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Figure 6: Depressed N. brasiliensis induced pulmonary immuno-pathology in LckCreIL_4Ra-/Iox 
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 F ACS for numbers of CD3+ cells present in the various 
mouse types. (Significant differences from lL_4Ra·llox mice *p<O.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_4Ra-ilox mice whilst LckCreIL_4Ra-llox 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-llox mice *p<O.05, 
n=8, data representative of 1 experiment) 
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Figure 7: Alternative and classical activation states of macro phages. 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 TL-4Ra complexes by IL-4 
or IL-13 which results in upregulation of mannose receptor and arginase I and is associated with 
wound repair and tissue remodelling (Gordon 2003). 
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Figure 8: Persistent innammatory lesions in LysMCrelL-4Ra-lIox 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; LysMCreIL-4Ra-/I0X, 
IL_4Ra-lIox and IL-4Ra-l - mice showed inflammatory response in the interstitial tissue along with 
perivascular and peribronchial lesions. B: Day 42 PI; LysMCreIL_4Ra-lIox mice showed persistent 
perivascular and peribronchial lesions whilst the IL-4Ra-llox and IL-4Ra-l

- 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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Delayed Goblet Cell Hyperplasia, Acetylcholine 
Receptor Expression, and Worm Expulsion 
in SMC-Specific IL-4Rct-Deficient Mice 
William G. C. HorsneU', Antony J. Cutler', Claire J. Hoving', Helen Meams', Elmarie Myburgh', Berenice Arendse', 

Fred D. Finkelmanl
, Gary K. Owens), Dave Erie·, Frank Brombacher" 

, Djyislol\ oJ mrnu~09Y. IMlfluc:e of Infectious Disease ard MOecLIksr Medicine. r-ac::ulty of 1Ic;s.h Sdencei. Umvello'Y of Cape TCMlI' Cape Town... Sout~ Africa., 1 
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CaiiromLa )an F,.10C:iKo, S~ Ffat .. :i~. Gtll'om'-'. UrJI(''CS StMes or America 

Interleukln 4 receptor ~ (lL-4R'lI1 is essential for effective clearance of gastrointestinal nemiltode Infections. Smooth 
muscle cells are considered to playa role in the type 2 immune response-drlven expulsion of gastrointestinal 
nematodes. Previous studies have shown In vitro that signal transducer and activator of transcription 6 signaUng in 
response to parasitic nematode infection significantly inaeases smooth muscle cell contractility. Inhibition of the IL-
4R~ pathway inhibits this response. How this response manifests Itself in vivo is unknown. In this study, smooth muscle 
ceIlIL·4R~-deficient mice (SM·MHCc'·IL-4~-/I""1 were generated and characterized to uncover any role for Il·4/Il·1l in 
this non-immune cell type in response to Nippostrongy/us brasiliemis infection. Il-4R~ was absent from a·actin­
positive smooth musde cells, while other cell types showed normal Il·4R~ expression, thus demonstrating efficient 
cell-type-specific deletion of the Il·4R~ gene. N. brasil/emls-Infected SM-MHCc"'ll·4R~""''''' 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 resulU 
demonstrate that in vivo Il-4R~-responsive smooth muscle ceUs are beneficial for N. brosilif!flsis expulsion by 
coordinating T helper 2 cytokine responses. goblet hyperplasia, and acetylcholine responsiveness, which drive smooth 
muscle cell contractions. 

Ot>ll"", lio"""U WGI:.. Cutler AJ.I"",i'Ig CJ. Meam< Ii. ~Ulgh E.., 111. (lOOn o.,loycd goblet «I hyp"pI .. Io. acotylcholi>c ",ccptor c"ll""~OI\, and .. orm """uI""" in 
SM(''Poofic l4R,<lcfidcr.t m"-e . PLoS Palhog 3(1 ~ ., . dot'O.1l7'/journai.pp.>t.oolOOO' 

