected cytokines are displayed on the graph.
n=3-5/group. Data are expressed as mean + SEM, *: p<0.05, **: p<0.01, ***: p<0.001,
compared to SHAM.
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Figure 4.3 Lung histopathology following neonatal influenza infection. Lungswere
isolated, fixed and stained with H& E and PAS at 10 dpi. A) H&E staining showed marked
inflammation in the perivascular, peribronchial, and alveolar spaces of the lung (right panel).
Diffuse emphysematous changes were also observed in the infected lungs along with slight
thickening of the alveolar walls. SHAM mice showed no inflammation or emphysematous
changes (left panel). Scale bar=100 um. B) PAS staining demonstrated widespread mucus
production and proliferation of peribronchia glands within the hilum in the influenza infected
mice (right panel). SHAM mice showed no mucus staining. Scale bar=50 um. Each picture
is arepresentative of three different animals.
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4.1.A). Aswith the acute studies, BALF céllularity, BALF cytokine levels, and lung
histopathol ogy were recorded at 109 dpi.

Significantly more total cells were present in the BALF of previously infected mice
compared to SHAM animals at 109 dpi (6.05 + 1.89 vs. 2.59 + 0.70 x 10°, p<0.05). Asshownin
Figure 4.4, there were significantly more monocytes/AMs (51.02 + 8.79 x 10% present in the
BALF of infected animals compared to SHAM mice (25.08 + 5.17 x 10%). Neutrophils (14.42 +
6.47 x 10* and lymphocytes (6.20 + 3.24 x 10* were higher than SHAM (1.08 + 0.53 and 0.25
+ 0.07 x 10", respectively), although not significantly different (p=0.074). Eosinophilswere not
observed in the BALF of either FLU or SHAM mice. None of the cytokines assayed in the

BALF at 109 dpi were significantly different than that of controls (data not shown).
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Figure4.4 BALF cdlularity in adult miceinfected with influenza as neonates. BALF
was isolated at 109 dpi and leukocyte populations determined. Data were expressed as mean
+ SEM, n=4-5/group. *: p<0.05.
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The persistent change in BALF cellularity at 109 dpi suggested that there might also be
unresolved pulmonary inflammation in the lungs of the adult mice initially infected with
influenza as neonates. Indeed, lung histopathologic examination (Figure 4.5.A, right panel)
confirmed mild-to-moderate peribronchia chronic inflammation consisting mostly of
lymphocytes. Furthermore, moderate mucus production was still present in the goblet cells of
infected lungs (Figure 4.5.B, right panel). Diffuse emphysematous changes with focal areas of
minimal thickening within the alveolar walls were also observed in the infected lungs.

Emphysematous lesions were quantified by eval uating both the airspace enlargement in
terms of L, and the destruction of the alveolar walls by measurement of DI. Influenzainfected
lungs exhibited a marked increase of aveolar enlargement (L, 79.0 + 2.89 ym) compared to
SHAM (60.0 £ 5.15 ym) and a significant increase destroyed alveolar walls (DI: 57.1 + 2.91 ym)
versus SHAM (14.5 £ 0.58 ym).

The change in the lung structure associated with the persistence of inflammatory cellsin
the lung and the BA LF suggested alterations in pulmonary function. To determine if neonatal
infection with influenza produced long-term effects on lung function, lung mechanics were
measured in mechanically ventilated animals at 109 dpi. Mice infected with influenza as
neonates showed significantly impaired lung function compared to the SHAM mice as evidenced
by increased airway hyperreactivity with decreased dynamic compliance in response to MeCh
(Figure 4.6.A & B). Baseline resistance was similar in these two groups at this time point (0.49
+ 0.03 vs. 0.47 + 0.08 cm H20-g/ml). Although there was no significant shift to the left in the
MeCh dose response curve; influenzainfection increased pulmonary resistance in response to 50
mg/ml of MeCh (4.12 £ 0.93 vs. 1.25 + 0.21 cm H20-s/ml, Figure 4.6.A) and therefore, airway

