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Cystic fibrosis (CF) patients have decreased levels of lung
epithelial interleukin (IL)-10 and increased levels of proin-
flammatory cytokines (tumor necrosis factor-a, IL-4, IL-8 and
IL-6). This has also been documented in Cftr (cystic fibrosis
transmembrane conductance regulator)-deficient mice (Cftr
489X�/�, FABP-hCFTR+/+). Our laboratory has recently
characterized a peculiar hyper-IgE phenotype in these mice,
in response to Aspergillus fumigatus crude protein extract
(Af-cpe). Thus, we hypothesized that sustained systemic
circulating IL-10 levels achieved through skeletal muscle
transduction with recombinant adeno-associated vectors
expressing IL-10 (rAAV1-IL-10) would serve to downregulate
Th1 and Th2 cytokine production. This in turn would dampen
the allergic response in the Cftr �/�-dependent mouse model
of allergic bronchopulmonary aspergillosis. After Af-cpe

sensitization and airway challenge, mice treated with
rAAV1-IL-10 had markedly lower IgE levels when compared
to the control-treated rAAV1-GFP group. This was accom-
panied by a significant reduction in the levels of IL-5, IL-4 and
IL-13 in the lung compartment. The lower lung cytokine
profiles resulted in a near absence of eosinophil recruitment
in the lung and a lower inflammatory response in the lung
tissue of mice receiving rAAV1-IL-10. Unfortunately, sus-
tained secretion of IL-10 from transduced muscle did lead to
thrombocytopenia and splenomegaly in mice injected with
rAAV1-IL-10. These results highlight that while IL-10 gene
therapy is very effective for treating allergic responses
caution must be taken with the prolonged secretion of IL-10.
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Introduction

Cystic fibrosis is the most common autosomal recessive
genetic disease in the United States, affecting up to 1 in
3000 live births. Patients with cystic fibrosis (CF) suffer a
wide range of pathological consequences of the disease
including pancreatic insufficiency, with subsequent
malabsoprtion and impaired nutrition, and chronic lung
infection with Pseudomonas aeruginosa and other patho-
gens.1–4 The connection between cystic fibrosis trans-
membrane conductance regulator (CFTR) mutation and
the propensity to chronic lung infection and inflamma-
tion is not clearly defined, but it appears to result from a
combination of effects, including altered ion and water
transport in the airway epithelium,5–7 increased binding
of P. aeruginosa8,9 and increased proinflammatory cyto-
kine production in the CF airway.10–14 The overproduc-
tion of inflammatory cytokines is also accompanied by
lower levels of the anti-inflammatory interleukin (IL)-10.

Some studies have shown that IL-10 secretion in the
bronchoalveolar lavage (BAL) of CF patients is reduced;
still others have reported that T-lymphocyte clones from
CF patients also have decreased production of IL-10.15–18

These results along with other studies suggest that IL-10
deficiency in CF plays a major role in the dysregulation
of inflammatory responses observed in cystic fibrosis.19–21

For these reasons much interest has been focused on the
potential role that IL-10 plays in the altered inflamma-
tory and infectious lung processes in CF. Data from
murine models have consistently supported the view
that IL-10 is an important regulator of the response to
endobronchial infection with P. aeruginosa and T-cell-
mediated responses to A. fumigatus.22–24 Skewed, aber-
rant or ineffective immune responses towards these two
particular pathogens are deleterious to CF patients. In
fact, CF patients were recently characterized to have
excessive IL-4 and IL-13 production, which may have a
direct influence in the prevalence of allergic asthma in
this population.25–28 Approximately 5.5% of American
children are afflicted with asthma. Although this
represents a very high prevalence, asthma is much more
common in children with CF, where the rate of bronchial
hyper-responsiveness approaches 50%, and up to
10–15% may experience a hyper-IgE asthma variantReceived 16 April 2008; revised 26 June 2008; accepted 31 July 2008
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known as allergic bronchopulmonary aspergillosis
(ABPA).29–40 ABPA is characterized by a predominantly
Th2-mediated immune response to inhaled Aspergillus
antigens in the airways, leading to reversible airway
obstruction and bronchial hyper-reactivity. This inflam-
matory response correlates with the local infiltration of
effector cells including mast cells, activated neutrophils,
eosinophils, basophils and macrophages into the airway
mucosa and the airway lumen.41,42 Although ABPA is a
multifactorial disease, there is a crucial role for lympho-
cytes producing mainly type-2 cytokines. The recruit-
ment and/or activation of effector cells appear to be
orchestrated by the secretion of certain cytokines includ-
ing IL-4, IL-5, IL-9 and IL-13. Thus, it is conceivable that
aberrant cytokine regulation43–46 and lower IL-10 activity,
which is a recently characterized feature of CF airway
epithelial cells, could promote the development of Th2
allergic type responses to Af antigens.

The interest in IL-10 stems from its broad immunor-
egulatory activity as it has been shown to be produced by
several cell types, including macrophages, monocytes,
T lymphocytes, B cells, dendritic cells, mast cells and in
certain cases also tumor cell lines.47–51 Specifically, IL-10
will inhibit the synthesis of the proinflammatory
cytokines IL-1b, tumor necrosis factor-a, IL-6 along with
the Th2-derived cytokines IL-4 and IL-5. The latter two
cytokines have been shown to play an important role in
the development of the allergic response and are
involved in IgE production, eosinophil recruitment and
maturation. More importantly related to lung inflamma-
tion in CF, IL-10 downregulates IL-8 and eotaxin. IL-8 (or
its mouse analog KC) is upregulated in CF52 and
increases cell trafficking to the lung. Eotaxin is also
involved in eosinophil recruitment to the lungs during
allergic exacerbations such as those seen in ABPA, which
commonly complicates CF. As IL-10 is constitutively
produced in bronchial epithelial cells16 and is found in
smaller amounts in BAL of CF patients,19 it is of
considerable interest in regulating the pulmonary im-
mune response in the Cftr-dependent ABPA model
developed in our laboratory.53 In previous studies, IL-10
has been shown to effectively prevent inflammation and
injury in several animal studies.54–57 Intratracheal deliv-
ery of adenoviral vectors expressing IL-10 have been
previously shown to decrease lung inflammation but not
IgE levels in an ovalbumin asthma mouse model.58

However, to this date clinical studies with
IL-10 remain difficult due to its short half-life (1.1–
2.6 h) in serum and the requirement for subcutaneous or
intravenous routes of administration.59

The studies described here were performed in a
previously described Cftr�/� mouse model that is
characterized by a peculiar hyper-IgE phenotype, in
response to A. fumigatus crude protein extract (Af-cpe).53

We hypothesized that sustained systemic circulating
IL-10 levels achieved through skeletal muscle transduc-
tion with recombinant adeno-associated vectors expres-
sing IL-10 (rAAV1-IL-10) would circumvent the
problems associated with short half-life of IL-10 protein
therapy and would serve to dampen the allergic
response in the Cftr�/� ABPA model. The systemic
circulation of IL-10 would also lower IgE levels, which
was not achieved in previous studies using local delivery
of AAV1-IL-10.58 Although our results indicate that IL-10
acted to inhibit pulmonary eosiniophila and inflamma-

tion and was successful at lowering both IgE levels and
proinflammatory cytokine production, they also uncov-
ered serious side effects associated with sustained IL-10
serum levels. Serum IL-10 levels correlated with throm-
bocytopenia, splenomegaly and liver inflammation.

