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Figure 4. N, brasiliensis infection and intestinal immune responses. A) Mice were infected with 750
1.3 N brasiliensis, at days 7 and 10 Pl worm burden of the small intestine was assessed to determing
expulsion kinetics. B) Facces from days 5 to 15 Pl were collected and egg production by N, hrasificnsis
was calculated using the modified McMaster technique. C) Intestinal mucus production was assessed
by counting the total number of PAS positive goblet cells per § villi on histological sections of the
small intestine at days 7 and 10 PL D) Supernatant cyiokine levels of CD4" T cells from the mesenteric
tymph nodes were anti-CD3 stimulated for 72 hours and detected via ELISA. (Significant differences
from 1L-4Ro™ mice *p<0.03, n=4, data representative of 3 individual experiments)

28



3.2.2 IL-4Ra independent Th2 and type 2 responses

Worm expulsion and goblet cell hyperplasia are associated with the host generating a
CD4" lymphocyte-induced Th2 cytokine response. Cytokine levels from restimulated
mesenteric  lymph node derived (D4" cells demonstrated the expected Th2
polarisation in [L-4Ro™ mice, with higher levels of both [L-4 and 1L-13. at day 7 PI
when compared to IL-4Ro”™ mice (Fig. 4D). CD4" T-celis in II ~4Ro” mice shifted (o
their typical Thl polarisation with elevated 1I'Ny, when compared to [L-4Ro™™™ mice.
Lek“™[L-4Ra™ mice showed, as expected, a significant impairment of 11.-4

Aox .
N mice. However, 11-13 levels were

production when compared to [.-4Ro’
cquivalent between both [L-4Ra™™ and Lek ™ IL-4Ra™™ mice. Together these data
demonstrated sufficient IL-4 but not IL-13 production is dependent on CD4" T-cell

I1.-4Ra mediated responses as demonstrated by the Lek“™[L-4Ra™™ mice.

Analysis of pulmonary cytokine production in response to N. brasiliensis infection in
CD4' lymphoeytes isolated from mediastinal lymph nodes (MST) demonstrated a
delayed onset in anti-CD3 induced 11.-4 cytokine production (Fig. SA). MST Th2
secreted cytokine levels of 1L-4 and 11-13 in 1L-4Ra™ and Lek"™IL-4Ra™ mice

[§

were significantly lower than in [L-4Ro™ mice at day 7 Pl. As expected [L-4Ro™

mice displayed significantly higher levels of IFNy, than [L-4Ra™ mice. suggesting a

o

shift towards Th1 polarisation. At day 10 PLIL-4 and 1L.-13 levels secreted from MST
CD4" lymphocytes in Lek ™ IL-4Ro”™ mice were comparable to levels in 1L-4Ro™

[$2.4

. < . - e ,~~ oy Cre 2 lt .

mice. Systemic IgE levels were also unaffected in Lek™™IL-4Ro mice when
| . - - g

compared to IL-4Ro”™* mice (Fig. 5B). Together these results suggest that CD4" 1L-

4Ra independent [L-4 and 11.-13 production in N. hrasiliensis infections leads to type

2 B-cell responses.
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Figure 5. Cytokine levels in the draining lung lymph node of LekCrell-4Ra-/lox mice show a

reduced Th2 response. A) Supernatant cytokine levels of CD4” sorted mediastinal lymph nodes were |
anti-CD3 stimulated for 72 hours and detected via ELISA. B) Antibody production in the serum was |
assessed by ELISA at days 7 and 10 PL. (Significant ditferences from 1L-4Ra”™ mice *p<0.03, n=4,
data representative of 3 individual experiments) 1




3.2.3 Depressed N. brasiliensis induced pulmonary immuno-
pathology in Lck®IL-4Ra™** mice

Airway mucus production was demonstrated by PAS staining (Fig. 6A). Day 7 Pl

o Crepy  Apo o -lox
results were similar between [L-4Ro™™ and Lek ™ L-4Ra ™™

mice. In [L-4Ra™™
mice airway mucus production increased further at day 10 PL this was not seen in
Lk IL-4Ra™™ mice which had significantly less mucus at this time poini. As
expeeted 1L-4Ra” mice had significantly reduced airway mucus production at days 7

and 10 PL

In order to investigate the role for IL-4Ra responsive T-cells in this abrogated
pulmonary pathology we examined the distribution of CD3" T-cells in the lung. We

“ mice formed localised foci associated with vascular

found that T-cells in 1L-4Ra”
systems and airways whilst in the IL-4Ra” and Lck™L-4Ra™ mice this
localisation was less apparent with CD3" T-cells being dispersed throughout the tissue
(Fig. 6C). Moreover, FACS analysis of T-cell recruitment to the lung showed
significantly lower numbers of CD3" T-cells in the lungs of both IL-4Ra”™ and

Lok ™IL-4Ro™™ mice at days 7 and 10 PI when compared to [L-4Ra™

mice (Fig.
6B). Antigen-induced airways hyperresponsiveness (AHR) has been shown to be
dependent upon both CD4" T-cells (Gavett, Chen et al. 1994) and STAT-6 signalling
(Kuperman, Schofield et al. 1998). For this reason we mvestigated the role of [L-4Ra
responsive T-cells in AHR to acetylcholine stimulation, although no differences were
noted between 1L-4Ra™ and Lek" ™ IL-4Ra™ mice at day 7 or day 10 PL [L-4Ra™

. e e . . L -Hox
mice showed a significantly reduced AHR in comparison 1L-4Ra™"

mice at day 7 Pl
however by day 10 PI no significant differences were observed (Fig. 6D). These
results indicate that 1L-4 promotion of CD4" T-cells via the [L-4Ro. has no effect on

AHR during acute stage N. brasiliensis lung inflammation,

The lower mucus production observed in the lung of N. hrasiliensis infected Lok ™1L-

p A - o o i} o . i ) . 3 . N . P
4R mice may be related to decreased numbers and disrupted distribution of T-



cells in the lung. Though Lek®™IL-4Ra™™™ mouse CD4" T-cells maintain 1L-13
production levels similar to that of IL-4Ra" mice CD4' T-cells, these cells are
dispersed throughout the lung which would account for ineffective stimulation of
goblet cell mucus hypersecretion. Together the data suggests that 1L-4Ra responsive
CD4" T-cells are required for adaptive immune responses associated with pulmonary

immuno-pathology  in  experimental N, brasiliensis  mouse  infections,
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Figure 6: Depressed N. brasiliensis induced pulmonary immuno-pathology in Lck ™ IL-4Ra

mice. A) The histological mucus index was determined using PAS stained lung sections in order to
compare mucus production by airway goblet cells in the various mouse groups B) Single cell
suspensions of whole lung were analysed by FACS for numbers of CD3+ cells present in the various
mouse types. (Significant differences from IL-4Ra”™ mice *p<0.05, n=4, data representative of 3
individual experiments) C) Lung tissue removed at days 7 and 10 PI formalin fixed and stained with
anti-CD3 DAB highlighting the formation of lymphocyte foci around the airways and vascular systems
in IL-4Ro”™* mice whilst Lek“IL-4Ra" and IL-4Ra” mice lymphocytes were dispersed throughout
the tissue at both time points. (Data is representative of T-cell distribution at multiple airways
throughout the lung, 400X magnification, n=4, data representative of 3 individual experiments) D) The
mouse groups were challenged with acetylcholine and the enhanced pause (PenH) was measured as an
assessment of airways hyperresponsiveness. (Significant differences from IL-4Ra™ mice *p<0.05,
n=8, data representative of 1 experiment)
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3.3 Discussion