hyperreactivity.
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Figure4.5 Adult lung histopathology of miceinfected with influenza as neonates. Lungs
were isolated, fixed and stained by H& E and PAS at 109 dpi. A) Mild-to-moderate
peribronchial chronic inflammation consisting mostly of lymphocytes and diffuse
emphysematous changes were observed in the lungs of mice infected with influenza as
neonates (right panel). No inflammation or emphysematous changes was observed in SHAM
mice (left panel). Scale bar=100 um. B) Moderate mucus production persisted in airway
epithelial cells of influenzainfected mice (right panel); while no mucus staining was observed
in the lungs of SHAM infected mice. Scale bar=50 um. Each pictureis arepresentative of
three animals.
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Figure4.6 Persistent airway dysfunction in adult miceinfected with influenza as
neonates. Pulmonary function was assayed at 109 dpi. A) Influenzainfected mice showed a
significant increase in lung resistance compared to sham-inocul ated mice when challenged by
50 mg/ml methacholine (MeCh). There was no difference in baseline resistance between the
FLU and SHAM groups. Datawere normalized to baseline (0 mg/ml MeCh) and are
expressed as mean + SEM, n=5/group. ***: p<0.001. B) These same mice exhibited a
marked decrease in lung compliance if they were infected. For ssimplicity in interpretation,
data are presented as normalized to baseline (0 mg/ml MeCh) and expressed as mean + SEM,
n=5/group. **: p<0.01.
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Reduced IFN-y+ T Cells Are Observed in the Neonates in Response to Influenza Infection

To dissect the possible mechanism(s) responsible for the observed long-term pulmonary
dysfunction, pulmonary T cell responses were measured using intracellular cytokine staining in
influenza infected neonates (FLU) and adults (AFLU; 4wk old) at 7 dpi. Approximately, two-
fold more CD8+ T cells (9.7 + 1.1 vs. 5.2 + 1.3 x 10°) and slightly more CD4+ T cells (1.67 +
0.18 vs. 1.41 + 0.48 x 10°) were present in the adult ungs compared to the neonatal lungs
(Figure 4.7.B, left panel). In addition, neonates infected with influenza appeared to mount a
weak |FN-y response to the virus, compared to that of adults (Figure 4.7.B, middle panel). Adult
mice infected with influenza (AFLU) were able to recruit almost six-fold more CD8+IFN-y+ T
cells(12.3 £ 1.92vs. 2.76 + 1.92 % of CD8+ T cells) and two-fold more CD4+IFN-y+ T cells
(4.04 £ 0.67 vs. 1.92 + 0.34 % of CD4+ T cells) to the lung as compared to the neonates. CD4+
IFN-y+ T cellsin neonates were statistically different from SHAM levels (0.61 + 0.07 % of
CDA4+ T cells). No difference was observed in the number of CD4+IL-4+ T cells recruited to the
lungs of mice infected with influenza as neonates or adults (data not shown). To examine the
specificity of the CD8+ T cells recruited to the lung, we stained lung lymphocytes with H-2K®
tetramers containing the immunodominant epitope from the influenza nucleoprotein (Figure
4.7.B right pandl). Influenzainfection of adult mice resulted in the recruitment of about two-fold
more CD8+ T cells that bound the influenza tetramer compared to infection of neonatal mice
(2.29 + 0.16% Vs 1.24 + 0.04%).

Reversal of Long-term Pulmonary Dysfunction after Adoptive Transfer of Adult CD8+T
Cellsbut not Neonatal CD8+ T Caells

To determine whether the persistent pulmonary inflammation, altered lung structure, and
long-term lung dysfunction were due to the functional immaturity of host lymphocytes or other

factors (e.g., IFN-y), CD8+ T cells were purified from the spleen of naive neonatal, adult, or
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Figure4.7 Lymphocyte populationsin the lungs of miceinfected with influenza as
neonates and adults. T cell subpopulations were analyzed in lung homogenates at 7 dpi in
miceinfected at either 7 d (FLU) or 4 w (AFLU) of age using intracellular cytokine staining
and flow cytometry. A) A representative flow cytometry dot plot of IFN-y+ CD4+ and CD8+
T cellsin infected adult or neonatal mice. B) Both CD4+ and CD8+ T cells appeared to be
elevated in influenzainfected adults (AFLU) compared to mice infected as neonates (FLU,
left panel). IFN-y+ CD4+ and CD8+ T cells were significantly greater in influenzainfected
adults as compared to infected neonates (middie panel). Finally, CD8+ T cells specific for an
Immunodominant epitope of influenzain AFLU mice were also significantly greater than in