Results

rAAV1-IL-10 gene dose–response study
Recombinant AAV vectors were used to transduce
muscle to serve as site of secreted protein production
with the aim of reaching systemic circulation.60 To
determine the appropriate dose of vector needed to
reach systemic IL-10 levels between 200 and 500 pg ml�1,
(previously demonstrated to be therapeutic in a NOD
diabetes model56,57,61) three dose groups of B6 mice
(low, medium and high, that is, 2.8� 1010, 1.4� 1010 and
7.4� 109 vector genomes per mouse) and one group of
Cftr�/� mice (medium dose that is, 1.4� 1010) were
injected with pseudotyped rAAV1-IL-10. To assess
transgene function, serum cytokine levels were deter-
mined throughout the length of the study (Figure 1). This
study identified elevated IL-10 levels in the serum of
rAAV1-IL-10-transduced animals that were not detect-
able in the control animals (rAAV1-GFP) or were below
the limit of detection of our assay (16 pg ml�1). From
the dose–response study it was determined that mice
receiving 1.4� 1010 particles of virus (medium dose)
achieved levels within the desired range. The mice were
followed for 1 year and IL-10 levels were present through
out the duration of the study and reached a plateau
through day 120 after which they dropped back down.

The drop in systemic levels of IL-10 was significant
across all dose groups. Despite the negligible detection of
IL-10 in the later months of the study, local staining of the
rAAV1-IL-10 injected muscle 1-year post-vector admin-
istration still showed presence of IL-10 production
(Figures 2a and c). Along with the local production of
IL-10 in the injected muscle, the hematoxilin and eosin
staining revealed a significant amount of lymphocyte
accumulation at the site of injection (Figures 2b and d).
This inflammation was not observed in the control
animals injected with rAAV1-GFP.
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Figure 1 Recombinant adeno-associated vectors expressing inter-
leukin (IL)-10 (rAAV1-IL-10) dose–response in B6 and Cftr�/� mice.
Three different groups of B6 mice and one group of Cftr�/� mice
where utilized for a dose–response with low, medium and high dose
(2.8� 1010, 1.4� 1010 and 7.4� 109 vector genomes per mouse) of
rAAV1-IL-10. The dose–response measured systemic IL-10 over a 120
day time period. Results are reported as group means±s.e.m. (N¼ 4).
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Splenocytes from the Cftr�/� mice in the mid-dose
injected rAAV1-IL-10 group were harvested at the time
of sacrifice and stimulated with ConA, to compare their
cytokine production with the rAAV1-GFP control group.
In the rAAV1-IL-10 group (Figure 3), the secretion level
of IL-10 was high, whereas secretion of many of the
proinflammatory cytokines decreased 48 h post-ConA
stimulation. Importantly, IL-2, interferon-g, tumor necro-
sis factor-a and granulocyte-macrophage colony-stimu-
lating factor were all secreted in lesser quantities in mice
expressing IL-10.

Immunomodulatory effects of rAAV1-IL-10 on
circulating antibody levels
With the optimal vector delivery dose established, two
groups of mice were used to test whether systemic IL-10
would be able to attenuate the allergic ABPA response in
Cftr�/� mice. We hypothesized that the immunosup-
pressive effect of IL-10 would downregulate cytokines
such as IL-4, IL-13 and IL-5 and prevent eosinophillic
inflammation and isotype switching in B cells. To test

this, a control group of mice was injected with 1.4� 1010

vector genomes (vg) of rAAV1-GFP to control for any
possible vector or nonspecific transgene effects. The
treatment group received 1.4� 1010 vector genomes (vg)
of rAAV1-IL-10.

The mice were then exposed to Af-cpe to reproduce
our previously described ABPA model.53 As in previous
studies, mice were allowed 2 weeks between vector
dosing and the administration of the first intraperitoneal
(i.p.) injection with Af-cpe. Serum IgE levels were
measured before the first i.p. injection, before the second
i.p. injection and 48 h after the last challenge (Figure 4a).

Both groups demonstrated negligible IgE levels at
baseline with the IgE levels being marginally higher at
the time of the second i.p. injection in the rAAV1-IL-10
group. However, by the end of the study the rAAV1-IL-
10 group had a significant reduction (40%) in the total
serum IgE levels. To further characterize the effects of
IL-10 on B-cell function, we analyzed the end point
serums for the levels of other antibody isotypes. This
revealed that IL-10 had a significant inhibitory effect on
all the antibody isotypes (Figure 4b). The levels of both

a b

c d

Figure 2 Representative sections of interleukin (IL)-10 and hematoxilin and eosin (H&E) staining of recombinant adeno-associated vectors
expressing IL-10 (rAAV-IL-10) injected and non-injected muscle. Cftr�/� gastrocenemius muscle stains (a) (non-injected) and (c) (rAAV1-IL-
10) are IL-10-specific stains. (b) (non-injected) and (d) (rAAV1-IL-10) are H&E stains circled area indicates extensive lymphocyte infiltration as
determined by dark blue staining.
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Figure 3 ConA cytokine profile of splenocytes from recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV-IL-10) and
rAAV-GFP injected Cftr�/� mice. Splenocytes from Cftr�/� mice were harvested and stimulated with ConA at concentration of 0.5 mg per
well. Supernatants were collected 48 h after activation and were analyzed for several cytokines using a Luminex assay. Results are reported as
group means±s.e.m. (N¼ 4).
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IgG1 and IgG2a were significantly lower in mice treated
with IL-10, which suggests that IL-10 was responsible for
a general suppression of B-cell antibody production. This
is further demonstrated by the significantly lower levels
of IgG3 and IgM in the rAAV1-IL-10 group compared
with the rAAV-GFP control group.

rAAV1-IL-10 cytokine suppression
We then analyzed the cytokine profiles within the lung
compartment, as reflected in the BAL. It was observed
that systemic IL-10 had potent effects within the local
immune environment of the lung. The most important
cytokines involved in the allergic ABPA response, IL-4,
IL-13 and IL-5, were all lower in the lungs of the mice
that had been treated with rAAV1-IL-10 (Figure 5).
Additionally, the level of KC, which is usually elevated
in the Cftr�/� mice, was also lowered by the rAAV1-IL-
10 treatment. These results further strengthen the notion
that IL-10 was responsible for a general suppression of
cytokine production shutdown as opposed to a Th2-
Th1 shift.

Amelioration of ABPA-related pathology in
IL-10-treated mice
The reduced production of cytokines in the lung
compartment had significant effects on the overall
immune responses in the lungs. The reduction in
inflammatory cytokines in the lungs was accompanied
by a difference in the amount and composition of cellular
infiltrates in the BAL. As can be seen in Figure 6a, IL-10
treatment attenuated lymphocyte, polymorphonuclear
and eosinophil recruitment to the lungs, with BAL
cytospins from the IL-10 group mainly composed of
macrophages with very few eosinophils (less than 5%)
(Figure 6b).

The histological findings reflect this lack of eosino-
phillic infiltrate in the lungs and are consistent with
ability of IL-10 to downregulate IL-5 and eotaxin
production.