Using Lek““IL-4Ra™™ mice, we clearly demonstrate that 1L-4Ra responsive CD4"
T-cells are not required for resolving N. brasiliensis infections. Furthermore, cytokine
production from restimulated mesenteric lymph node (MLN) derived CD4" cells
confirms expulsion to be independent of 11.-4 secretion (Bamer, Mohrs et al. 1998),
which we also found (o be significantly reduced. Somewhat surprisingly, 1L-13, the
key cytokine in worm clearance (McKenzie, Bancroft et al. 1998), showed equivalent
levels in Lek"™1L-4Ra™ mice 1o those of [1.-4Ra™ mice demonstrating 11.-13
production by CD4" T-cells independent of signalling via 1L-4Rot on these cells. [L-
4R independent 1L-13 production by CD4" T-cells has been demonstrated
previously in ovalbumin induced airway hyper-activity (Webb, Mahalingam et al.
2003) and our data further extends this observation to N. brasiliensis infection with
differential regulation of IL-4 and 11.-13. The absence of a measurable effect on worm
expulsion in Lek“™IL-4Ra™™ mice is in agreement with studies which demonstrate
that although CD4" cells (Horsnell, Cutler et al. 2007) and 1L-4Re (Urban, Noben-
Trauth et al. 1998) are required for expulsion of N. brasiliensis, signalling through the
STAT-6 pathway in CD4" cells is not required (Vochringer, Reese et al. 2006).
Expulsion is driven by smooth muscle cell contraction (Horsnell, Cutler et al. 2007)
and goblet cell hyperplasia (McKenzie, Bancroft et al. 1998). Both effector functions
are primarily induced by 1L-13 signalling through the 1L-4Ra (Zhao, McDermott et
al. 2003). Mechanistically, effective worm expulsion independent of [L-4Ra
responsive CD4” T-cells was highlighted by 1L-4Ra™ and Lek"™[L-4Ra™™ mice
having equivalent levels of intestinal mucus and goblet cell hyperplasia. The
comparable levels of 1.-13 are probably sufficient to drive the similar levels of

Co . . o -flox - Cre o s
intestinal mucus production seen in the [L-4Ro™™ and Lek™ “IL-4Ra ™ mice.

Interestingly, in this study N. brasiliensis induced pulmonary immuno-pathology was
. . . ) e o . N . e
strikingly atfected in Lek ™ 1L-4Ra™™ mice. Here we found a significantly lower

airway mucus response in the lung which was associated with disrupted T-cell



recruitment and localisation to the airway in Lek"™IL-4Ra™™ mice. These results
clearly demonstrate the CD4" T-cell 1L-4Ro expression is playing a significant role in
T-cell targeting and recruitment to the airways in N. brasiliensis induced pulmonary
pathology. The decreased airway mucus production and T-cell recruitment to the lung
in Lek ™ 1L-4Ra™™ mice is indicative of disrupted T-cell targeting being an important
component for driving T-cell mediated airway mucus production. This would be in
agreement with previous work which demonstrated recruitment of Th2 CD4" T-cells
into the lungs of N. brasiliensis infected mice being dependent upon their expressing
STAT-6 (Mohrs, Shinkai et al. 2001; Voehringer, Shinkai et al. 2004). Moreover
ovalbumin induced Th2 CD4" T-cell recruitment to the lung requires T-cell 11.-4
responsiveness (Cohn, Homer et al. 1997). However, ovalbumin induced airway
mucus itself is not wholly dependent on 11.-4 (Cohn, Tepper et al. 1998) but does
require 1L-13 (Whittaker, Niu et al. 2002) and [L-4Ra (Cohn, Homer et al. 1999),
Indeed, [L-13/ [L-4Ra interaction directly with airway epithelial cells are sufficient
for inducing airway mucus production (Whittaker, Niu et al. 2002). Together these
studies indicate a common requirement for STAT-6/ [L-4Ra and [L-13 (and to a
lesser extent [L-4) in recruitment of T-cells to the lung and induction of airway mucus
production. Our data supports and expands on these findings by demonstrating that
CD4" T-cell 1L-4Ra is a requirement lor elfective T-cell recruitment to the lung and
localisation to the airway. We propose that diminished T-cell recruitment and airway
focalisation is responsible for the decreased levels of airway mucus production

reported in this study.

In conclusion, this study has demonstrated, for the first time that expression of [L-
4Ra on CD4" T-cells is not required for the resolution of the definitive intestinal stage
of the infection. However, [L-4Ra expressing CD4" T-cells play a significant role in
driving N. brasiliensis induced pulmonary immuno-pathology through orchestrating

T-cell recruitment to the lung and localisation to the airway.
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4 Effects of disruption of IL-4Ra expression on
macrophages in N. brasiliensis infection

4.1 Background

Infection with N. brasiliensis induces a chronic polarised Th2 inflammatory response
in the lungs (Sher and Coffman 1992; Allen and Maizels 1996; MacDonald, Araujo et
al. 2002; Voehringer, Shinkai et al. 2004). The cellular infiltrate that modulates this
response is composed primarily of macrophages. which owing to the Th2 cytokine
milieu present in the tissue are of the alternatively activated phenotype (Reece,
Siracusa et al. 2006), as opposed 1o the classical phenotype. Classically activated
macrophages (caMacs) are typically activated by Thl cytokines (IFNy) resulting in
macrophages which secrete pro-inflammatory cytokines, release toxic radicals and
phagoeytose bacterial and  protozoan pathogens (Dalton, Pitts-Meek et al. 1993;
Bach, Aguet et al. 1997). Alternatively activated macrophages (aaMacs) are activated
by the Th2 cytokines (1L-4 and I1.-13), resulting in macrophages which release anti-
inflammatory cytokines and act as immunosuppressor cells in both an antigen specific
and non-specific manner (Fig. 7) (Goerdt and Orfanos 1999; Nelms, Keegan et al.

