
Generation and Analysis of Interleukin-4 
Deficient Mice 

Interleukin-4 (M) promotes the growth and diikmtiation of many hermtopoiaic 
cells in vim, in particular, it dirccts the immunoglobulin (Ig) class switch to IgGl and 
IgIZ.Mioeh~foramurationtbuWvatestheIG4gcnewtrrgcneratadm 
test the mpkmcnt for IG4 in vim. In the mutant mice T and B cell development was 
normal, but the serum levels of IgGl and IgE were strongly r c d d  The IgGl 
dominance in a T cdl-dcpcndent immune response was lost, and IgE was not 
*k upon nematode Mixtion. Thus, some but not all ofthe in vitro properties 
of IG4 are aitical for the physiology of the immune systcm in vivo. 

I NTERLEUKIN-~ AFFECTS PROLIFERA- The linearized vector was introduced by 
tion and difkentiation of various cell electroporation into ES cells and resistant 
types of the lymphoid system in vitro colonies were selected with (3418 and Gan- 

(1). B lymphocytes are i n d u d  to inarase cydovir (GANC) (8). The ES cell clones 
expressionof major histocompatibility com- carrying the IL4T mutation on one allele 
plex (MHC) dass 11 molecules and the IgE through a homologous recombination event 
low &ty m p t o r  (CD23) (1); B cell were identified by polymerase chain reaction - -  - 
proliferation in &ponse to antibodies to Ig (PCR), and the structure of the targed 
is enhanced (1). Immunoglobulin dass locus was v d e d  by Southern (DNA) blot 
switching of lipopolpccharide (LPS)-acti- analysis (Fig. 1B). Cells of two independent 
vated B cells to IgGl and IgE is directed by mutant clones were injected into blastocysts 
IL-4 in vitro (1, 2). Treatment of mice with of C57BL/6 mice and the resulting male 
antibodies to IL-4 or to the IL-4 receptor chimeras were mated to C57BL/6 females to 
completely suppresses the of 
IgE, whereas the IgGl response to various 
antigens is only marginally affected (1, 3). 
The growth promoting activities of IL-4 on 
M thymocytes and mature T cells suggest 
a possible function in T cell development (1, 
4). In addition, this cytokine influences the 
growth, diftirentiation, or both, of mast 
cells, macrophages, and hemopoetic progen- 
itor cells (1, 5). A helper T cell population 
(T,2 cells) (6) and mast cells (5) produce 
IG4. The multiple in vim elfkcts suggest 
that IL-4 is important in T cell-dependent 
immune r e s w k  and that its a&on is 

test for germ line transmission of the ZL4T 
mutation. m p r i n g  derived from ES cdls 
were identitied by coat color and tested for 
the presence of the IL4T alkle by Southern 
blotting (Fig. 1B). By interbreeding hetero- 
zygous d p r i n g  we obtained homozygous 
mutant animals that were, due to the breed- 
ing strategy, on the (129/0la x C57BL/ 
6)F2 hybrid background. Two independent 
homozygous mutant strains, IL4Tl and 
IIAT9, showed the same phenotype in all 
experiments performed. 

pleiotropic. Fb. 1. (A) Straagy for thc disruption ofthc IL-4 
To reveal the -tial worn of IL-4 in gene. (a) -Cmic - ofthe IL-4 wild-type 

locus. Exom arc represented by black bars. l'hc 
vivo, without the possible limitation of in- 1- of -tic and 
complete and time-restricted inactivation of loca'tion ofproL uscd for Soudlcrn Llot analysis 
ILiwith the use o f n e u e  antibodies. att shown. E, Em RI, B, Barn HI. (b) T& " 
we geng;ld an mouse mu: vector that contains a 4.5-kb Bam HI-Eb 