The decrease in eosinophil recruitment is evident
within the periodic acid-Schiff-stained lung tissue. As
shown in Figure 7, the lung sections from the rAAV1-
GFP control mice demonstrate the usual degree of
airway inflammation and goblet cell hyperplasia, accom-
panied by lymphocytic and eosinophilic infiltration as
seen in previous reports.53 This is nearly absent in the
lung tissue from the rAAV1-IL-10-injected mice. Table 1
shows the overall inflammatory scores on the lung
sections as determined by a pathologist blinded as to
the assignment of specific mice. All the rAAV1-GFP-
treated mice demonstrated inflammatory scores of 2
(4 being the most severe, 3-multifocal or severe, 2-
multifocal or moderate, 1-focal or mild and 0 being
normal), while the majority of the samples in the rAAV1-
IL-10 group had a score of 1.0.

Adverse effects from rAAV1-IL-10 therapy
The effects of IL-10 are widespread. Treatment not only
lowers IgE levels but antibody secretion across all
isotypes and it also prevents inflammation in the lung
as evidenced by the histology and the BAL cell
composition and infiltration. However, these studies also
show some of the side effects that can be associated with
the sustained expression of IL-10. From the dose–
response study it was observed that rAAV1-IL-10-treated
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Figure 4 (a) Total serum IgE levels 48 h after A. fumigatus crude
protein extract (Af-cpe) challenge. Total serum IgE levels in Af-
sensitized Cftr�/� mice injected with recombinant adeno-associated
vectors expressing IL-10 (rAAV1-IL-10), Cftr�/� mice injected with
rAAV1-GFP mice. Cftr�/� mice were sensitized with 200 mg of A.
fumigatus crude extract dissolved in 200 ml of phosphate-buffered
saline on days 1 and 14. The blood samples were collected 48 h after
the third and last Af challenge. Total serum IgE in the A. fumigatus-
sensitized mice where measured by enzyme-linked immunosorbent
assay. Results are reported as group means±s.e.m. (N¼ 4). (b) Total
levels of serum circulating antibody isotypes. Total serum IgG
subclass pattern in Cftr�/� mice sensitized with A. fumigatus. Total
serum IgG1, IgG2b and IgM were measured in the A. fumigatus
sensitized receiving rAAV1-IL-10 and rAAV1-GFP-injected mice
using a multiplex bead assay on day 32, 48 h after the last challenge.
Mean±s.e.m. (N¼ 4).
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Figure 5 Cytokine levels in the bronchoalveolar lavage (BAL) of
recombinant adeno-associated vectors expressing interleukin (IL)-
10 (rAAV1-IL-10)- and rAAV-GFP-treated Cftr�/� mice. The effects
of A. fumigatus crude extract aerosol challenge on the cytokine levels
in the BALs of rAAV1-IL-10- and rAAV1-GFP-injected mice. Results
are expressed as means±s.e.m (N¼ 4).
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mice developed anemia accompanied by thrombocyto-
penia. As shown in Figure 8 there is a clear correlation
between the IL-10 dose and platelet levels. rAAV1-IL-10-
injected mice also had splenomegaly as indicated by
markedly greater spleen weights when compared with
rAAV1-GFP controls (Figure 8).

Histological analysis of spleen sections from the
AAV1-IL-10-injected mice showed morphological
changes that suggested disruption in the follicular
structure of the organ. The Prussian blue stain also
revealed abnormally low amounts of hemosiderin
deposition in these spleens (Figure 9). The GFP (green
fluorescent protein) controls had normal spleen mor-
phology and hemosiderin deposition. The overall mor-
phology of the spleens can be appreciated in the low
magnification panels b and d, while the panels a and c
show clear difference in hemosiderin (iron) staining.

In addition to the striking morphologic defects in the
spleen of the IL-10-injected mice, further evaluation of
organs collected during the necropsies showed an IL-10-
associated inflammation in the liver. The liver infiltrates
were comprised of more polymorphonuclear cells in the
rAAV1-IL-10-injected mice than the control mice and
included hepatocyte degeneration. In the IL-10-treated
mice, infiltrates along portal tracts were widespread with
moderate-to-severe extensions into surrounding areas.
Focal hepatocyte degeneration in the parenchyma was
also widespread and focally severe (Figure 10).

Further evaluation of the liver was performed by
using a Prussian blue stain to determine iron deposition
levels in the liver. In contrast with the results from the
spleens in the rAAV1-IL-10 group, the livers from these
animals had significant amount of hemosiderin deposits
along the inflamed tracts of the liver. This can be seen
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Figure 6 (a) Bronchoalveolar lavage (BAL) cell counts after A. fumigatus crude protein extract (Af-cpe) exposure in interleukin (IL-10) and
green fluorescent protein (GFP) mice. Results are expressed as means±s.e.m. (N¼ 4). (b) Wright–Giemsa stain of the BAL cytospin samples.
The upper panels are representative images from the rAAV1-GFP control group. The arrows indicate characteristic eosinophils. The bottom
panels are representative images from the recombinant adeno-associated vectors expressing IL-10 (rAAV1-IL-10)-injected group.
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when comparing panels a and b from IL-10-injected mice
with panels c and d from the GFP-control group in
Figure 11.

Discussion

In CF patients, the massive influx of proinflammatory
cytokines in the lung is accompanied by very low

levels of the anti-inflammatory cytokine, IL-10.19,37,62,63

Although the typical inflammatory lung disease
elicited by pseudomonas infection has been modeled in
Cftr�/� mice,52 our group was the first to describe a
somewhat simpler experimental method to elicit a
difference in the lung inflammation in CF mice. ABPA
represents a common allergic complication in CF
patient’s airways. We hypothesized that the exaggerated
IgE inflammatory response seen in the murine CF-ABPA
model can be downregulated with rAAV vectors
expressing the anti-inflammatory cytokine IL-10. The
main features of this ABPA model include high IgE
levels, elevated peripheral and lung eosinophils,
pulmonary inflammation, elevated levels of IL-4, IL-5,
IL-13 and interferon-g, and goblet cell hyperplasia. As
shown in the previous studies, what set the Cftr�/�

phenotype apart from Cftr+/+ mice in this model is the

a b
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Figure 7 Representative periodic acid-Schiff lung sections from Cftr�/� mice 48 h after challenges. CFTR�/� mice were sensitized with
200 mg of of A. fumigatus crude extract and were treated with recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV-IL-
10) (a, c, e, g) or rAAV-GFP (b, d, f, h). (a and b) Are � 5 and all other panels are � 10 images. Arrows indicate airway inflammation and
goblet cell hyperplasia accompanied by lymphocytic and eosinophilic infiltration.