1999; Gordon 2003).

Alternatively activated macrophages can be identified by the expression of particular
molecular markers. These markers may include the mannose receptor, chitinase-like
lectin (Yml), arginase 1 (Argl) and resistin-like secreted protein (Fizzl) (Welch,
Escoubet-Lozach et al. 2002; Gordon 2003; Misson, van den Brule et al. 2004; Raes,
Brys et al. 2005). Although the precise roles of these markers in the cell biology of
aaMacs are relatively undefined, a growing body of evidence suggests their
involvement in proposed aaMac tissue repair functions., For example Ym1 and Fizzl
are both associated with extracellular matrix remodelling — indicative of a role in

tissue remodelling (Chang, Hung et al. 2001; Liu, Dhanasekaran et al. 2004). Whilst
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aaMacs are also associated with angiogenesis, the removal of tissue debris and

fibroblast recruitment - all processes necessary for wound repair {Gordon 2003).

Proliferation of aaMacs is associated with damaged tissue, particularly during the
healing phase of both acute and chronic inflammatory diseases (Goerdt, Bhardwaj et
al. 1993; Szekanecz, Haines et al. 1994; Djemadji-Oudjiel, Goerdt et al. 1996), as well
as in tissue which undergoes wound healing following damage such as that caused by
surgical procedures (Nair, Gallagher et al. 2005). The resolution of inflammation by
aaMacs is associated with induaction of pro-intlammaiory lymphocyte apoptosis by {[.-
4/H.-13/IFNy responsive aaMacs as well as lymphocyte suppression (Bronte, Serafini
et al. 2003). These findings indicate a role for aaMacs in effectively clearing
inflammation from tissues; a vital process which if done ineffectively could lead to a

sustained diseased state and permanent damage to the organ.

In this study we investigate the effect aliernatively activated macrophages have on the
long term pulmonary inflammation induced by infection with N. brasiliensis. Here we
used LysM ™IL-4Ra™ mice, which have disrupted [L-4Ra expression on
macrophages and as such are unable to generate aaMacs (Herbert, Holscher et al.
2004). Previous studies in our laboratory have confirmed this phenotype in the
LysM ™ IL-4Ra™ mouse and investigated the role of aaMacs in N. brasiliensis
expulsion (Herbert, Holscher et al. 2004). Here no effect on expulsion was scen,
ilustrating that aaMacs are not required for resolving N brasiliensis infection,
however the role of aaMacs in the associated lung inflammatory responses was not
investigated. The potential role aaMacs play in clearing inflammation poses an
interesting question as to whether these cells play a role in this disease model, the
LysM ™IL-4Ra™ mouse grants the opportunity to look into this. Our results indicate
a pivotal role for aaMacs in clearance of chronic inflammatory lesions associated with
N brasiliensis intection, as well as an immuno-suppressive function in dampening an

over-reactive Th2 eytokine and antibody response.
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Figure 7: Alternative and classical activation states of macrophages. Classically activated
macrophages are stimulated by IFNy to produce pro-inflammatory cytokines and free oxygen radicals.
Alternatively activated macrophages are induced by signalling through the IL-4Ra complexes by [L-4
or IL-13 which results in upregulation of mannose receptor and arginase | and is associated with
wound repair and tissue remodelling (Gordon 2003).
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4.2 Results

4.2.1 N. brasiliensis induced pulmonary pathology is prolonged in
LysMC"IL-4Ra”** mice

N brasiliensis larval migration through the host lung causes mechanical damage
which heals rapidly however chronic immunopathology, characterised by perivascular
inflammatory lesions, persist (Salman and Brown 1980; Arizono, Nishida et al. 1996).
This inflammation consists of Th2 cells of which macrophages compose a major
proportion (Voehringer, Shinkai et al. 2004; Reece, Siracusa et al. 2006). To
investigate whether aaMacs play a role in the resolution of these inflammatory
lesions, LysM ™ IL-4Ra™ mice and control mice (IL-4Ra™™ and [L-4Ro™) were
infected with N. brasiliensis and the resulting cellular infiltrates were assessed. Lung
pathology was analysed histologically at days 21 and 42 PL. At both days 21 and 42 PI
an emphysematous-like phenotype was clearly apparent in all the mouse groups. The
emphysematous phenotype was characterised as dilation of the distal airways and
alveolar sacs of the infected lungs. At day 21 PI in all the lungs of the mouse groups,
inflammatory cells were focused predominantly around the vascular and bronchial
systems but were also present in the alveolar walls (Fig. 8A). Ol interest were
differences in cellular composition of these lesions. In LysM ™ IL-4Ra™™ and 1L-
4R mice the inflammation consisted predominantly of lymphocytes, plasma cells,
neutrophils and eosinophils (Figures 8Ai & iii, lower panel). However [L-4Ra™
mouse lesions were composed predominantly of lymphoceyte and plasma cells with
fewer neutrophils and eosinophils than in the other mouse types (Figure 8Aii, lower

panel).

e . A Cre e
At 42 days Pl variability in the inflammatory response between LysM™ “1L-4Ra ™™
and [L-4Ra™™ mice was clearly apparent (Figure 8B). Here significantly reduced
inflammation, when compared to 21 days PI. was noted in 1L-4Ro”™ and 11L-4Re”

mice. This inflammation was predominantly interstitial and consisted primarily of
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lymphocytes (Figure 8Bi & ii, lower panel). However, the inflammatory response in
LysM ™IL-4Ra™ mice still resembled that of day 21 Pl namely continued
perivascular and peribronchial lesions composed of lymphocytes, plasma cells,
neutrophils and eosinophils (Figure 8Biii, lower panel). The prolonged presence of
inflammatory lesions in LysM™IL-4Ra™™ mice illustrates a delayed ability to

resolve pulmonary inflammation.