fhgmcnt, which indudes the fim two exom of 
tant gene-- in e m b ~ n i c  the IL-4 gem (1 6, 17). The vector was introduced 
stem (ES) cells (7). The vector used for the bv elcaromration into ES ce~ls (18). (c) Predict- 
d i s ~ ~ t i o n  of the IL-4 eene contained a & structuk ofthe mrgctcd I L - ~  )B) ?muth- gcnokc fragment exom 1 2. em blot analysis of-F'C~-~ositive t&.&ants 

and the progeny of germ line chimeras. (a) Eco 
The IL4T was by the -- RI-digad gcnomic DNA5 of two transfeuants 
tion of a m P  codon and a n e  ( ~ 4 ~ 1  and IIAIY) and the -taI ccu line 
mycin nsbnce fxne ( m 3  into the 613 exon. i ~ 1 4 1 )  were h y b r i k  to D& A. l'hc trans- 
A; & 3' end $ &' g&& sequence = && had a 6.7-kb m i k t  derived from the 

& herpg thymid& ki- (argetad IL.4 locus in addition to the 10.4kb 
wild-type w e n t .  (b) Probe B, hybridizing only 

"ase gent (Hsvlk) to mt *on to the same 6.7-kb hgmcnt, proves the presence 
random hegdon (Fig. 1A) (8). of one cow of the Idisru~ted) IL-4 ecne in the 

to Eco RI-dig&t$l tki DNA from ofkpring of 
for WQ, university of ~dogne, w-5000 h v m  mutant ulunals, obtained from 

C o k  41. Gamulv. germ line chimaeras gmerated with the ILATl ES I - .  
;how only the 6.7-k6Fngmcnt of the mutant allele, 

*To whom comspondcme should bc a d d d  the 10.4kb band from thc wild-type (wt/wf) allek 

In order to verifj that the IL4T mutation 
abrogated function, we analyzed lympho- 
kine production in supernatants of cultured 
concanavalin A (Con A)-stimulated spleen 
cells from IL4T and control mice. The ani- 
mals had been hkcted 8 days before with 
the nematode Nippo~trongylw br~~f iens i s  
(Nb), which leads to the enhanced produc- 
tion of IL-4 in such cultures (9). IL-4 
activity, measured by the ability of IL-4 to 
increase MHC dass 11 expression on B cells, 
was at least 800 times higher in culture 
supernatants derived from littennate con- 
trols than in supernatants from IL4T mice, 
which contained no detectable IL-4 activity 
(Fig. 2). MHC dass 11 induction in cultures 
from control mice was completely blocked 
by the addition of antibody to IL-4 and was 
also detected in the presence of a constant 
amount of supernatant derived from ho- 
mozygous mutant mice, excluding the p- 
sibility that IL-4 was masked in the latter 
cultures by an inhibitor (Fig. 2). We detect- 
ed in all supernatants similar amounts of 
interferon? and interleukin-2 (lo), which 
indicates that mitogen stimulation was 
equally efkxive in all cultures. Because the 
mutant mice produced at most 1/800 of the 
IL-4 of control animals, we condude that 
the ZL4T mutation inactivates the IL-4 gene 
functionally, although we cannot formally 
d u d e  the production of an IL4like ac- 
tivity below that amount from the 3' part of 
the ZL4T allele. 

IL-4 and IL-4 receptors are expressed in 
faalthymus, andIG4aasinvitroasaTcell 
growth factor (1,4); thus, an IL-4 defiaen- 
cy may cause profound alterations in T cell 
development. We analyzed the T cell com- 
partment in thymus, spleen, and lymph 
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nodes of IL4T and littermate control mice day 12). Therefore, IL-4 is essential for the 
by flow cytometry. No obvious difference in induction of an IgE response in vivo, and 
absolute cell numbers or the proportion of T this result confirms earlier observations from 
cell subsets as defined by the CD4 and CD8 in vivo studies that used IL-4 neutralizing 
markers was observed, except that 6-week- antibodies (3). 
old rnutant mice had twice the thymocytes We tested whether rnutant mice would 
than the controls (Table 1). The B cell mount an IgGl response upon immuniza- 
compartment in IL4T mice, with respect to tion with (4-hydroxy-3-nitropheny1)acetyl 
pre-B and B cell numbers in bone marrow, (NP)-chicken y-globulin (CG). The CG- 
spleen, and lymph nodes, and to the number binding antibddies were measured at day 14 
of peritoneal CD5+ B cells, is norrnal (1 1). of the response and their relative concentra- 