Table 1 Relative inflammatory scores on lung hematoxilin and
eosin sections

0.5 1 1.5 2

rAAV1-IL-10 20% 60% 20% —
rAAV1-GFP — — — 100%
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higher IgE levels attained in the allergic response toward
Af-cpe.53

In our first studies, a single intramuscular injection of
AAV1-IL-10 vectors led to a systemic transgene expres-
sion for more than 4 months. The levels of IL-10 were
observed to drop after this time; however, as confirmed
by the muscle histology local production of IL-10 was
still present more than 1 year after injection. Lymphocyte
accumulation could provide an explanation for the
decline in IL-10 production in the later months. As this
was observed 1 year after injection, it suggests a
persistent and chronic reaction elicited by the transgene

product. It is not clear whether this represented the local
biological activity of IL-10 or an immune response to
IL-10. Although this was not determined, it is possible
that the transduced myofibers were damaged or killed as
a result of the cellular infiltration. It can be speculated
that this chronic inflammation is more likely to be an
effect of IL-10 expression itself rather that immune
response to the AAV1 vectors or the transgene itself, as
this was not observed in the rAAV1-GFP group. This
would be consistent with the notion that immunostimu-
latory effects of IL-10 include the increase in cytotoxic
T-lymphocyte activation.

Having determined that the medium dose group
produced IL-10 levels that were consistent and within
the desired range, two cohorts of Cftr�/� mice were
intramuscularly injected with either rAAV1-IL-10 or
rAAV1-GFP 2 weeks before the first i.p. sensitization of
Af-cpe. After the Af-cpe challenges, serum from three
time points was examined for IgE levels. It was observed
that before Af-cpe sensitization all mice had negligible
levels of IgE antibodies. After the Af-cpe lung challenges,
IgE levels peaked and were 40% lower in the IL-10-
treated group. In addition, IL-10 treatment was also
effective at decreasing the secretion of IgG1, IgG2, IgG3
and IgM, suggesting that general B-cell activation was
greatly attenuated.

The BALs of the two cohorts in these studies
demonstrated findings consistent with the ability of
IL-10 to downregulate nuclear factor-kb-dependent
cytokines. The mice treated with rAAV1-IL-10 exhibited
markedly lower levels of KC (IL-8 mouse analog), IL-4
and IL-13 in the BAL. Similarly the non-nuclear factorkb-
dependent cytokine IL-5 was also inhibited by IL-10
treatment. This reduction in IL-5 although not directly
involved in the production of IgE plays a significant role
in the therapeutic benefits of IL-10 for allergic responses.
It is this cytokine along with eotaxin that are responsible
for the second arm of the allergic response, which
involves the maturation and recruitment of eosinophils
to the site of inflammation. Clearly IL-10 served to
prevent this recruitment as evidenced by the signifi-
cantly decreased influx of eosinophils in the lungs of
the treated mice. It is evident that the circulating levels of
IL-10 not only affect systemic antibody secretion but
also exerts a direct effect on the local environment of the
lung. The overall anti-inflammatory properties of IL-10
also reduced the inflammatory state of the lung, as
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Figure 8 Side effects associated with prolonged and sustained
interleukin (IL)-10 gene therapy. (a) Illustrates the levels of
peripheral platelet cells in dose–response group’s low, medium
and high dose (2.8� 1010, 1.4� 1010 and 7.4� 109 particles per
mouse) of recombinant adeno-associated vectors expressing IL-10
(rAAV-IL-10). (b) Indicates the difference in spleen weight between
rAAV-IL-10-injected mice and rAAV-GFP control. Results are
reported as group means±s.e.m. (N¼ 4).
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Figure 9 Prussian Blue stain of spleen section. (a) (� 10) and (b) (� 2.5) are sections of the spleen from rAAV-GFP-injected mice. (c) (� 10)
and (d) (� 2.5) are sections of the spleen from recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV-IL-10)-injected
mice. Arrows indicate iron depositions.
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can be seen from the histological findings inflammation
is nearly absent in the lung tissue of the IL-10-treated
mice.

Unfortunately, the sustained systemic levels of IL-10
had multiple side effects in treated mice. From the early
IL-10 dose–response study, it was found that there was a

a

c

b

d

Figure 10 Hematoxilin and eosin stained liver sections. (a) (� 10) and (b) (� 2.5) are recombinant adeno-associated vectors expressing
interleukin (IL)-10 (rAAV-IL-10)-injected mice. (c) (� 10) and (d) (� 2.5) are rAAV-GFP-injected mice. Arrows indicate liver infiltrates.

a b

c d

Figure 11 Prussian Blue stain of liver sections. (a and b) (� 10) are recombinant adeno-associated vectors expressing interleukin (IL)-10
(rAAV-IL-10)-injected mice. (c and d) (� 10) rAAV-GFP-injected mice. Arrows indicate iron depositions in the liver.
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negative correlation between serum IL-10 levels and
platelet counts in the blood. All of the mice in the high-
dose group were thrombocytopenic and those mice that
were grouped in the middle dose on average were at the
low end of normal platelet counts. Only mice from the
low-dose group maintained normal platelet levels. These
results suggest an effect of IL-10 on platelets that may be
derived from its ability to block or suppress the
production of cytokines from monocytes, macrophages
and progenitor cells that play role in the hemapoiesis
development. The granulocyte-macrophage colony-sti-
mulating factor, which was reduced (see Figure 3), and
other thrombopoietic factors such as IL-3 could fall
within this category. In fact, this IL-10-associated
thrombocytopenia has been reported recently by Sosman
et al.,64 in human patients receiving a recombinant
human IL-10 protein subcutaneously for 10 days. This
study also unmasked a twofold reduction in the platelet
counts in patients receiving the IL-10 protein when
compared to the placebo cohort; it was also noted that
the thrombocytopenia resolved once the patients stopped
receiving protein with no observable lasting toxic effects.

Our studies, however, point to a more complex
toxicity to sustained gene therapy with IL-10. Along
with the thrombocytopenia, mice also suffered from
splenomegaly. Although this may be tied to the fact that
there could be an increased sequestration of platelets in
the spleen, the histological findings reveal a more
complex situation. Spleens from mice receiving IL-10
not only were larger, they also had extensive follicular
degeneration. When the spleens were stained for
hemosiderin deposition to determine if their enlarge-
ment could in part be due to RBC sequestration, it was
surprising to find an almost complete absence of iron
deposition. Hyperfunction of the spleen as a result of
clearing RBC in autoimmune anemias results in its
enlargement, which would also show a high amount of
iron deposition; however, this was not the case in our
study. (Instead it appears that the spleen is not
sequestering RBC or platelets but that the development
of these is being inhibited by IL-10, further studies are
needed to determine this.) The toxicity of IL-10 was not
isolated to hematopoiesis and the spleen but also the
liver. Hematoxilin and eosin sections of the liver revealed
consistent and severe accumulation of lymphocytes
along the portal vein tract. This is only evident in mice
injected with AAV1-IL-10 and is absent in the GFP group.
Focal hepatocyte degeneration in the parenchyma is also
widespread and focally severe. On the contrary to the
spleens the iron deposits are evident in the liver of IL-10
and not the GFP mice. Although there were no overt
signs of liver failure in these mice, iron deposition in the
liver can lead to hemochromatosis and eventually liver
failure.