FLU mice (right panel).



adult IFN-y deficient mice and adoptively transferred to 6 d old pups (Figure 4.1.B). One day
later, these mice were then infected with 10 TCIDsy/g body weight of influenza (FLU/CD8N,
FLU/CD8A, or FLU/CD8AKO, respectively). In addition, neonatal and adult mice were simply
infected with influenza (FLU and AFLU, respectively). Pulmonary function testing, BALF
cellularity and lung histopathology were performed at 30 dpi.

Both FLU/CD8N and FLU/CD8A groups showed an improvement in pulmonary
function, as evidenced by lower airway hyperreactivity compared to control FLU mice (2.89 =
0.94and 1.45+ 0.46 vs. 5.17 = 1.35 H,O-g/ml at 50 mg/ml MeCh, Figure 4.8.A). Since non-
infected control mice, either adult or neonate at time of sham infection, exhibited almost
identical responses (data not shown), therefore only the non-infected control mice that were
sham infected as neonates (SHAM) are presented. Compared to the FLU/CD8N group, the
FLU/CDB8A group showed significantly lower pulmonary resistance at 50 mg/ml MeCh (1.00 +
0.17 cm H2O-g/ml). Moreover, the resistance of FLU/CD8A mice was comparable to that of
SHAM mice (1.25 £ 0.21 cm H20-s/ml). In contrast, FLU/CD8N mice had higher resistance
compared to SHAM mice, although pulmonary resistance was lower than that of the FLU mice
(2.05£0.39vs. 4.12 + 0.93 cm H,O-/ml). Interestingly, AFLU mice showed medium airway
hyperreactivity - lower than mice infected as neonates (FLU) and higher than FLU/CD8A mice.
Finally, adoptive transfer of adult CD8+ T cells deficient in IFN-y prior infection
(FLU/CD8AKO) was unable to reverse the effects on pulmonary dysfunction observed in mice
infected with influenza as neonates (resistance at 50 mg/ml MeCh of 5.80 + 1.83 vs. 5.17 + 1.35
H,O-s/ml).

Lung histopathology was also greatly improved in the FLU/CD8A mice as compared to

FLU, FLU/CD8N, and FLU/CD8AKO mice. These improvements included reduced pulmonary
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cytokines between mice infected as neonates and SHAM controls; however, the role of other
cytokines or inflammatory mediators (e.g., leukotrienes, etc.) cannot be excluded.

In addition to the chronic inflammation and airway hyperreactivity to MeCh,
histopathol ogic analysis of the lungs from adult mice originally infected as neonates reveal ed
emphysematous-type lesions within the lung architecture. Intriguingly, there were no differences
in baseline resistance between this group and SHAM controls at 109 dpi despite significant
differencesin lung architecture and inflammatory state. The reason(s) for this are unclear, but
may represent masking due to the persistent inflammation or alimitation of the model chosen
(i.e., single-compartment) to measure respiratory mechanics.

In general, the immune system of a neonate is quite different from that of an adult, in that
the innate and adaptive immune responses are immature (Billingham et a., 1953; Bona, 2005).
Naive, neonatal T cells are also functionally distinct from adult T cells (Adkins, 1999); and
effector, neonatal T cells are less able to lyse antigen bearing cells or produce cytokines
(Granberg et al., 1979). Although neonatal T cells are able to mount comparable proliferative
responses to mitogens (Y archoan and Nelson, 1983), they have intrinsically lower levels of
CD3/TCR, adhesion molecules, and costimulatory molecules (Velillaet al., 2006). Datafrom
our studiesindicate that recruitment of T cellsis different in the infected neonates versus the
adult and although both T cell populations are induced in the neonate, CD8+ T cell numbers are
doubled in the adults. This suggested that cell number aone may have been responsible for the
pathophysiological impact of neonatal influenzainfection. Although adoptive transfer of
neonatal CD8+ T cells prior to infection did help to control the infection (i.e., reduced viral load
and improved pulmonary function compared to neonates infected with influenza); it was not as

effective as adoptive transfer of adult CD8+ T cells (i.e., further reduction in viral load and
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pulmonary function equivalent to that of SHAM). These data suggest that neonatal CD8+ T cells
are functional impaired compared to adult CD8+ T cells.