Analysis of antibody isotypes in the serum tions were quantified in relation to NP- 
of 6-week-old IL4T mice showed that IgGl binding standard antibodies of the various 
was about one-sixth that of control mice isotypes (Fig. 5). In comparison to the 
(14, but IgM, IgG2b, IgG2a, and IgA controls, rnutant mice had one-third to one- 
isotypes were norrnal (Fig. 3). Irnmuno- half the CG-specific IgGl, but IgG2b and 
globulin E was undetectable in the sera of IgG2a were increased 10 to 20 times, and 
five of six IL4T mice ( ~ 0 . 0 1 5  kg/ml) (13), IgG3 was increased about three times. The 
whereas the control group IgE concentra- overall extent of the response, determined 
tion ranged around 0.1 pg/rnl (Fig. 4, day by the concentration of K- and A-bearing 
0). Infection with Nb (1, 3, 9, 14) increased antibodies to CG, was similar in both 
the serum IgE of normal anirnals to 5 to 50 groups of mice, indicating that T helper 
pg/ml by day 12. In contrast, the IgE levels function per se was not affected. Plotting the 
of all homozygous mutants remained below contribution of the various isotypes to the 
the detection limit ( ~ 0 . 0 1 5  kg/ml) (Fig. 4, response of each individual mouse revealed 

Fig. 2. IL-4 activity in Con A-stimulated spleen 
cell cultures of Nb-infected IL4T and littermate 
control mice. Spleen cells (3 x 106/ml) of mice 
subcutaneously infected 8 days before with 500 
third-stage Nb larvae were stimulated for 20 
hours with Con A (3.5 ~ g / m l )  in CG-medium 
(trademark of Camon, Wiesbaden, Germany) 
with 5% FCS. Supernatants were tested for IL-4 
activity by their ability to increase MHC class I1 
expression on splenic B cells from normal mice. 
Spleen cells (lo4) were cultured for 18 hours in 
CG-medium (100 ~ 1 )  containing 5% FCS plus 
supernatant (100 ~ 1 )  diluted as indicated. Cells 
were harvested, stained with fluorescein isothio- 
cyanate (FIX)-coupled monoclonal antibody 
(MAb) to I-A M.51114 (20) and 2500 cells were 
analyzed on a F A C S C ~  (~dc ton  Dickinson). The 

C 1 10 30 90 270 810 2430 7290 mean channel fluorescence of the I-A-positive 
cells was calculated using FACscan research soft- Dilution 

ware. Pooled supernat$ derived from two control mice was diluted into medium (W), into medium 
with MAb to IL-4 (11B11; 2 ~g/rnl) (19) (O), or into pooled supernatant derived from two IL4T mice 
( 0 ) .  Supernatants derived from two IL4T mice were diluted into medium ( 0 ) .  c, controls: medium 
control (V), in the presence of MAb to IL-4 (A), or in the presence of an excess of recombinant IL-4 
(A) (21). 

Fig. 3. Serum concentrations of Ig isotypes in 
IL4T and littermate control mice. Six-week-old 
IL4T ( 0 )  and control mice ( 0 )  were bled from 
the tail vein and the serum concentrations of the 
indicated isotypes were determined by an enzyme- 
linked immunosorbent assay (ELISA) (22). Plas- 
tic plates were coated with MAb R33-24-12 (20) 
for the detection of IgM, with goat antibody to 
mouse IGam) IeG3 lsouthern Biotechnolow 
~ssociatis, ~ i r m y n ~ h a k ,  Alabama (SBA)] Kr 
IgG3, with MAb R14-50 (20) for I G 2 b  and loo{ I ~ M  1003 lgGl lgG2b IgG2a IgA 