To quantify these cellular infiltrates, single cell suspensions of lungs were FACS
analysed for macrophages. neutrophils and activated CD4" T-cells populations. At
day 21 Pl there was no significant difference between the numbers of macrophages in
LysM ™ 1L-4Ra™™ and 1L-4Ra™™ mice. The numbers of macrophages in 1L-4Ra™
mice were significantly less than that of IL-4R o™ mice. However at day 42 PI there
were no significant differences between the macrophage numbers in the various
mouse groups (Fig. 9A). Neutrophils numbers peaked at day 21 in all mouse groups
significantly dropping off by day 42 PI. The 1L-4Ra”™ mice showed a trend towards a

X

higher neutrophil infiltrates at both time points when compared to [L-4Ra™ mice

although this difference was not significant (Fig. 9A). At day 21 Pl activated T cells
(identified as CD4"CD62 Y CDA4™ in the lungs of LysM ™ 1L-4Ra™ and 1L-4Ra”
¥ nice were similar in population size whilst the 1L-4Ra™ mice had significantly
lower cell numbers, The numbers of activated T cells decreased significantlyfrom day
21 1o day 42 Pl in the 11-4Ra™ and 1L-4Ra™ mice, which was not seen in the
LysM ™ IL-4Ra™™ mice. The maintenance of activated T-cell numbers in the
LysM* ™ IL-4Ro™ mice could explain the prolonged inflammatory lesions seen in

these animals (Fig. 9A) (Activated T cells were investigated in one experiment only).
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|

Figure 8: Persistent inflammatory lesions in LysM " IL-4Ro.™* mice at the later time point. Lungs
were removed at 21 and 42 days PI, stained with H&E and analysed. A: Day 21 PI; LysM ™ IL-4Ra”",
IL-4Ra™* and IL-4Ra”™ mice showed inflammatory response in the interstitial tissue along with
perivascular and peribronchial lesions. B: Day 42 PI; LysM“™IL-4Roa™" mice showed persistent
perivascular and peribronchial lesions whilst the IL-4Ro”™* and IL-4Ra™ mice only had inflammation
in the interstitial tissue (Analysed by double blinded pathologist; Data representative of 3 individual
experiments n=6) Key: Upper panel - solid lines indicate outline of lesion, lower panel - block arrow
indicates lymphocytes; thin arrow indicates granulocytes).
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aaMacs are associated with increased arginase | expression, an enzyme which drives
the process of fibrosis. Fibrosis is an extracellular matrix remodelling system involved
in the deposition of collagen fibres in tissues. The major component ol these collagen
fibres is a crystalline amino acid called hydroxyproline. Fibrosis has previously been
described in association with chronic lung pathologies. We found no differences in the
levels of hydroxyproline at day 21 or day 42 Pl between the LysM IL-4Ro"™ mice
or the control groups (Two individual experiments were performed) (Fig. 9B). AHR is
associated with Th2 inflammation and allergic type lung diseases. AHR was measured
by challenging the mice with acetylcholine and measuring enhanced pause. There
were no significant differences in AHR measured between the mouse groups (One

experiment performed with 6 individual mice per group) (Fig. 9C).
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Figure 9 Quantification of inflammatory cell infilivates, collagen deposition and airwavs

hyperresponsiveness. A Single cell suspensions of lung cells were quantified for macrophages,
neutrophils and activated T cells by FACS analysis (All figures are representative of 3 individual
experiments. * p<0.05, n=6) B: Lungs were assaved for hydroxyproline levels as a measurement of
fibrosis {(Data representative 2 individual experiments, =6 pooled samples) C: The mouse groups were
challenged with acetylcholine and the cnhanced pause {(PenH) was measured as an assessment of

airways hyperresponsiveness. (Data representative of a single experiment, n=6)
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4.2.2 Enhanced type 2 and CD4" MST IL-4 responses in LysM®™IL-
4Ro™* mouse

I1.-4, the hallmark cytokine of'a Th2 response, drives class switching of B-cells to IgE
production (Mandler, Finkelman ct al. 1993). Increased 11.-4 secretion by CD4" T-
cells along with high levels of non-specific Igh is associated with N. hrasiliensis
infection (Barner, Mohrs et al. 1998 Urban, Noben-Trauth et al. 1998). In this study
we compared serum IgE antibody production in LysM““IL-4Ro™, IL-4Ro™" and
I1-4Ro” mice. As expected IgE production in [L-4Ro” mice, which fail to generate
high 1L-4 levels (Barner, Mohrs et al. 1998), remained significantly lower at days 21
and 42 Pl (Fig. 10A). However IgE titres in LysM ™ IL-4Ra™™ mice were
significantly higher than [L-4Ra™ levels at both time points (Fig. 10A). Such
significantly higher IgE production in LysM“™IL-4Ro™ mice, suggests a role for [L-
4/11.-13 promoted macrophages in reducing total production of 1L-4, possibly through
negative regulation of lymphocyte populations, resulting in lower levels of IgE in the

1-4Ra " mice.

Type 2 lesions are characteristic of the pulmonary immuno-pathology associated with
infection with N, brasiliensis  (Matsuda, Tani et al. 2001). In this study we
investigated Th2 cytokine production by CD4" T-cells isolated from lung draining
lymph nodes (MST lymph node). As expected | L-4Ra” mice had characteristically
low levels of both IL-4 and 11.-13 in comparison to IL-4Ra™ mice (Fig 10B).
LysM™IL-4Ra™" mice showed similar levels of IL-13 to IL-4Ro” mice but
significantly higher [L-4 production at the later time point (Fig 10B). The differences
between LysM ™ IL-4Ra™™ mice CD4" T-cell IL-4 production and that of [L-4Ro ™™™
mice CD4" T-cells, illustrates a possible role of 11.-4/11.-13 promoted macrophages in

modulating T-cell responses.
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Figure 10: CD4" MST [L-4 cytokine levels and IgE serum antibody levels were enhanced in the
LysM " I1L-4Ro™* mouse. A: Total serum IgE was measured using ELISA B: CD4’ T-cells from
mediastinal lymph nodes were anti-CD3 stimulated and 1L-4 and 1L-13 supernatant cytokine levels
were measured using ELISA (Al figures are representative of 3 individual experiments, * p<0.05,
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4.3 Discussion

An understanding of lung immuno-pathology following infection with N brasifiensis
has vet to be fully defined, however advances have been made in understanding
immune cell function in the lung during innate and acute phases of the infection.
Innate lung responses occur until 4 days PI where the upregulation of chitinase family
and arginase 1 genes - hallmarks of aaMacs - are noted (Reece, Siracusa et al. 2006).
Prolonged and selective expression of these genes, which is dependent upon T cell
activation indicates a role for these genes in the development of associated changes in
fung physiology (Nair, Gallagher et al. 2005; Reece, Siracusa et al. 2006). In the acute
lung inflammatory phase, inflammation peaks at 9 days Pl with recruitment of IL.-4
producing intlammatory cells dependent upon signalling via STAT-6 on resident
bone-marrow derived cells — possibly alveolar macrophages (Voehringer, Shinkai et
al. 2004). Following the inflammatory peak of the acule stage, inflammation persists
in the lung. This chronic inflammation is poorly understood, in the rat model of N.
brasiliensis infection predominantly lvmphocytic Type 2 granulomatous lesions have
been shown to persist for up to 4 weeks Pl (Matsuda, Tani et al. 2001). The Th2
cytokine environment and possible role of macrophages in the initiation of this
chronic inflammation led us to investigate any possible role played by these cells in
changes 1n lung physiology. Examination of lung histopathology and humoral
immune responses at days 21 and 42 Pl in LysM““IL-4Ra™ mice illustrated an
important role for aaMacs in the resolution of chronic inflammatory lesions and the

suppression of hyperactive Th2 responses.