In addition to the lower magnitude of the T cell response in the neonates, the number of
IFN-y+ CD8+ T cellswas significantly lower than that of their adult counterparts after influenza
infection. Previous studies have showed that IFN-y plays an important role in recovery from
influenza infection by helping to clear the virus (Bruder et al., 2006; M oskophidis and Kioussis,
1998) and that adoptive transfer of Tcl cells (I FN-y" cytotoxic T cells) promotes clearance of
the influenza virus, while transfer of Tc2 cells (IFN-y'° cytotoxic T cells) does not affect viral
clearance (Wiley et a., 2001). Our data confirmed that IFN-y produced by CD8+ T cells was
important to effectively clear influenza from the neonatal lung, since mice receiving IFN-y
deficient adult CD8+ T cells showed higher viral |oads than mice receiving wild-type adult
CD8+ T cells. Moreover, adoptive transfer of IFN-y deficient CD8+ T cells totally abolished the
benefits observed upon administration of adult CD8+ T cells, as demonstrated by increased
airway hyperreactivity, BALF cellularity, and lung histopathology (similar to neonatal infection
controls). Intotal, our data further demonstrate the importance of IFN-y in the resolution of
infection and inflammation initiated upon infection of neonatal mice.

Viral load and immune function are inescapably linked. Also, it isreadily apparent that
CD8+ T cellsdo not directly affect disease outcome and that they alter the course of
pathogenesis by acting against virus-infected cells (i.e., decreasing viral load) through production
of IFN-y. This contention is strengthened by our observation that introduction of poorly
functional neonatal CD8 T-cells does not ameliorate disease, or act against virus-infected cells,

thereby permitting a higher viral load in the host. Mice receiving wild-type adult CD8+ T cells
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exhibited lower viral loads, improved pulmonary function, areduction in total BALF cellularity,
and areduction in pulmonary inflammation compared to mice infected as adults.

Influenza and another common respiratory virus, RSV, infect the same human population
(infants) but elicit different pulmonary diseases. It has been reported that Th2 (IL-4+ T helper
cells) responses dominate in neonatal immunity; while Thl (IFN-y+ T helper cells) responses
dominate in adults (Adkins et al., 2000; Adkins et a., 1996; Adkinset a., 1993; Min et a., 1998;
Pack et al., 2001). However, studies from our lab and other groups clearly demonstrate that the
immune response initiated by neonates is more complex (You et al., 2006). A previous study
showed that RSV infected neonatal mice mount a Th2 biased response when rechallenged as
adults with RSV (Culley et al., 2002). Although a mixture of Thl and Th2 cellsiselicited in
lungs during reinfection, there were significantly more (4 fold) Th2 cellsin lungs compared to
mice primarily infected as adults (Culley et a., 2002). Datafrom our lab showed that even at
primary infection, neonatal RSV infection mounts a Th2-skewed response (You et a., 2006)
compared to influenzainfection (data presented here). In fact, both infections mount a mixed
Th1/Th2 response. Following influenzainfection about 5 fold more Thl cellsthan Th2 cells
were recruited to the lungs, while RSV infection recruited similar numbers of Thl and Th2 cells.
These data suggest that the immune response initiated in neonates is not predestined toward a
Th2 response, as previously implied, and appears to depend on the antigen encountered. Besides
the differences in responses of helper T cellsto RSV and influenza, both viruses induce a weak
CD8+ T cell response similar in magnitude and function. Finally during neonatal RSV
infections, athough airway remodeling is present (i.e., increased basement membrane thickness,
smooth muscle hypertrophy, subepithelial fibrosis), thereis relatively no tissue destruction (Y ou

et a., 2006). In contrast, neonates infected with influenza exhibited a tremendous amount of

92



tissue destruction, which may be the principa determinant of the severity of airway symptoms.
Taken together, there is similarity and disparity in the immune responses induced by RSV and
influenza, and the immune and cytopathic differences may explain the specific pulmonary
diseases dlicited by these two viruses.