In summary, our studies demonstrate that intramus-
cular rAAV1-IL-10 treatment inhibits the synthesis of a
number of cytokines including IL-4, IL-13, IL-5, IL-2 and
tumor necrosis factor-a both in the lung and from
activated splenocytes. This along with the other known
functions of IL-10 involving the downregulation of
antigen presentation and costimulatory molecules lead
to the reduction in the IgE antibody levels as well as to a
very effective shutdown of the inflammatory process in
the lung of the Cftr�/�-dependent ABPA model. The
exact mechanism of IL-10 action in this model warrants

further investigation. However, intramuscular rAAV1-
IL-10 gene therapy appears to mediate high enough
levels of IL-10 to impart a state of anergy in B and T cells
probably potentiated by the delay of suppressed matura-
tion of antigen-presenting cells. Unfortunately, the
subdued immune system and the decreased release of
cytokines, such as granulocyte-macrophage colony-sti-
mulating factor, could also have played a part in the
altered platelet counts in treated animals. It is important
to note that sustained IL-10 secretion in addition to
splenomegaly caused liver inflammation, which even-
tually could lead to liver degeneration and fibrosis. One
aspect of IL-10 overexpression that was not addressed by
these studies is whether in the presence of live
A. fumigatus, this type of intervention could actually
lead to invasive aspergillosis by subduing macrophage
function and fungal clearance. This is particularly of
concern as certain studies have revealed possible
associations between alleles in the IL-10 promoter region
responsible for higher IL-10 secretion and A. fumigatus
colonization of lung.65 These potential toxicities indicate
that caution must be exercised in considering clinical
applications of the potent immunomodulatory effects of
rAAV1-IL-10, which might otherwise be therapeutic in a
number of human diseases.

Materials and methods

Mouse strains
The primary Cftr knockout strain (Whitsett mouse) used
for these studies was the Cftr S489X�/� neo insertion in
C57BL/6 mice developed initially at the University of
North Carolina66 and then modified with the transgenic
gut-specific expression of the human CFTR gene driven
by the fatty acid-binding protein (FABP) promoter to
prevent the intestinal obstruction and improve viability.

Muscle injection
For muscle administration of the rAAV1 vector expres-
sing GFP or IL-10 under control of the chicken b-actin
promoter, 5- to 6-week-old Cftr S489X�/�; FABP-hCFTR
mice were anesthetized with 3.5% isofluorane inhalation.
50 ml of viral vector suspension was administered
percutaneously by intramuscular injection into the right
or left gastocnemius muscle 2 weeks before (day �14)
Af-cpe sensitization.

Aspergillus sensitization and challenge
Five- to six-week-old Cftr S489X�/�; FABP-hCFTR were
housed in the SPF mouse colony of the University of
Florida according to the NIH guidelines and were
allowed access to food and water ad libitum. All
experimental procedures were approved by the IACUC
of the University of Florida. Animals were sensitized to
Af-cpe (Greer Laboratories, Lenoir, NC, USA). Briefly,
animals were administered with i.p. injections of 200 mg
of Af-cpe dissolved in 100 ml of phosphate-buffered
saline on days 0 and 14. Aerosol challenge was
performed with 0.25% Af-cpe for 20 min in a
30� 30� 20 cm acrylic chamber using a jet nebulizer
Pari model LC-D with an air flow of 6 l min�1 on days 28,
29 and 30.
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Dose–response of rAAV1-IL-10
A dose–response of murine IL-10 was preformed with
nine C57BL/6 and four Whitsett mice. The intramuscular
injections were preformed as previously described. Three
doses of rAAV1/2-IL-10 were used (2.8� 1010, 1.4� 1010

and 7.4� 109 particles per mouse) with three C57BL/6
mice for each dose and four Whitsett mice for the
intermediate dose. Blood was collected through retro-
orbital bleeds on the day of intramuscular injection day 0
and subsequently on days 7, 14, 21, 28, 60, 90 and day 120
post-injection.

Cytokine detection for serum IL-10
BioPlex cytokine assays for IL-10 (BioRad Laboratories,
Hercules, CA, USA) were carried out according to the
protocol for serum samples collected preinjection of
virus vector and before killing. The standard was made
with seven serial dilutions within the range of 500–
7.8 pg ml�1. Both assays were carried out on a Luminex
100 instrument BioPlex System (BioRad Laboratories).
IL-10 concentrations were determined utilizing SOFT-
max PRO software (Molecular Devices, Sunnyvale, CA,
USA) with four-parameter data analysis.

Serum IgE ELISA
The blood was collected on day 32 after killing the mice,
centrifuged in a serum separator and stored at �80 1C
until analysis. Total IgE levels were measured with the
BD OptEIA ELISA (BD Biosciences, San Jose, CA, USA),
triplicate sera samples were used for each mouse.
Tetramethyl-benzidine substrate was used to develop
the assay and was read at 450 nm with correction at
570 nm on the VersaMax Micro Plate Reader (Molecular
Devices, Sunnyvale, CA, USA).

Serum IgG isotyping
The blood was collected on day 32 after killing the mice,
centrifuged in a serum separator and stored at �80 1C
until analysis. Samples were assayed on the Bioplex
Suspension Array system (BioRad Laboratories) using
the Beadlyte Mouse Immunoglobulin Isotyping Kit
(Millipore, Billerica, MA, USA) as per manufacturer’s
instructions. Samples were diluted 1:25 000.

BAL for cell differentials and cytokine profiles
The BAL fluid was retrieved from each animal through
cannulation of the exposed trachea and gentle flushing of
the lungs with two separate 1 ml aliquots of phosphate-
buffered saline. Aliquots were pooled for individual
animals preceding centrifugation and separation of
pelleted cells and supernatant. Cytospin cell prepara-
tions made with 200 ml of BAL were stained using Hema
3 (Biochemical Sciences, Swedesboro, NJ, USA) differ-
ential stain, and relative cell populations were deter-
mined using the standard morphological criteria. Total
cell numbers were calculated by counting the cells on the
cytospin slide obtained from the 200 ml BAL aliquot.
Assessments of cytokine profiles from the BAL were
performed using a commercially available multiplexed
kit (Biorad Mouse Multi-Cytokine Detection System;
BioRad Laboratories) and the Bioplex Suspension Array
System. Simultaneous measurement of several cytokines
was performed. All assays were performed according to
the manufacturer’s protocols. Cytokine concentrations

were determined utilizing Bioplex software with four-
parameter data analysis. The sensitivity of the assay
is less than 10 pg ml�1 and has a range from 0.2–
32 000 pg ml�1 with an inter- and intra-assay coefficient
of variation of less than 10%.

Histology
Immediately after collection of lavage fluid, the left lobes
were tied off and, ice-cold freshly prepared 4% paraf-
ormaldehyde in 1� phosphate-buffered saline (pH 7.4)
was instilled through the tracheal cannula into the right
two lobes to inflation-fix the lung. Specimens were
immersed in 4% paraformaldehyde at 4 1C overnight.
Tissue was treated with standard methods for fixation,
dehydration and paraffin embedding and stained with
hematoxilin and eosin and periodic acid-Schiff for
determination of inflammatory cells and goblet cell
hyperplasia, periodic acid-Schiff-stained slides were
semiquantitatively scored in a blinded manner. The left
lobes where snap frozen in liquid nitrogen. The spleen
and livers were fixed and stained with standard methods
for Mallory Iron staining.