Introduction 

II,,· illLI:I'h-ukill (1I. 1 ·1 ~ 111. - 4 1'IT1'l'Lor :r (l1.-~lbVsib'",,1 

[1'~_\lI!'o.du("(: .. ;\IId <i("ti\";.tlor of trall!\( riplioll () (S 1,,\ I-H) ~i~lIdl­

ill~ p.-1lh\\J.r l!o e'!loclIli;·d ill Till: ('01111'01 01 a Humher til' 
inr("("liou!'o. di,ea,.c~ .t!>. wdl .. L\ hdug ;t kc:\' fanor ill Ihe 

illduni(lll III <iIlIT~ic n·!r<pOIL.'I~ . ~ilo(llalill~ through Ihi, path­
Wtty (:;\11 eitlH:r ' "0111( ' 1 prnleniv(! inmlUllily Of n\(..:di~\ll: li~!\u(' 

d"1II •. tt',l' dt:pl'wtillg 011 Ilw alii i~ellk !ool imllli and the cell­

"pee ific ' rc:!oopllll"'~ [ I ). f)}"c\'inU!o.ly. 0111' lahoralorv pro\'idcd 111t' 

lint ctc",( ripli/J1l 01 th(: df,', lora ccll-sl"c"ifJe ddelioll of 11.­
H~"l. ("rom lIIal rnpha~l'!oo ~:\lJ(IIJ(:utr(lphi J!'o 011 Ihe ho,f~ a hility 

to n:~ptllld to 1\\'0 parasilk Il1f<:( lioll~ (2 ~ It \"' .. ,, dt:lTl(ln~II~'lt~d 

,hal !ooUdl a de/clioH Ll ik'1 I 10 dfh:u n _")ollltioll 01 illit'nioll h" 
the 1I('III~tlod(' NippHlnmgyllL5 J,m,riJlnui.s. whik 111 in' d(,lIIon­

!oou-"'Ied "til illcr(,;,L,('d :'lIMc:plih;lil) 1o iHlenioll h~' Ih(' 
trelll,Hod" ScJtisklJ(lmll mCIIl\oni. I he work prcs (~ lIt(:d her(, 

de!<>{ lih<:!oo th .. · dlen 01 a 'lIIoolh IHIIM ' lc - "pcdfic di'fllpriolt 

of IL--1}{~ ('xpn'M,inll till the 111I1II\l11C' rC"pllll~(' 10 ,A,,'. 

IdlLriJit'71Jii, 

~111rjllc ;Illn linll WiTh N. bmol.inl.SlS illclun~ a !ool.ron~ 

Pl'OIt:Clivc hO~1 I helper '2 ( Ill:!) fC!lJPOIIM: for whkh 11..-1 :\ 
produt'l'nn alld ,i~lIi\1itl~ IhJ'nu~h 11.-4R-:x art' c,,"st'lllial tor 

"',I(n:'looo[ul d(' :,tr:tlICT ul illlr:l'lioll f 3, ~l J , IlIf(:,ni\'t~ Ihint-s tag(' N, 
hruru.;I--1t.fif t.lf\/t IWIWU';,\f(' tlu' 'kill dtulllligrale "1'" 11w hltHlrt 
!<oo),"L'IlI, In the h.1I1~~, 14:irvi1 (' 11)('1).((' frolll hlood \' (~,d~ alld 

:~. PLo5 Pathogens I www .pio>pathoge.,. .org 

ellle!' 11l(' ~tirw;ly!<OO. frfllli ",hii'll they an~ c()u~h("d up alld 

~w~II/I\\'Cd, ('pOll r(,;t('hillg the illtt."!olillt' . lan"i\ ((('vdlll illlO 

('~·pnJ(hl('ilig ',Idllil \\.'orl1l!lo Ihat attach 1.0 the' small illl(.~ljH<: 
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hmsi/i.nts~r inrl'( ' liflll, A(hlili(IIl,til)" a, 'cl}'lcholitlc-rlrin,:11 ('011-
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("01111"01 oflJ\(' ",month IIIU"l"h· ("l'll -'IH!( inc lTJ\'o,iTl tu:.\\"~·l" haiTl 

promoter (S~I-~lIl( .<:1&\ \ .. "(' n.: h . .u·kcro"t"ti III t hl: Ho'\ IJ\/i" 

).{l'rll:li< b.u · ... hfflUlld for IIi 11(' ~C:llt:r;'\liflll'" awl Ihell illl(·r· 
("l"o~M~d with 11.·..JR:l- ....... \11£1 "l1flx(:d" 11. __ H~:'lk .... d. ," u/\l.nit min' 
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Worm Expulsion and SMC IL-4R:J 

In I~ :..!ahli~h -'l1Iooth lIlu .. de ("cU-5Jx=dfic 11.·..JR-:t-fi(: Cic ·. i«:lIt 

HA.lJII, III in: ISM-~IHCc"·It.·4R'''·'''''), wilh Oil" dd<:lcd ;11".1 

()I": n .. ",:<1 1t.-4R~ "lid .. (S\I·MHCc~II.·4R:JI-d, .. ) 10 ill!""'"""'!: 

Ihl' ('!TIC·iew y ()f Crc-Incdialc:ri sile-!roI)C~cifk 1't.'c-ol1lhill.lli()n. 