In summary, our data demonstrate that infection of newborn mice with influenza has
long-term consequences for the host inducing diffuse emphysematous changes in the lung and
marked pulmonary inflammation. These alterations were persistent and associated with
increased airway resistance and reduced compliance. The adaptive T cell response was markedly
reduced in the neonates, with the most striking difference being observed among the CD8+ T céll
population. Our adoptive transfer data suggest that the immaturity of this cell population is an
important factor in determining disease outcome in the context of the pulmonary
microenvironment. These data, along with recent data suggesting that one lung infection has the
potential to modify immunity for extended periods of time (Didierlaurent et al., 2008),
emphasi ze the importance of delaying the time of initial influenzainfection, and therefore the
importance of vaccination in infants and young children. Future studies to elucidate the
molecular mechanisms responsible for the persistent inflammation and structural aterations
observed with neonatal influenzainfection should identify important therapeutic targets capable
of controlling long-term complications due to viral bronchiolitisin infancy. Our observations
(i.e., that CD8+ T cell responses in neonate are functional different than that of adults) have
significant implications for human infants beyond just influenza infection including infant

responses to nosocomial infections and even responses to vaccination.
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Respiratory viral infections continue to be a significant cause of morbidity and mortality
worldwide. Respiratory syncytial virus and influenzavirus are the two major causes of lower
respiratory tract infections (LRTI) in infants and children (Denny, 1995), and disease severity is
inversely related to age at infection (Welliver, 2003). In particular, infants under two years of
age, especially those younger than six months of age, develop severe LRTI involving bronchi,
bronchioles, and alveoli (Welliver, 2003).

Despite the intense research on RSV and influenza, the pathogenesis of these two viruses
isunclear, partly due to the usage of age-unmatched animal models. The magjority of the studies
on the pathogenesis of RSV and influenza are carried out in adult mouse models. However,
discrepancies between pathogenesis in adult mouse models and in human infants have been
observed. RSV infectionsin infants are usually Th2 biased (Roman et al., 1997), while RSV
infectionsin adult mice are Thl biased (Peebles et al., 2001). Influenzainfectionsin infants
exhibit alack of adaptive immune responses (Welliver et a., 2007), while influenzainfectionsin
adult mice induce a substantial number of adaptive immune cells (Allan et a., 1990). The
inconsistency of immune responses between human and mouse infections indicate that an age-
matched mouse model must be used to match the maturity of immune systems in both organisms.

Therefore, we established two neonatal mouse models of RSV and influenzainfection in
the research for the present dissertation. In our models, both viruses led to long-term pulmonary
dysfunction; however, the mechanisms behind this phenomenon were quite different. The
following discussion will detail the relevance of these two models to infections in human infants
and the similarities and dissimilarities between the pathogenesis of these two viruses in neonatad
mice. We will also propose a possible model for the pathogenesis of both viruses in neonatal
mice and discuss the implications of our study of antisense oligonucleotides (ASO) to IL-4Ra.

(Chapter 3) on the development of RSV vaccines and therapies for infants.
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Neonatal Mouse M odels and Infant | nfections
Respiratory Syncytial Virus

In our neonatal mouse model, infection with RSV at seven day of age elicited along-term
airway hyperreactivity associated with unresolved pulmonary inflammation, goblet cell
hyperplasia, and airway remodeling. In combination with an alergic model (ovalbumin), we
demonstrated that neonatal RSV infection exacerbated many symptoms observed in alergic
asthmaincluding airway hyperreactivity and eosinophilic pulmonary inflammation. These data
mimic epidemiologic data demonstrating that infantile RSV infections correlate with long-term
pulmonary function abnormalities and increased risk of developing recurrent wheezing and
asthmain later life (Castro-Rodriguez et a., 1999; Hall et al., 1984; Korppi et a., 2004; Sigurs et
al., 2000; Sigurset al., 2005; Stein et al., 1999). Although the duration of pulmonary
dysfunction (i.e., 13 to 20 years) due to RSV infections during infancy is controversia, it is
generally well accepted that severe RSV infection does induce long-term pulmonary dysfunction
and increased sensitivity to aeroallergens.