Immunohistochemistry
Tissue from injected and non-injected muscle where
treated with standard methods of fixation, dehydration
and paraffin embedding. The 4 mm sections were
dewaxed and rehydrated. Endogenous peroxidase activ-
ity was quenched by incubation in 3% hydrogen
peroxide in methanol. Sections were subjected to heat-
based antigen retrieval using a citrate buffer (Citra,
BioGenex, San Ramon, CA, USA) for 10 min by a
steamer. Slides were subsequently rinsed in buffer and
incubated with a universal protein blocker, Sniper
(Biocare Medical, Walnut Creek, CA, USA), for 15 min.
Slides were incubated in primary antibody, rabbit anti-
mouse IL-10 (1:1000, Biosource, Carmarillo, CA, USA)
overnight at 4 1C. Slides were rinsed followed by
application of conjugated secondary polymers, goat
anti-rabbit-HRP (Mach-2, Biocare Medical) for 30 min
at room temperature. Detection of IL-10 was achieved
by incubating slides in Cardassian diaminobenzidine
(Biocare Medical) for 5 min at room temperature. Slides
were rinsed for 5 min in water then counterstained with
hematoxylin (Vector Laboratories Inc., Burlingame, CA,
USA). Slides were mounted and coverslipped with
cytoseal XYL (Richard-Allen Scientific, Kalamazoo, MI,
USA). Negative controls included incubation of the non-
injected muscles with anti-IL-10 and substitution of the
primary antibody with rabbit IgG in IL-10-injected
muscle sections.

Splenocyte studies
Splenocytes were harvested from the mice on the day of
killing. The spleens were meshed into a nylon screen to
create a single-cell suspension into a 50 ml conical tube.
This suspension of cells was washed with 30 ml of
Hank’s buffer saline, spun for 8 min at 1000 g and the
Hank’s buffer saline was aspirated. Then the splenocyte
pellet was treated with ice-cold ammonium chloride and
incubated on ice for 2 min to lyse red blood cells. The
pellet was then washed two more times with Hank’s
buffer saline. Splenocytes were then resuspended in 5 ml
of RPMI supplemented with 10% fetal bovine serum
and 1% penicillin–streptomycin (pH 7.2). The spleno-
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cytes were counted under a hemocytometer and cultured
at 1�105 per well in 200 ml of RPMI medium in a 96-well
round bottom plate. Splenocytes were activated with
ConA (0.5 mg per well). Supernatants were harvested at
24 and 48 h for cytokine analysis in response to ConA.

Statistical analysis
All data were compared using an unequal variance two-
tail student’s t-test, unless stated otherwise. Data were
considered statistically significant when Pp0.05.

Abbreviations

ABPA, allergic bronchopulmonary aspergillosis; Af-cpe,
Aspergillus fumigatus crude protein extract; CFTR, cystic
fibrosis transmembrane conductance regulator; rAAV,
recombinant adeno-associated virus.

Acknowledgements

We thank Mark Atkinson, Clive Wasserfall and Todd
Brusko for their helpful comments and insights. This
study was supported by grants for NHLBI (HL51811)
and the Cystic Fibrosis Foundation.

References

1 Durie PR, Kent G, Phillips MJ, Ackerley CA. Characteristic
multiorgan pathology of cystic fibrosis in a long-living cystic
fibrosis transmembrane regulator knockout murine model. Am J
Pathol 2004; 164: 1481–1493.

2 Wainwright B. The molecular pathology of cystic fibrosis. Curr
Biol 1991; 1: 80–82.

3 Davidson DJ, Webb S, Teague P, Govan JR, Dorin JR. Lung
pathology in response to repeated exposure to Staphylococcus
aureus in congenic residual function cystic fibrosis mice does not
increase in response to decreased CFTR levels or increased
bacterial load. Pathobiology 2004; 71: 152–158.

4 Lyczak JB, Cannon CL, Pier GB. Lung infections associated with
cystic fibrosis. Clin Microbiol Rev 2002; 15: 194–222.

5 Jiang C, Finkbeiner WE, Widdicombe JH, Miller SS. Fluid
transport across cultures of human tracheal glands is altered in
cystic fibrosis. J Physiol 1997; 501 (Part 3): 637–647.

6 Widdicombe JH. Regulation of the depth and composition of
airway surface liquid. J Anat 2002; 201: 313–318.

7 Li C, Naren AP. Macromolecular complexes of cystic fibrosis
transmembrane conductance regulator and its interacting
partners. Pharmacol Ther 2005; 108: 208–223.

8 de Bentzmann S, Roger P, Dupuit F, Bajolet-Laudinat O, Fuchey
C, Plotkowski MC et al. Asialo GM1 is a receptor for Pseudomonas
aeruginosa adherence to regenerating respiratory epithelial cells.
Infect Immun 1996; 64: 1582–1588.

9 Zar H, Saiman L, Quittell L, Prince A. Binding of Pseudomonas
aeruginosa to respiratory epithelial cells from patients with
various mutations in the cystic fibrosis transmembrane regu-
lator. J Pediatr 1995; 126: 230–233.

10 Bastonero S, Gargouri M, Ortiou S, Gueant JL, Merten MD.
Inhibition by TNF-alpha and IL-4 of cationic lipid mediated gene
transfer in cystic fibrosis tracheal gland cells. J Gene Med 2005; 7:
1439–1449.

11 Terheggen-Lagro SW, Rijkers GT, van der Ent CK. The role of
airway epithelium and blood neutrophils in the inflammatory
response in cystic fibrosis. J Cyst Fibros 2005; 4 (Suppl 2): 15–23.

12 Conese M, Copreni E, Di Gioia S, De Rinaldis P, Fumarulo R.
Neutrophil recruitment and airway epithelial cell involvement
in chronic cystic fibrosis lung disease. J Cyst Fibros 2003; 2:
129–135.

13 Sagel SD, Accurso FJ. Monitoring inflammation in CF.
Cytokines. Clin Rev Allergy Immunol 2002; 23: 41–57.

14 Venkatakrishnan A, Stecenko AA, King G, Blackwell TR,
Brigham KL, Christman JW et al. Exaggerated activation of
nuclear factor-kappaB and altered IkappaB-beta processing in
cystic fibrosis bronchial epithelial cells. Am J Respir Cell Mol Biol
2000; 23: 396–403.

15 Moss RB, Bocian RC, Hsu YP, Dong YJ, Kemna M, Wei T et al.
Reduced IL-10 secretion by CD4+ T lymphocytes expressing
mutant cystic fibrosis transmembrane conductance regulator
(CFTR). Clin Exp Immunol 1996; 106: 374–388.

16 Bonfield TL, Konstan MW, Burfeind P, Panuska JR, Hilliard JB,
Berger M. Normal bronchial epithelial cells constitutively
produce the anti-inflammatory cytokine interleukin-10, which
is downregulated in cystic fibrosis. Am J Respir Cell Mol Biol 1995;
13: 257–261.

17 Bonfield TL, Konstan MW, Berger M. Altered respiratory
epithelial cell cytokine production in cystic fibrosis. J Allergy
Clin Immunol 1999; 104: 72–78.

18 Dosanjh AK, Elashoff D, Robbins RC. The bronchoalveolar
lavage fluid of cystic fibrosis lung transplant recipients
demonstrates increased interleukin-8 and elastase and decreased
IL-10. J Interferon Cytokine Res 1998; 18: 851–854.