\IUI;'II! mf)lL~t· ~Irclin .. were idelllified by pew. K.' ·wllyping 
( Fi\(urc IA). alld '·cll'I)(~ · ifidl)' or di,,·uptcd II.-~R:JI C"IIn",i"'l 
wa~ coufirl1"JC'fl hy nU()f(."M~ (: 'K~ C-,u·Li\'atl:d edt !rI.ortin~ ... lllal}·sis 
WACS) . 

1I .·4K'l ('xprt'ssioll W;b anai),/.I.-d on :r-;It'lill- p()sili\' (~ ("ells 
clerivt .. d frulli ~\orfi( ' f·clls ( t'i~ure I II). Surfan: cxprcsji:ioll of 

IL .. IR-:z Oil 'l- anill- pos itivc ("(.: 1]" W"l'" Ctlui,·;·d(Oul in SM­
~·IH( :c'''II._'' N.'l -lkl:'; (~e()mctrk TlH:'illi Ih.l"JlT~("(;nn: I(;MF ~ 
11."2) alld IIloh,,1 1t.· ~ RCI-i- «;~·IF: J 1.2) min· (Figll .... JU~ 
l.ow It-\cl~ of (~xpre~ioll were pn~eTlI ill 11.··JK::.-A.n, min: 

« ;~IF: 18. :17). IL·4R:JI cxpr"'-'ioll Oil :JI-;\{ lill-I""ili\'O "'"tOolh 
IIlw.dc ("(:II~ isolated from small illlcstiuc aud luuJ: wa..\ too 
In\~ 10 dCl e n using FAC: •. ~ allalr~~ (unpuhH",hL'fi dat.a). 
Howe,,:r. erc 1lIH.~A Wi:\..' highly ('xgrt.."SScd ill tlfu'hcal and 
illl('~t illal li~~uc ill the SM-~IHC · .... II. _ ... J.t-:x- /1u"ll. mit'c. As 
('x)H'("(<:d. lL_-I1-t:l-f ln" JIlin: (kmoll~lr.1le(1 110 ere cxprcniou. 

III .\~eeTIICllt with I.he ."IIHltlih Illusdc spedfidl)" of the 

dclcllOll. lL·~Jl{:I IHR~'A cxpre .... 'ioll was ~uhstantiaHy de-
1)J·n~l'd in hoth Ir,H:lH'al alld illiestinal I issue ill SM­
~t tH :Cn·ll._-lR'l.-Ilu" l1Iin~ ,·o1llIlan·d in IL· ... R~-'h'" mice (Jo"i~­
un: IC). hllportftlltlr . 1l.-4R'l. cxpn$.~ion W"-,.S lIlailltailll!d on 
UU·· I n·11>. C1l19+ II ("(:11. (t"il(1m: J [»), and l1IiU"mph;tgcs 

(\lHpuhli~l('d d.na) ill \1lI()()l.h l1lu!Iode ('ell-~pcrHi(' lL-4R-:l 

kllockoHI 1111("(: awl C()I.li\'alcnt 10 ((·,'cls expr<"~('rl Oil (IAII!'­

~("Ili(" Cn'-II L-g;tti\,c IL_4l{-:t - i1n
" o)lurollittermatc~. FUllctional 

allt1lpi)lo i"oTllil'llwd IL .. 1K'l. n",pnll~i"en(!S) in tlw sc (·clll)lK.'"S 
(HIIPllb)i~fH'"d rlata ~ I ngethcr, Ihe~(' n~1to1Jlt!lo pro\idc UUI\'il1("­

ill~ !oo.uppol"l for the SIH . .:cifu il)" of !\.llIllt,lh nundc (·el l 
cii!oI"Upll011 of Il. ~4 lot:z ill SM·~lI-ICc·~ Il .-"'K"l.-I)u" TlIiu.:, in 