In humans, the question remains: does severe RSV infection during infancy predispose to
long-term pulmonary function abnormalities or does it unmask some genetic or pulmonary
abnormalities that may already exist? In our neonatal mouse model, RSV infection appears to be
an independent cause inducing persistent pulmonary dysfunction and exacerbating alergic
pulmonary diseases well into adulthood.

To better address thisissue in humans, clinical studies using interventions such as anti-
vira drugs (i.e, ribavirin) and RSV antibodies (i.e., RSV-1GIV and palivizumab) have been
carried out. Current data suggest that ribavirin therapy does not protect against long-term

pulmonary dysfunction in infants following RSV LRTI (Krilov et al., 1997; Long et a., 1997;
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Lugo and Nahata, 1993; Rodriguez et al., 1999), which may be explained by the controversial
effects of ribavirin on treating RSV (Ventre and Randol ph, 2007), whereas clinical studies with
RSV-IGIV suggest that a cause-effect relationship exists between RSV LRTI and the subsequent
development of asthma. In these studies, using RSV-1GIV in infants to prevent LRTI caused by
RSV decreases the incidence of asthma five to nine years after treatment (Simoes, 2001).

Interestingly, mice originally infected with RSV as neonates and then reinfected as adults
devel oped Th2-biased immune responses, including pulmonary eosinophiliaand IL-13-mediated
mucus hyperproduction. It isdifficult to know what responses occur in humans upon reinfection
because: 1) only 25 to 40% of infected infants develop severe LRTI (Collins and Graham, 2008);
2) of those, only 40% devel op long-term wheeze or asthma (Sigurs et a., 2005); and 3) recurrent
infections can occur throughout life (Hall et al., 1991; Scott et a., 2006). However, the tragic
formalin-inactivated-RSV vaccinetria of the late 1960s suggests that a similar Th2-biased
response occurred when the vaccinated infants later became naturally reinfected. In fact, 80% of
those vaccinated infants devel oped severe bronchiolitis and/or pneumonia. Two of the
vaccinated infants died, and the postmortem examinations reveal ed significant pulmonary
eosinophiliain their lungs (Kim et al., 1969).
Influenza

In our neonatal mouse model of influenza, infection of seven-day-old mice induced
persistent pulmonary pathophysiology, including airway hyperreactivity, emphysematous-type
lesions, and severe pulmonary inflammation with alveolitis and consolidation. Few studies have
investigated long-term effects of influenzainfection in infants, probably because it occurs less
frequently. However, an in-depth literature search revealed that these studies, although old,

exist. The data suggest that influenzainfection in infants causes chronic (2.5 to 5 years post-
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infection) pulmonary dysfunction, and therefore the long-term effects of infantile influenza
infection may be underestimated (Laraya-Cuasay et a., 1977).

Many components of our model mimic the responses in influenza-induced LRTI in
human infants, including influx of neutrophils and mononuclear cellsinto the airways, necrosis
of epithelial cells, and alveolar edema. More importantly, deficient adaptive immunity to
influenzainfection in neonatal miceis aso consistent with that in human infants. Limited CD4+
and CD8+ T cell responses are observed in fatal infantile infections of influenza (Welliver et a.,
2007). Repeated infection in humans with the same strain is usually asymptomatic; antigenically
similar but different strains are a frequent cause of reinfection and manifest similar symptoms as
primary infection (Sonoguchi et a., 1986). It would be interesting to assess reinfection with
influenzain our neonatal mouse model to investigate whether reinfection with the same strainis
similar to that observed in humans. We expect prior neonatal infection would be protective
against subsequent infection but, as with RSV memory, that protection may be incomplete due to
early exposure to the virus (Lawrence and Vorderstrasse, 2004). For al these reasons, neonatal

mice provide a good model to study the immunological aspects of influenza infection in infants.