N

We found pulmonary lesions to be present in all mouse groups at 21 days P1L, however
by 42 days PI [L-4Ra™" and 1L-4Ra” mice resolved inflammatory lesions yet these

Slox

lesions persisted in LysM™IL-4Ro”™ mice. The key phenotype of LysM ™IL-4Ra

% mice is their inability to generate aaMac dependent responses (Herbert, Holscher et
al. 2004). In a different helminth model, the impaired ability 1o generate aaMacs was
associated with prolonged inflammation (Herbert, Holscher et al. 2004) indicative of

important roles played by aaMacs in the regulation of inflammatory responses. The
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inflammatory lesions at day 21 Pl were predominantly lymphocytic and similar to
those previously described in rats (Matsuda, Tani et al. 2001). Although all the mouse
groups had predominantly lymphocytic lesions, the total cellular compositions
between the groups differed. The composition of lesion cellular infiltrates in
LysM““IL-4Ro™ and 1L-4Ra”™™ mice were similar at day 21 Pl consisting
primarily of lymphocytes but also a notable infiltrate of granulocytes. In [L-4Ro”
mice the lesions were predominantly lymphocytic with markedly lower numbers of
granulocytes. Furthermore all mouse groups at day 21 Pl had high levels of activated
T-cells in the lung, though these levels were significantly lower in [L-4Ra™ mice

" mice. We propose this decreased recruitment of

when compared to 1L-4Ro™”
activated T-cells to be a function of the inappropriate Thi polarisation of 1L-4Ra™

mice, this may also explain the differences we describe in the lesions of these mice.

The similarity in lung immuno-pathology between LysM®™[L-4Ra™* and 1L-4Ra "
mice did not persist to 42 days PL Inflammatory lesions were no longer present in
either 1L-4Ra™ or 1L-4Ra™ mice but persisted in LysM““IL-4Ra™™ mice. The
numbers of macrophages and granulocytes present in the lungs had no effect on the
presence of inflammatory lesions, indicating that the resolution of inflammatory
lesions was independent ot effector cell numbers. It is likely that the resolution of
these lesions was dependent rather upon immune activation status of these cells and
the resultant eflector mechanisms brought about by activated effector cells. Brugia
malayi, another nematode infection model illustrated that there was no correlation
between the numbers of effector cells and their immune activation status, illustrating
that although effector cells are present in the tissue these cells are not necessarily
activated (Loke, Gallagher et al. 2007). The proposal that activated eflector cells play
an important role in suppressing lung immuno-pathology is supported by our
demonstration of maintained numbers of activated T-cells in the lungs of LysM“IL-
4R mice: in [L-4Ra”™ mice such numbers decline significantly. T lymphocytes
are thought to maintain inflammatory lung responses in certain diseases such as
chronic obstructive pulmonary disease (Barnes and Cosio 2004) and asthma (Corrigan

and Kay 1992: Wills-Karp 1999), as well as playing a vital role in the formation of
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granulomatous lesions in infection with a different helminth, Schistosoma mansoni
(Mathew and Boros 1986; Angyalosi, Pancre et al. 1998). We propose that the

o

disruption of signalling via the IL-4Ro on macrophages in LysM“™I1L-4Ro™* mice
and the subsequent lack of activation via this receptor results in lower numbers of
aaMacs and hence an inability to decrease the number of activated T-cells. aaMacs
have been shown to both alter T-cell activation and cause T-cell apoptosis (Loke,

MacDonald et al. 2000; Bronte, Seralini et al. 2003).

aaMacs prevent the proliferation of T lymphocytes either through the depletion of L-
Arginine which results in changes in the microenvironment and aiterations on T-cell
surfaces (Bronte, Serahni et al. 2003) or in a cell<to-cell contact manner (Loke,
MacDonald et al. 2000). Another form of lymphocyle suppression by 1L-4/1L-
13/1FNy stimulated macrophages is the production of peroxynitrite, a potent nitrating
and oxidising molecule, which induces apoptosis in T lymphocytes (Bronte, Serafini
et al. 2003). We propose that the lack of suppression of T lymphocyte activity and T
lymphocyte  proliferation by aaMacs is  probably responsible for the

. : : : e low
immunopathology. cytokine and antibody responses seen in LysM ™[L-4Ra”™™ mice.

Th2 cytokines induce arginase 1 in macrophages, this enzyme converts L-Arginine
into proline (a precursor of collagen) and subsequent tissue fibrosis (Hesse, Modolell

dox
“ mice

et al. 2001). In our model the lack of functional aaMacs in LysM““IL.-4Ra
had no effect on the amount of fibrosis present in the tissue, this phenotypic response
was also noted in liver fibrotic responses Lo Schistosoma mansoni infected LysM ™1
4R mice (Herbert, Holscher et al. 2004). AHR in an antigen-induced model is
dependent upon signalling through STAT-6 (Kuperman, Schofield et al. 1998),
however induction of AHR in I11-4Ra”™ mice has also been shown {Wehb,
Mahalingam et al. 2003). We investigated if any effect would occur if 1L-4Ra and
therefore STAT-6 signalling was abrogated in macrophages. However increases in
AHR, in comparison to naive animals (data not shown), was uniformly detected in all
the mouse groups at these late time points. This is possibly due to sufficient

endogenous levels of 11.-13 acting directly on epithelial cells (Kuperman, Huang et al.
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2002) or due to the emphysematous phenotype which is noted in the lungs of all
mouse groups. Emphysema is characterised by the dilation of the distal airways,
irreversible lung damage and himited airtlow (Pauwels, Buist et al. 2001), changes
which would likely to cause serious airflow limitations and changes in enhanced

pause.