19 Bonfield TL, Panuska JR, Konstan MW, Hilliard KA, Hilliard JB,
Ghnaim H et al. Inflammatory cytokines in cystic fibrosis lungs.
Am J Respir Crit Care Med 1995; 152 (6 Part 1): 2111–2118.

20 Osika E, Cavaillon JM, Chadelat K, Boule M, Fitting C, Tournier
G et al. Distinct sputum cytokine profiles in cystic fibrosis and
other chronic inflammatory airway disease. Eur Respir J 1999; 14:
339–346.

21 Soltys J, Bonfield T, Chmiel J, Berger M. Functional IL-10
deficiency in the lung of cystic fibrosis (Cftr(�/�)) and IL-10
knockout mice causes increased expression and function of B7
costimulatory molecules on alveolar macrophages. J Immunol
2002; 168: 1903–1910.

22 Chmiel JF, Konstan MW, Saadane A, Krenicky JE, Lester
Kirchner H, Berger M. Prolonged inflammatory response to
acute Pseudomonas challenge in interleukin-10 knockout mice.
Am J Respir Crit Care Med 2002; 165: 1176–1181.

23 Grunig G, Corry DB, Leach MW, Seymour BW, Kurup VP,
Rennick DM. Interleukin-10 is a natural suppressor of
cytokine production and inflammation in a murine model of
allergic bronchopulmonary aspergillosis. J Exp Med 1997; 185:
1089–1099.

24 Kurup VP, Grunig G. Animal models of allergic bronchopul-
monary aspergillosis. Mycopathologia 2002; 153: 165–177.

25 Knutsen AP, Hutchinson PS, Albers GM, Consolino J, Smick J,
Kurup VP. Increased sensitivity to IL-4 in cystic fibrosis patients
with allergic bronchopulmonary aspergillosis. Allergy 2004; 59:
81–87.

26 Hartl D, Griese M, Kappler M, Zissel G, Reinhardt D, Rebhan C
et al. Pulmonary T(H)2 response in Pseudomonas aeruginosa-
infected patients with cystic fibrosis. J Allergy Clin Immunol 2006;
117: 204–211.

27 Galietta LJ, Pagesy P, Folli C, Caci E, Romio L, Costes B et al. IL-4
is a potent modulator of ion transport in the human bronchial
epithelium in vitro. J Immunol 2002; 168: 839–845.

28 Hauber HP, Gholami D, Koppermann G, Heuer HE, Meyer A,
Pforte A. Increased expression of interleukin-13 but not
interleukin-4 in cystic fibrosis patients. J Cyst Fibros 2003; 2:
189–194.

29 Ormerod LP, Thomson RA, Anderson CM, Stableforth DE.
Reversible airway obstruction in cystic fibrosis. Thorax 1980; 35:
768–772.

rAAV-IL-10 gene therapy for allergic bronchopulmonary aspergillosis
C Mueller et al

11

Gene Therapy



30 Alison JA, Donnelly PM, Lennon M, Parker S, Torzillo P, Mellis C
et al. The effect of a comprehensive, intensive inpatient treatment
program on lung function and exercise capacity in patients with
cystic fibrosis. Phys Ther 1994; 74: 583–591; discussion 91–93.

31 Zimmerman B, Feanny S, Reisman J, Hak H, Rashed N,
McLaughlin FJ et al. Allergy in asthma. I. The dose relationship
of allergy to severity of childhood asthma. J Allergy Clin Immunol
1988; 81: 63–70.

32 Balfour-Lynn IM, Lees B, Hall P, Phillips G, Khan M, Flather M
et al. Multicenter randomized controlled trial of withdrawal of
inhaled corticosteroids in cystic fibrosis. Am J Respir Crit Care
Med 2006; 173: 1356–1362.

33 Nelson LA, Callerame ML, Schwartz RH. Aspergillosis and
atopy in cystic fibrosis. Am Rev Respir Dis 1979; 120: 863–873.

34 Feanny S, Forsyth S, Corey M, Levison H, Zimmerman B.
Allergic bronchopulmonary aspergillosis in cystic fibrosis: a
secretory immune response to a colonizing organism. Ann
Allergy 1988; 60: 64–68.

35 Ip MS, So SY, Lam WK, Yam L, Liong E. High prevalence of
asthma in patients with bronchiectasis in Hong Kong. Eur Respir
J 1992; 5: 418–423.

36 Wu P, de Fiebre CM, Millard WJ, King MA, Wang S, Bryant SO
et al. An AAV promoter-driven neuropeptide Y gene delivery
system using Sendai virosomes for neurons and rat brain.
Gene Therapy 1996; 3: 246–253.

37 Wagner JA, Nepomuceno IB, Shah N, Messner AH, Moran ML,
Norbash AM et al. Maxillary sinusitis as a surrogate model for
CF gene therapy clinical trials in patients with antrostomies.
J Gene Med 1999; 1: 13–21.

38 Becker JW, Burke W, McDonald G, Greenberger PA, Henderson
WR, Aitken ML. Prevalence of allergic bronchopulmonary
aspergillosis and atopy in adult patients with cystic fibrosis.
Chest 1996; 109: 1536–1540.

39 Mussaffi H, Greif J, Kornreich L, Ashkenazi S, Levy Y, Schonfeld
T et al. Severe allergic bronchopulmonary aspergillosis in an
infant with cystic fibrosis and her asthmatic father. Pediatr
Pulmonol 2000; 29: 155–159.

40 Skov M, McKay K, Koch C, Cooper PJ. Prevalence of allergic
bronchopulmonary aspergillosis in cystic fibrosis in an area with
a high frequency of atopy. Respir Med 2005; 99: 887–893.

41 Djukanovic R, Roche WR, Wilson JW, Beasley CR, Twentyman
OP, Howarth RH et al. Mucosal inflammation in asthma. Am Rev
Respir Dis 1990; 142: 434–457.

42 Kay AB. Asthma and inflammation. J Allergy Clin Immunol 1991;
87: 893–910.

43 Galietta LJ, Folli C, Marchetti C, Romano L, Carpani D, Conese
M et al. Modification of transepithelial ion transport in human
cultured bronchial epithelial cells by interferon-gamma. Am J
Physiol Lung Cell Mol Physiol 2000; 278: L1186–L1194.

44 Moss RB, Hsu YP, Olds L. Cytokine dysregulation in activated
cystic fibrosis (CF) peripheral lymphocytes. Clin Exp Immunol
2000; 120: 518–525.

45 Stecenko AA, King G, Torii K, Breyer RM, Dworski R,
Blackwell TS et al. Dysregulated cytokine production in human
cystic fibrosis bronchial epithelial cells. Inflammation 2001; 25:
145–155.

46 Aldallal N, McNaughton EE, Manzel LJ, Richards AM, Zabner J,
Ferkol TW et al. Inflammatory response in airway epithelial cells
isolated from patients with cystic fibrosis. Am J Respir Crit Care
Med 2002; 166: 1248–1256.

47 Ghildyal N, McNeil HP, Stechschulte S, Austen KF, Silberstein D,
Gurish MF et al. IL-10 induces transcription of the gene for
mouse mast cell protease-1, a serine protease preferentially
expressed in mucosal mast cells of Trichinella spiralis-infected
mice. J Immunol 1992; 149: 2123–2129.