RSV versus I nfluenzain Neonatal Mice

Similarities between RSV and influenza infections in neonatal mice are obvious. Both
neonatal infections led to long-term airway hyperreactivity, along with persistent pulmonary
inflammation and goblet cell hyperplasiain matured adults. However, the magnitude of these
responses was quite different, with influenzainducing more severe pulmonary dysfunction and
inflammation. Furthermore, lung injury following neonatal influenza infection was more
prominent. Emphysematous-type lesions were readily apparent in influenza-infected lungs,

while RSV infection in neonates led to extensive subepithelial fibrosis (i.e., airway remodeling).
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Cdlular inflammation in the BALF during the acute phase of the infection (during active
infection) was al'so more prominent in influenzainfection in terms of scale. Both virusesled to
the recruitment of neutrophils, monocytes/alveolar macrophages (AMs), and lymphocytes,
however, two-fold more cells were present in the BALFs of influenza-infected mice. In addition,
the composition of the inflammatory cells in the conval escent phase (months after virus was no
longer detectable) was different between RSV and influenzainfections: monocytes or AMs were
the major cells observed in RSV-infected lungs, whereas neutrophils and lymphocytes comprised
asignificant portion of the inflammatory cells observed in influenza-infected lungs. The
difference between neonatal RSV and influenzainfections, in this respect, may be attributed to
the fact that RSV isless virulent than influenzain mice. RSV infects mice less efficiently than
influenza and requires 20,000-fold more infectious virions than influenzato elicit a productive
infection compared to influenza.

Furthermore, the time course and the amount of cytokine production in the BALF were
quite different for RSV and influenzainfections. Influenzainfection induced more robust
cytokine responses than RSV, with the exception of higher levels of TNF-a., IL-13, and IL-17
secreted in RSV-infected lungs. The proinflammatory cytokine TNF-a was secreted and peaked
as early asfive hours post-infection in both RSV and influenza and was undetectabl e ten days
post-infection (dpi). Another proinflammatory cytokine, IL-6, was a bit different. It peaked
within five hours of RSV infection and was no longer detectable 24 hours after infection. With
influenza, 1L-6 peaked four dpi and was undetectable six days later. The Th2 cytokine IL-13
peaked within 24 hours of both infections, with RSV inducing two-fold IL-13 secretion over
influenza. As expected, the Thl cytokines IFN-y and IL-12 were much higher in influenza

infection and were barely detected in the BALF of neonates infected with RSV.
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T cell responses in neonatal RSV and influenza infections aso showed similarities and
dissimilarities. RSV infection in neonatal mice elicited a Th2-biased response (1:1 ratio of
Th1/Th2 cellsin the lungs) compared to influenzainfection (5:1 ratio of Th1/Th2 cells).
Responses of cytotoxic T cells (CTLs) were similar between RSV and influenza with both
infections diciting prominent Tcl (IFN-y-producing CTL) responses. Interestingly, the
magnitude of T cell responses in both infections was weaker than the magnitude of T cell

responses observed in adult infections.
Current Mode for the Pathogenesis of RSV and Influenza

Combining data from our neonatal infection studies, we propose a model for the
pathogenesis of RSV and influenzainfections (Figure 5.1). For ease of discussion, unless
otherwise stated, “primary infection” here means infection in neonates, and “reinfection” means
infection in adults who had originally been infected as neonates.

The outcome of primary infection is determined by the virulence of the invading viruses,
the infectious doses, and the state of the host’simmunity. Epithelia cells of the airways are the
major targets for both viruses. The replication of virusesin epithelial cells leads to two
consequences. 1) the necrosis of epithelia cells and 2) the release of a series of inflammatory
signals. Destruction of the epithelial layer is more prominent in influenzainfection, probably
due to the fact that influenzais more virulent than RSV and replicates more efficiently in mice.
Combined with the weak adaptive immune responses in neonates, the control of influenza
infection is poor. The cytopathic effects of the virus, therefore, play major rolesin the
pathogenesis of influenzainfection. In the case of RSV primary infection, both the cytopathic
effects of the virus and the Th2-biased immune responses are responsible for the pathogenesis.