In conclusion, this study has demonstrated that the expression of 11-4Ro on
macrophages is required for the long term resolution of pulmonary pathology
associated with N. brasiliensis infections. Furthermore our data is indicative of the
likely aaMac component to this response being dependent on their proposed inhibition

ol T-cell proliferation as opposed to their wound healing phenotype.
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5 Conclusion

Helper T-cells and macrophages are important producers of cytokines in an immune
response. These cytokines initiate, sustain and mediate both the molecular and cellular
responses which ultimately lead to the physiological changes associated with
pathogenic/antigenic stimuli. In this study we focussed on the cytokines 11.-4 and 11~
13, the classical Th2 cvtokines. Both [L-4 and 1L-13 share a common chain in their
signalling receptors - the [L-4Ra chain (Nelms. Keegan et al. 1999). Through the use
of 1L-4Ra™ mice it has been illustrated that signalling via the IL-4Ra is critical for
the production of a polarnsed Th2 response (Barner, Mohrs et al. 1998). Th2 immune
responses are generally regarded as protective responses generated by the host against
parasitic helminths. The requirement for IL-4R« dependent polarisation to Th2 in
resolving parasitic helminth infections has also been well documented in a number
studies using a varicty of helminth models. For example S, mansoni infected 1L-4Ro™”
mice succumb to infection (Herbert, Holscher et al. 2004), whilst Trichinella spiralis
infected IL-4Ra” mice show a significant delay in parasite expulsion (Scales, lerna et
al. 2007) whilst [1.-4Ro" mice infected with N. brasiliensis were unable to expel the
parasites (Barner. Mohrs et al. 1998). In the study presented here we further define the
role of IL-4Ra in a parasitic nematode infection through the use of cell-specitic 1L~
4Ra deficient mice. Specifically we have investigated the role of signalling via 1L-
4Ra on CD4" T-cells and macrophages in N. brasiliensis expulsion kinetics and

associated pulmonary pathology.

Using mice deficient in CD4" T-cell 1L.-4Ra expression we have demonstrated that
1.-4 promoted Th2 cells are not critical for expulsion of N. brasiliensis. However,
they are associated with an important role in mediating pulmonary pathology. Here
the disrupted signalling in CD4" T-cells and resultant dampening of the Th2 response
strikingly reduced this pulmonary pathology. This indicates that although 1L-4Ra
signalling and CD4" T-cells are critical for N. brasiliensis expulsion, 11.-4 promotion

and expansion of the Th2 cell population is not necessary for expulsion kinetics but



instead leads to a large activated T-cell population, a population which we propose to
be the major contributor in promoting acute lung immuno-pathology. This is well
demonstrated in our work; illustrated by reduced T-cell recruitment to the lung and
localisation to the airways which results in a reduction in pathological airway mucus
production. This is in agreement with previous work demonstrating the importance of
Th2 cells for the generation of airway mucus responses (Cohn, Homer et al. 1997,
Mathew, Maclean et al, 2001). Hence in this acute inflammatory response, T-cells
which are not activated in an 1L-4Ra dependent manner are not recruited to the

airways and therefore less immuno-pathology is noted.

In the chronic inflammatory response demonstrated by our studies using the
LysM““IL-4Ra”™ mice the persistence of activated T-cells was corrclated with
perpetuated inflammatory lesions. This persistence of activated T-cells appeared to be
due to the lack of 11.-4/1L.-13 promoted macrophages/ aaMacs. We propose that these
aaMacs act in an immunosuppressive manner on these cells. aaMacs have been
documented to regulate T-cells through inducing their apoptosis and by altering their
activation status (Loke, MacDonald et al. 2000; Bronte, Serafim et al. 2003). These
macrophages have also been shown to reduce inflammation in a chronic inflammatory
renal disease model (Wang, Wang et al. 2007). Such effects result in lower numbers

los . e X
MOUSse 1 comparison to the

of activated T-cells as we demonstrate in the [L-4Ra
LysM ™ IL-4Ra™™ mouse, which lacks aaMacs. Furthermore this data appears to
further demonstrate a role for aaMacs in T-cell regulation as opposed to wound

healing.

Taken together these two studies clearly demonstrate activated CD4" T-cells being
vital in the initiation and maintenance of the pulmonary pathology which is associated
with infection with N. brasiliensis. Furthermore, these data are in agreement with
previous studies using ovalbumin induced asthma where the recruitment of T-cells to
the airway has been demonstrated o play a major role in the resulting asthmatic

pathology (Webb, Mahalingam et al. 2003). This study demonstrates the requirement



for the expression of [L-4Ra on T-cells for initiating the pathology and on

macrophages for resolving it.
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6 Future Work

Although the Th2 response generated by signalling through the IL-4Ra on CD4" T-
cells appears 1o be an over-reaction, this proliferation and differentiation of Th2 cells
may be necessary to generate an effective memory response against the parasites. This
could be investigated by challenging Lek®™IL-4Ra™™ mice with a secondary
infection of N. brasiliensis and comparing the efficiency of these mice in stopping the

secondary infection in comparison to 1L-4Ra”™™ mice.

The macrophage phenotype in the L«ygf\ﬂ(imi L-4Ra™™™ mice studies would be
interesting to further investigate. This could be done by cell-sorting the population,
performing RNA extraction and analysing gene expression, to investigate whether
these macrophages have cell-surface receptors for IL-4/IL-13/IFNy. Furthermore
immunohistochemical analysis could be camied out to determine the spatial
orientation of these macrophages. Macrophages and lymphocytes could be cell-sorted
and co-cultured in order to determine whether the macrophages from the different
mouse groups show different abilities to suppress lymphocytes. This would confirm
our hypothesis that aaMacs are the cell type responsible for decreasing the T-

lymphocyte population in the lung.
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8 Appendices

Appendix A: Solutions

Blocking Buffer
20g Milk powder (spar instant)
Make up to 1L with I XPBS

Chloramine T
7g chloramine T
Make up to 100ml with dH,O

Citrate-Acetate buffer
57g NaAcetate

37.5g trisodium citrate
5.5g citric acid

385ml isopropanol

Make up to L with dH,O

Dilution Buffer

10g BSA (Roche)

0.2 g NaN; (Merck)

Make up to 1L with 1XPBS

Dowex/Norit mixture

40g Dowex (AG1-X8-200-400 mesh)

20¢ Norit (Decolourising carbon)

Wash 2-3X in Buchner funnel with 6N HCl
Wash 2X in 95% [thanol

Dry under hood

Erlich’s reagent
25¢ p-dimethylaminobenzaldehyde (Sigma)
37.5ml 60% perchloric acid

FACK Buffer
0.1%BSA (Roche)
(.05% NaN; (Merck)
Made up in 1XPBS

Hydroxyproline Solution A
Mix

| part chloramine T

4 parts citrate acetate bulffer
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Hydroxyproline Solution B
Mix

3 parts Erlich’s reagent

23 parts isopropanol

PBS (10X)

80g NaCl

2¢ KC

I44g Kg PO4

2.4¢ KHoPO;

Make up to 1L with dH-0O

Red Cell Lysis Buffer
SmM EDTA

150mM Na(C'l

10% glycerol

25mM Tris-Cl pH 5.7
0.1% SDS

1% Triton-X 100
0.5% Nen idet P-40
0.5% Deoxycholate
SmM PMSF

Washing Buffer

20g KO

20p KH, PO,

144g NayHPO4 H,O

800¢ NaCl

50ml Tween 2 (Sigma)
100m! 10% NaN;