48 Asadullah K, Sterry W, Volk HD. Interleukin-10 therapy—
review of a new approach. Pharmacol Rev 2003; 55: 241–269.

49 Antoniv TT, Park-Min KH, Ivashkiv LB. Kinetics of IL-10-
induced gene expression in human macrophages. Immunobiology
2005; 210: 87–95.

50 Williams L, Jarai G, Smith A, Finan P. IL-10 expression profiling
in human monocytes. J Leukoc Biol 2002; 72: 800–809.

51 Kiem HP, Darovsky B, von Kalle C, Goehle S, Stewart D, Graham
T et al. Retrovirus-mediated gene transduction into canine
peripheral blood repopulating cells. Blood 1994; 83: 1467–1473.

52 Heeckeren A, Walenga R, Konstan MW, Bonfield T, Davis PB,
Ferkol T. Excessive inflammatory response of cystic fibrosis mice
to bronchopulmonary infection with Pseudomonas aeruginosa.
J Clin Invest 1997; 100: 2810–2815.

53 Muller C, Braag SA, Herlihy JD, Wasserfall CH, Chesrown SE,
Nick HS et al. Enhanced IgE allergic response to Aspergillus
fumigatus in CFTR�/� mice. Lab Invest 2006; 86: 130–140.

54 Drazan KE, Wu L, Bullington D, Shaked A. Viral IL-10 gene
therapy inhibits TNF-alpha and IL-1 beta, not IL-6, in the
newborn endotoxemic mouse. J Pediatr Surg 1996; 31: 411–414.

55 Lindsay J, Van Montfrans C, Brennan F, Van Deventer S,
Drillenburg P, Hodgson H et al. IL-10 gene therapy prevents
TNBS-induced colitis. Gene Therapy 2002; 9: 1715–1721.

56 Zhang YC, Pileggi A, Agarwal A, Molano RD, Powers M, Brusko
T et al. Adeno-associated virus-mediated IL-10 gene therapy
inhibits diabetes recurrence in syngeneic islet cell transplanta-
tion of NOD mice. Diabetes 2003; 52: 708–716.

57 Goudy KS, Burkhardt BR, Wasserfall C, Song S, Campbell-
Thompson ML, Brusko T et al. Systemic overexpression of IL-10
induces CD4+CD25+ cell populations in vivo and ameliorates
type 1 diabetes in nonobese diabetic mice in a dose-dependent
fashion. J Immunol 2003; 171: 2270–2278.

58 Fu CL, Chuang YH, Chau LY, Chiang BL. Effects of adenovirus-
expressing IL-10 in alleviating airway inflammation in asthma.
J Gene Med 2006; 8: 1393–1399.

59 Fedorak RN, Gangl A, Elson CO, Rutgeerts P, Schreiber S,
Wild G et al. Recombinant human interleukin 10 in the treatment
of patients with mild to moderately active Crohn’s disease. The
Interleukin 10 Inflammatory Bowel Disease Cooperative Study
Group. Gastroenterology 2000; 119: 1473–1482.

60 Song S, Morgan M, Ellis T, Poirier A, Chesnut K, Wang J et al.
Sustained secretion of human alpha-1-antitrypsin from murine
muscle transduced with adeno-associated virus vectors. Proc
Natl Acad Sci USA 1998; 95: 14384–14388.

61 Goudy K, Song S, Wasserfall C, Zhang YC, Kapturczak M,
Muir A et al. Adeno-associated virus vector-mediated IL-10 gene
delivery prevents type 1 diabetes in NOD mice. Proc Natl Acad
Sci USA 2001; 98: 13913–13918.

62 Chmiel JF, Konstan MW, Knesebeck JE, Hilliard JB, Bonfield TL,
Dawson DV et al. IL-10 attenuates excessive inflammation in
chronic Pseudomonas infection in mice. Am J Respir Crit Care Med
1999; 160: 2040–2047.

63 Dosanjh AK, Elashoff D, Robbins RC. The bronchoalveolar
lavage fluid of cystic fibrosis lung transplant recipients
demonstrates increased interleukin-8 and elastase and decreased
IL-10 (In Process Citation). J Interferon Cytokine Res 1998; 18:
851–854.

64 Sosman JA, Verma A, Moss S, Sorokin P, Blend M, Bradlow B
et al. Interleukin 10-induced thrombocytopenia in normal
healthy adult volunteers: evidence for decreased platelet
production. Br J Haematol 2000; 111: 104–111.

65 Brouard J, Knauer N, Boelle PY, Corvol H, Henrion-Caude A,
Flamant C et al. Influence of interleukin-10 on Aspergillus
fumigatus infection in patients with cystic fibrosis. J Infect Dis
2005; 191: 1988–1991.

66 Grubb BR, Pickles RJ, Ye H, Yankaskas JR, Vick RN, Engelhardt
JF et al. Inefficient gene transfer by adenovirus vector to cystic
fibrosis airway epithelia of mice and humans. Nature 1994; 371:
802–806.

rAAV-IL-10 gene therapy for allergic bronchopulmonary aspergillosis
C Mueller et al

12

Gene Therapy


	The pros and cons of immunomodulatory IL-10 gene therapy with recombinant AAV in a Cftr•-sol--dependent allergy mouse model
	Introduction
	Results
	rAAV1-IL-10 gene dose-response study

	Figure 1 Recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV1-IL-10) dose-response in B6 and Cftr-sol- mice.
	Immunomodulatory effects of rAAV1-IL-10 on circulating antibody levels

	Figure 2 Representative sections of interleukin (IL)-10 and hematoxilin and eosin (H&E) staining of recombinant adeno-associated vectors expressing IL-10 (rAAV-IL-10) injected and non-injected muscle.
	Figure 3 ConA cytokine profile of splenocytes from recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV-IL-10) and rAAV-GFP injected Cftr-sol- mice.
	rAAV1-IL-10 cytokine suppression
	Amelioration of ABPA-related pathology in IL-10-treated mice
	Adverse effects from rAAV1-IL-10 therapy

	Figure 4 (a) Total serum IgE levels 48thinsph after A.
	Figure 5 Cytokine levels in the bronchoalveolar lavage (BAL) of recombinant adeno-associated vectors expressing interleukin (IL)-10 (rAAV1-IL-10)- and rAAV-GFP-treated Cftr-sol- mice.
	Figure 6 (a) Bronchoalveolar lavage (BAL) cell counts after A.
	Discussion
	Figure 7 Representative periodic acid-Schiff lung sections from Cftr-sol- mice 48thinsph after challenges.
	Table 1 Relative inflammatory scores on lung hematoxilin and eosin sections
	Figure 8 Side effects associated with prolonged and sustained interleukin (IL)-10 gene therapy.
	Figure 9 Prussian Blue stain of spleen section.
	Figure 10 Hematoxilin and eosin stained liver sections.
	Figure 11 Prussian Blue stain of liver sections.
	Materials and methods
	Mouse strains
	Muscle injection
	Aspergillus sensitization and challenge
	Dose-response of rAAV1-IL-10
	Cytokine detection for serum IL-10
	Serum IgE ELISA
	Serum IgG isotyping
	BAL for cell differentials and cytokine profiles
	Histology
	Immunohistochemistry
	Splenocyte studies
	Statistical analysis

	Acknowledgements
	References