.• :~n:(,IlI(.':T1' wilh prc·\"11ltl .... 1~· puhli!oo.h cd data Oil !he charac tcr-

17 .lt itHI III ~M_'\IHC;C:'" tr.III!o1.~elli(" l1Ti("(~ I H J, 
10 ill\'~!roligat(· a po~ihl(: role of 1I .- "n1.-13-~timula((·;d 

Sl1lfHlth IIIUS('}(' ("(~ Il~ ill nCllIi.llo(k illfcc ·tion. ..... n)mparali\l~ 

julc-nioll stl1di(.~ \";' ith the' g.u.lr()illlL"S tiual Tlematode N, 
brosil/~'11S1S wen' pCl'lnnru·cI. \Vonn fenuulil), in t.he host was 

Inl\owed h\· detcrmillaliflll of t1Jg: pn)dllction in a tilll" 

kill('I;( (Fi~UI'(; :.!t\), .-\1\ I'rc\"i(JlI~ly clenHlII~II/H ( :d (2 ~ ("()Illnll 

'I._·I}{~-Jlf)"). min' hch.w(:-d ;-t .. Ih\LHk mice with p ..... ak fet :;d ~ 

prllductioTl lound ;\1 d;JY 7 (llld "'lIbSC! qU('1l11y (lcdilling 
11i(:I'(' •. III(:r dUl: to .t fUllnioll •. }] host p .. OU:("tlvc immu1Ie 

n·'polI'" 11.3). J~>lh Ihe 11.·4 R:JI~ a lld S~I·~IHC<>·11.·4R:JI",k .. 
III in' d(! 1I10IlMl~tlt'rI prolonged ("gg pt"CuhIC"l.i(Jll. with S\·t­
\11-H :( :. .. Il .-4R-:t ..... 1o,ll min! ha\'ing l."gb.J"S J)fC~(~1I1 in their fc..'1:cs 
lilt! iI d~\ I ~ Jl,,,tillk, li01l WI). A" CXP(~·IC't. 1I.·4 R~-"" lIIin: 
dCIlIOTt. ... lri.lIed .1 dHOlli(" illfenion witJ, (~ggs pn":M! lIl ill ft.,ccs 
;.\1 ";,1)" '-1 PI. l)<:I<!l"luillillg, the numh('r 01 wnrnts ill the 

illte)lo[ille ;,1 variou!!> tilll(' poinl~ following illh..-("tinll with N. 
brnsilinr,{is r(,~1I1t(:d ill (·l.Illlp;,u-~lhlc \\'on1l hUf(lcll~ helweenl L­
·1J{~~k ... II.· ·IR:JI-~" ;mel S\I-\II-ICc '"IJ.·4R:JI .... I'''' min: "I d~\"s ·1 
alld 7 PI. HO\\'('\Tr, at ("1;..\\' 10 PI. 11..._4R'l.-l im, ('OTil rol TIIic('. 'hul 

1101 S~t.\tI -l( :c l .. II...4 1{'7-~;," or 11..- at:».-~ min:, had c1l';trcd lhl~ 
'~'()rm (t~~~:t· '21\). ('~,t:lai~ling. lIlt: eXH.:lldt:(1 ~~)J·II~ [ccUlJdilY, 
S'I-~IH(" lI,-4R")~ milT. hut 1101 1l .. --I R'l I1l1n:, showed 

c·o11lplctc worm cXl'ul~if)1I at (lay 1-1 1>1 €Figun' ~A) , 

1'_X;\lIIll1atiol1 of IOI .. li ,.crull1 IgE antihody (Figun: ~)( - ) k\'d~ 

~how('cllh;J1 S~,t_\-IHCCn .. Il._4R~-Ilu" mit'(: n~p()lIdl'd like th(.' 