Make up to SL with dHO
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Appendix B: ELISA Reagents
Capture Detection Standard
1L-4 Rat anti-mouse | Rat anti-mouse | Recombinant
(Pharmingen {Pharmingen (Pepro Tech
International) International) ECLTD,
BVD4-1D11 BVD6-24G2 London)
f-13 Anti-mouse Rat anti-mouse | Recombinant
(R&D (R&D (BD
Systems, Systems, Biosciences)
Germany) Germany)
38213.11
[FNy Rat anti-mouse | Rat anti-mouse | Recombinant
(Pharmingen (BD (BD
International) Biosciences) Biosciences)
R4-6A2 XMGT.2
gl Anti-mouse Rat anti-mouse | Recombinant
(Pharmingen, | (Southern (Pharmigen)
USA) Biotechnology
84.1C Associates,
USA)
23G3
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Appendix C: Published paper
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Interleukin 4 receptor 2 (IL-4Rx) is essential for effective clearance of gastrointestinal nematode infections. Smooth
muscle cells are considered to play a role in the type 2 immune response-driven expuision of gastrointestinal
nematodes. Previous studies have shown in vitro that signal transducer and activator of transcription 6 signaling in
response to parasitic nematode infection significantly increases smooth muscle cell contractility. Inhibition of the IL-
4Ra pathway inhibits this response. How this response manifests itself in vivo is unknown. In this study, smooth muscle
cell IL-4Rx~deficient mice (SM-MHC "*IL-4Rx ") were generated and characterized to uncover any role for IL-4/IL-13 in
this non-immune cell type in response to Nippostrongylus brasiliensis infection. IL-4Rx was absent from a-actin-
positive smooth musde cells, while other cell types showed normal IL-4Rx expression, thus demonstrating efficient
cell-type-specific deletion of the IL-4Rz gene. N. brasiliensis-infected SM-MHC ™IL-4Rx "™ mice showed delayed
ability to resolve infection with significantly prolonged fecal egg recovery and delayed worm expulsion. The delayed
expulsion was related to a delayed intestinal goblet cell hyperplasia, reduced T helper 2 cytokine production in the
mesenteric lymph node, and reduced M3 muscarinic receptor expression during infection. Together, these results
demonstrate that in vivo IL-4Rx-responsive smooth muscle cells are beneficial for N. brasiliensis expulsion by
coordinating T helper 2 cytokine responses, goblet hyperplasia, and acetylcholine responsiveness, which drive smooth
muscle cell contractions.

Cltation: Horsnell WGC. Cutler AJ, Hioving CJ, Meamns H, Myburgh L et al. (2007} Delayed goblet cell hyperplasia, acetyicholine receptor expression, and worm exputsion in
SMC-specific L-4R1 deficient mice. PLOS Pathog 3(1): e1. dot10.1371/jout nal ppat 0030001

Introduction enter the airways, fTrom which they are coughed up and

swallowed, Upon reaching the intestine. larva develop into

the intecleokin (1013014 veceptor 2 (I-4Ra)isignal
teansducer and activintor of transc ription 6 (STAT-6) signal-
ing pathway i essential in the comrol ol a number of
infectious discases as well as being a key factor in the
induction ol allergic responses. Signaling through this path-
way can cither confer protective immunity or mediate tissue
damage depending on the antigenie stimuli and the cell-
specific response (11 Previousty, our laboratory provided the
first description ol the ellect ofa cell-specific deletion of 11.-
iR [rom macrophages and neutrophils on the host's ability
to respond 1o two parasitic infed tions [2] It wis demonstrated
that such a deletion Tailed 1o afleat resolution of inlection by
the nematode Nippostrongylus frasitiensis, while mice demon-
steated an inereased susceptibiliny o infection by the
trematode  Schistosoma masoni. The work presented here
describes the ellect ol o simooth muscle-specific disrnprion
of I.-4Ra cxpression on the mmune response to N
trasdiensis.

Murine inlection with N bmsiliensss induces a strong
protective host 1 helper 2 (1 y2) response Tor whic h IL-13
production and signaling through IL-4Ra are essential for
successhut clearnee of intection (3.4, Infective third-stage N
brasiliensis larva penetrate the skin and migrate via the blood
systen, 1o the lungs. larva emerge from bload vessels and

@ PLoS Pathogens | www plospathogens.org

eg-producing adult wovrms that attach to the small intestine
epitheliom. BALBA mice clear N brasilienis infection after
approximately 9 d (5]

Although essential for expulsion of N. brasiliensis from the
intesting, the precise role of 1L-4Ra in coordinating the
imne and physiological response remaims unclear (6] 11.-
P3NL-4RAS LAT-6 signaling is required for the host to
produce an cffective goblet cell hyperplasia (7). Disruption
of this response impairs the host ability 1o resolve an N
hrasiliensis inlection. Additonally, acetylcholine-driven con-
tractions of longitadinal siooth muscle in the intestine are
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also iplicated i plaving a role in worm expulsion [8]. A

number ol in vitro smdies have shown that intestinal
segmenty and imrestinal smooth mscle cells previously
exposed to infection by murine nematode models have
increased contractile ability.  Lhis coutractile ability ol
intestinal segments and/or smooth musele cells is abrogated
in STAT-6™ mice. Lherefore, the TL-13M1-4RSTAL-6
pathway is necessary lor clevaced smooth muscle cell
contractility required to aid worm expulsion [6,9,10]. Adcdi-
tionally, 1-1311L-ARWS TAT-6-dependent smooth muscle cell
sigmaling can induce responses in surrounding tissues [11), us
well as inducing siooth muscle cell release of chemokines,
such as thymis- and activation-regulated chemokine [12] in
order 1o coordinate early host responses to pathogens. From
these studies, it is apparent that both goblet cell and smooth
muscle cell respanses to nematode infections are coordinated
by the host immime response to infection aud rhat this
coordination i esential for optimal discase resolution (13}

fo date, no studies have been able to demoustrate in vivo
the clfect of a cell-specilic inhibition of the [L-1301L-4Rw
SIAL-6 pathway in smooth mascle eells. Using smooth
muscle myosin heavy chain (SM-MHC ™ IL-4R2™™ mice,
we demonstrate that disrupied IL-3R2 expression in smooth
muscle cells influcnces host immunity o an intestinal
nematode infection. The absence ol smooth muscle [L-4R2
delays worm expulsion and goblet cell hyperplasia. Further-
more, induction ol |2 eviokines is delayed andior veduced.
asis intestinal expression of the M3 acetylcholine recepror. in
response 1o inlection with N brusiliensis.