However, since RSV islessvirulent, the pulmonary disease is less severe.
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Figure5.1 A proposed model for the pathogenesis of primary infections of RSV and
influenza in neonatal mice. Both RSV and influenzainfections in neonatal mice result in the
necrosis of epithelial cells and the recruitment of inflammatory cells into the lung.
Inflammation and destruction of the epithelial layer is more prominent in influenzainfection,
while RSV induces more Th2 cells to the lung.
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The second consequence of viral replication in epithelia cells (i.e., the rel ease of
inflammatory signals) comes to the forefront when adult mice are infected. In generd,
pulmonary disease induced by these two viruses is milder in adults than in neonates, most likely
due to amore mature and efficient adaptive immune system and response. However, it is
possible that the benefit of the adult immune response could be overcome with a higher
infectious dose. A higher infectious dose would result in more replication of the virus and,
subsequently, greater destruction of epithelial cells, with considerable rel ease of inflammatory
signals. Large numbers of inflammatory cells, including cytotoxic T cells, are recruited to the
infected area and exert their killing function on infected epithelial cells. However, the bystander
cytotoxicity of immune cells adds more destructive burden to the infected animalsand is
therefore more pathogenic than protective.

In the case of reinfection, the pathogenesis of RSV and influenza infections differs
drastically. Although not tested in this dissertation research, reinfection with influenzais
thought to be consistent with the canonical model of reinfection, based on the adult infection data
from other groups (Lawrence and Vorderstrasse, 2004): memory of adaptive immunity is
established during primary infection and protects the host during secondary infection. In RSV
reinfection, Th2-biased immune responses play major roles in the pathogenesis of secondary
infection. Abundant inflammatory cells, including CTLs, are recruited to the infected areato
clear the virus, however, other recruited cells, e.g., eosinophils and Th2 cytokines, such asIL-5
and IL-13, erroneously add inflammatory burden to the lungs and airways, and induce mucus
hyperproduction and airway hyperresponsiveness, which are hall marks of RSV-induced illness.
This discrepancy between RSV and influenza reinfections is possibly due to undefined molecul ar

mechanisms by which RSV induces a Th2-biased memory response in neonates. IL-4Raisa
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candidate for study, since this molecule has been shown to regulate selective apoptosis of Thl
cells, leaving Th2-biased responses upon rechallenge with the same antigen (Li et a., 2004).
Toll-like receptors (TLRS) are other good candidates, since they are at the first line of defense
against viruses, and the interplay between these receptors and the invading virusin innate cells
signals the down-stream adaptive immune responses, including T cell responses.

In summary, both the cytopathic effects of the virus and immunopathology play rolesin
the pathogenesis of primary infections with RSV and influenzain mice; Th2-dominated memory

responses contribute to the exacerbated respiratory distress upon RSV reinfection.
TherelsHope

The fact that no vaccines are available for RSV infection is disappointing given the
burden of thisvirusin infants and the long-term effects of severe infantile infections on
pulmonary function in children and adolescents. The tragic vaccinetrial of the late 1960s has
intimidated vaccinologists, and the difficulty of inducing protective immune responses in infants
with live attenuated vaccines has hampered the progress of vaccine development.

The usual vaccination strategy uses an attenuated virus to inoculate neonates in the hope
of eliciting protective memory responses in arather immature or weakened immune system. In
contrast, we used awild-type virus to infect neonatal mice, along with immunomodulation at the
time of infection. Theresults, so far, are promising. We demonstrated that treating neonates
with ASO against IL-4Ra. during primary RSV infection completely protects against the
pulmonary dysfunction usually seen in RSV reinfection. This protection was achieved by
inducing a strong-enough immune response with a wild-type virus instead of an attenuated one

and by delicately balancing between Thl and Th2 responses with IL-4Ra. ASO treatment during
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infection. We believe that our IL-4Ra ASO treatment offers a good opportunity for future
therapies and vaccine devel opment strategies.
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