IL_"'K~-jlu!\: 111 in'. lo~,:thcl·, tlwu' 1't!sulL.' ctcmoll!rrolro:l.u· ill­

cn:aM·(l !rro"~( · (·pl ihilil'· to N. br(uiliensis ill smuofh 1llu ... d(" (dl-
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Figur. 1. IL-4R~ Expression I, I",pailed on Smooth MuS(le Cells in SM-MHC<~IL-4R" '100 Mice 

(A) Genomic integrity of the SM-MHCCNIL-4R~ "," hemizygous mice wa' e'tablislled by PCR. 
iBI Smooth mu<cle cells were identified by intracellular Ot-a{lln Ii) staining Y""US i,otype control Iii). IL-4R, surface expression was analyred on gated 01-

'Ktin-posit ive cells (iii). 
[( I eDNA levels in trachea and ,mall intestine of IL-4Ra ,'~ Iblack bars) .nd SM-MHC<~IL-4R'l ", .. Ihatched bars). Data are derived from pooled tissue 
~mples (rom three mice and alt:~ representative of two experiments. 
10) IL-4R~ expression on lymphocyte 5ubpopulations of T cells and B cell, is unaffected in SM-MHC<N IL-4Ra "," mice. 
ooi: 10.1371/lourn.l.ppaI.0030oo1.900i 

:oo.pcdfl c 11.--H-{:X-1ldl (it.:11 1 HIke \\' 1111 ilU'n:a .. "o( ~d para .... iu· 1>111'­

ckTl ;Hld dda~'( ·d worm cxp"h.ioll . 

III:! c rlnkillf" chin' pro! t.·n l\'t · lHl·( ' h .\lIi~JIt~ followill\.: :V 

bTfl.<i;J;,.,.,su illknioll HI. IhcrdOlc, ( · ~lflJ,;.ilH." produdio ll hy 

;illli-CU:~~Slillllllj.\lt·d ("1)4"1' 1 n :ll .. )llIrifi('(i trom 11l C~(: III("ri( 

lymph IInde~ (\II.:\~) \\' a.' a l1al)/(:d a t day ... -). 7, ~llld 10 ~I. 1\ 

reductioll cp < () . f) 5~ of 1112 ("ytnkill c n"IHIIl!rot"!rro wa"- flh~('n('c1 

Irolll (:)) .. 1+ I ('dis 01 S.\1_.\lHCc U"Il ._"IK:.t-ih))o, 1111("(' a t aJl lilliC~ 

po ill L' ("olllp;irccl ! () 11.--lR"l- 4m: CO IIl.fO \ 1111 ("('. illdudiug fL- ·t. 

lL-t). IL-9. ,"\lId IL- t:~ (Fi~un: J) " IIIIP,lil"ll1 c.: 1II W fl lo. C"<)11Jpar ~t hh' 

10 1I1(,~UIICli(" <:1)-1"" I cell 11'0111 l1 ,-" IK~-1- mit"c ~H cia\" 7 PI. 

:~. PLoS Pathogen, I w'M'I .plospath0gens.org 0048 

\\"hCtT;'l .. global 11.· ·:Ut=r.....j- Illin' shiltc.:,t to ~1 poiari/"ed IHI 

C"yloi.:.inc rc~polll\.(,. illdic'~ltt 'd h\" Iht: prociunillll of illl.c.'rt~roll 
"/, thi~ \\' ~,~ 1101 o h",cn"(!d ill infected S~'.'I_~U .. c( :.. rl1._1R:t-Jlm. 

tHin", whkh harl ~illlilar illterf(,ron y I<:\'d"" a,. IL_~I{.-:t-'Im. 

10111 1' .. 1 micT. III 1IICIer to ;t ~ ' cI1aill tllly (nl1lJ")('II~\tnr)' 

"~" I okine produ.", ioll ill Ihe ill t (:!OOlim~, we ex;.tlllincd 11.-1 :\ 

!en' b from MII :111 illl (;\ t. i1u.' I i~MJ(:;o 'Ltp~ ... . i. (tlld 10 PI (Fi gurt: 

·n .\1 d ay"- --I a lld 7 rL Il.-I :\ J.:~ \'(: l~ wc re ~ ig"JljfkalJtl)" ele\'a led 
ill IL_ ·IR-:r-fhu. f1Ii( (: c ompare d to 11.--IK:l-..... ;uul S~t­
~1I·1<:<> rll._ ~ ~ :C',~ 111 iI'(' II' < (1.00). S" eby 10 PI. iI1I CSl il1,\I 

IL- I :t 1e\'t:I:-. we re f(' oUl c ci ill IL· ·a{~----t ~'" III in' hut s[ill 
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