Results

Fransgenic mice, expresing Cre recombinase nnder the
control of the smooth musele coll-specific myosin heavy chain
promoter (SM-MEC™), the BALBKG
genetic bacaground for nine generations and then inter-

crossed with 4R and "Hoxed™ IR Y BALBIC mice

were backerossed 1o

'@ PLoS Pathogens | www plospathogens.org
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Lo establish smooth wuscle cell-specific IL-4Rx-deficient
BALBfC mice (SM-MHCIL-4R2™), with one deleted and
ane NMoxed 1-4Ra allele (SM-MHCY™L-4Rx ™) 10 increase
the elficiency of Cre-mediated site-specific recombination.
Mutant mouse strains were identified by PCR genotyping
(Figure 1A), and cell specificity of disrupted 1l-4Ra exprossion
was confirmed by fluorescence-activated cell sorting analysis
(FACS).

1L-4Ra expression was analyzed on a-actin-positive cells
derived from aortic cells (Figure 1B). Surface expression of
[L-4R2 on 2-actin-positive cells was cquivalent in SM-
MHC"IL-4Ra ™™ (geometric mean fluorescence [GMF
11.02) and global IL-4Ra™ (GMF: 11.2) mice (Figure 1B).
Low levels of expression were present in 1E-1Ry™™* mice
(GME: 18.37). IL-4Ra expression on a-actin-positive smooth
muscle cells isolated from small intestine anct lung was oo
low to detect using FACS analysis (unpublished data).
However, Cre mRNA was highly expressed in tracheal and
intestinal tisue in the SM-MHCO™IL-4R27™"* mice. As
expected, 1L-4Ra™ mice demonstrated no Cre expression.
lu agreement with the smooth anusce specificity of the
deletton, H-4Ra mRNA expresion was substantially de-
pressed in both tracheal and intestinal tissue in SM-
MHCIL-4RY™™ mice compared 1o L-4Ra™™™ mice (Fig-
nre 16 hmportantly. [L-4Rx expression was maintained on
CD3™ § cells, CDI9T B cells (Figure 1D), and macrophages
tunpublished data)y i smoath muscle cell-specific [L-4Rx
knockont mce and cquivalent 1o levels expressed on trans-
genic Cre-negative IL-4R2™"™ control littermates. Functional
analysis confirmed [L-4R% respansiveness in these cell types
(unpublished data). Together, these resubs provide convine-
ing support tor the specificity of smooth muscle cell
disruption of [L-4Ra in SM-MHC IL-4R*™ mice, in
anreentent with previously published data on the character-
Zation of SM-MHCS™ transgenic mice [14],

[o imestigate a possible mle of IL-4/11-13-stimulated
smooth muscle cells in nematode infections. comparative
inlection studies with the gastrointestinal nematode N.
brusilimsis were performed. Worm fecundity in the host was
loflowed by detcrmination of egg production in a time
kinetic (Figure 2A). As previously demonstrated [2), control
LR ™™ mice behaved as BALBI mice with peak fecal egg
production tound ar day 7 and subsequenily  declining
thercalter due to a4 fnctional host protective immune
response [1.3). Both the [L-4Ra™ and SM-MHC"[L-4Ra™">
wice demonstrated prolonged egg production, with SM-
MHCEIL-4R2 ™™ mice having eggs present in their feces
until day 12 postinfection (Ph. As expected, [[-4Ra™" mice
demonstrated a chronic infection with eggs present in feces
at day B PL Determining the number of worms in the
intestine at varions time points following inlection with N,
brasiliensis vesulted in comparable worm burdens between [L-
SRTVRLARY ™, and SM-MHCL-4R2™ mice ar days 4
and 7 PL However, at day 10 P IL-4R2™™ control mice, but
not SM-MHC ™ IL-AR2 ™™ or [L- 1IR3 mice. had cleared tne
worm (Figure 2B). explaining the extended worm fecundiry.
SM-MHC " TL-4R2™"* myice, but not H-4R2™ mice, showed
complete worm expulsion at day 14 Pl (Figure 2A)
Examination of total serum Igk antibody (Figure 20) levels
showed that SM-MHC™IL-4Ra™™ mice responded like the
11-4Ra™* mice. logether, these results demonstrate in-
creased susceptibility to N, brasiliensis in smooth muscle cell-
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Figure 1. [L-4R% Expression Is Impaired on Smooth Muscle Cells in SM-MHC ®IL-4Ra ™ Mice

(A) Genomic integrity of the SM-MHCIL-4Rx " hemizygous mice was established by PCR.
(B) Smooth muscle cells were identified by intracellular a-actin (i) staining versus isotype control {ii). IL-4Rx surface expression was anatyzed on gated -

actin~positive cells (iii).

{C) cDNA levels in trachea and small intestine of IL-4Ra "™ (black bars) and SM-MHC ™IL-4Rx ™* (hatched bars). Data are derived from pocled tissue

samples from three mice and aie representative of two experiments.

(D) IL4R=x expression on lymphocyte subpopulations of T ceils and B cells is unaffected in SM-MHC™™IL-aRa ™ mice.

doi: 10.137 1/journal ppat.0030001.g001

specilic [L-4Ra-deficdient mice with inereased parasite bur-
den and delayed worm expulsion,

112 oytokines drive protecive mechanisms following N
brasiliensis infection (4], Therelore, oytokine production by
anti-CD3stinmtated CDAT 1 celis purificd lrom mesemeric
Ivmph nodes (MENs) was analyzed at days 4.7, and 10 PL A
reduction (p << 0.05) of T2 cytokine responses was nbserved
from CD4Y T cells of SM-MHC™ IL-4R=™™ mice at all time

X control mice, including L4,

points compired to HL-4R2
1L-5, H-9, andl H-13 (Figure 3). linpairment was comparable
to mesenteric CDAY 1 ekl from H-1R2™ mice at dav 7 PL
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Whereas global 11-4Ra™ mice shilted 10 a polarized 1yl
eytokine response, indicated by the production of interteron
—ilon

+. this was not observed in infected SM-MHCYT[| 4R

miice, which had similar interferon y levels as [L-{Ra™™>

control mice. I order 1o ascertain any  compensatory
eytokine production in the intestine, we examined .13
teve s from smath intestine tissue at days 4, 7. and 10 PI (Figure
0. At days 4 and 7 PLIL-13 levels were significantly elevated
in 1L-4R2™™ niice compared to IL-4Rx and SM-
MHCETLA4RE™™ mice (p < 0.05) By day 10 PL intestinal
IL-13 levels were reduced in [L-4R2™ mice but still
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