with MAb 11-44-2-23-2 (20) for the detection of 
IgA. ~ i u t e d  serum sampies &ere added and bound Ig was detected with biotinylated GamIgM (SBA), 
GamIgG3 (SBA), GamIgG2b (SBA), or GamIgA (SBA). IgGl and IgG2a were measured by an ELISA 
inhibition assay in the presence of 0.05% Tween 20. Plates were coated with IgGl or IgG2a MAb and 
a 1: 1 mixture of diluted serum samples and biotinylated GamIgGl (SBA) or GamIgG2a (SBA), at a 
concentration tested for maximal sensitivity, was added. Serum Ig concentrations were calculated using 
MAbs of the various isotypes as standards. Each symbol represents the value 'obtained from one animal. 

that the dominance of IgG1, as seen in 
norrnal anirnals (>95% IgGl), is lost in the 
homozygous mutants (40 to 50% IgG1) 
(Fig. 5B). Instead, 50 to 60% of the re- 
sponse of the latter consists of other Ig 
classes, mainly IgG2a and IgG2b. The iso- 
type distributionbf the antibody response to 
NP was similar (15). Thus, IL-4 appears to 
be responsible for the dominance of IgGl in 
a T cell-dependent immune response, but is 
not essential for its production. 

Taken together, our results establish an 
important role of IL-4 in Ig isotype selec- 
tion in vivo, in accord with earlier data 
obtained through the use of antibodies to 
IL-4 and the IL-4 receptor (3) and the 
analysis of isotype switching in vitro (2). 
However, IL-4 is not essential for the 
mouse, and, in the limits of the present 
study, B and T cell development 
normally in its absence, except for the 
expression of IgGl'and IgE antibodies. It 
remains to be seen whether other. more 
intricate, features of lymphocyte differentia- 
tion are undisturbed in mice carrying the 
IL4T mutation, such as the possible differ- 
entiation of T helper cells into the TH1 and 
TH2 subsets (6). Interleukin-4 is a growth 
factor for murine T,2 cells in vitro, and a 
block of TH2 differentiation would by itself 
affect antibody isotype selection (6). 

s 1e2 

Fig. 4. Serum IgE levels in IL4T and IjttErmate 
control mice before and 12 days after Nb infec- 
tion. Six-week-old IL4T ( 0 )  and control ( 0 )  
mice were Subcutaneously infected with 500 
third-stage Nb larvae, and the serum IgE levels 
before (day 0) and 12 days after infection were 
determined by an ELISA (22) in the presence of 
0.05% Tween 20. Plastic plates were coated with 
rabbit antibody to mouse IgE (MIAB, Upps.ala, 
Sweden), diluted serum samples were added, and 
bound IgE was detected with the MAb 95.3 (20). 
Serum IgE concentrations were calculated using a 
monoclonal IgE antibody as the standard. Each 
symbol represents the value obtained from one 
animal. 
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Table 1. Analysis of the T cell compartment in IL4T and control mice. GK1.5) (20) and in the second step with FITC-coupled anti-CD8 (MAb 
Single-cell suspensions were prepared from thymus, spleen, and mesenteric 53-6.72) (20) plus streptavidin-phycoerythrin. Dead cells were excluded. 
lymph nodes of individual mice. The cell numbers were determined in a from the analysis by the addition of propidium iodide. The flow cytometric 
hemocytometer. Cells were stained first with biotinylated anti-CD4 (MAb analysis was performed o n  a FACScan with FACScan Research Software. 

Thymus Spleen Lymph node 
. . 

Mouse Age 
strain (weeks) Cell 

Percent Cell Percent Cell Percent 

CD4+8+ CD4+8- CD4-8+ number CD4+8- CD4-8+ number CD4+8- CD4-8+ 

Fig. 5. Serum concentrations and isotype distri- 
bution o f  CG-binding antibodies in IL4T and 
littermate control mice after immunization with 
NP-CG. (A) Six-week-old IL4T (@) and control 
(0) mice were injected intraperitonedy with 
alum-precipitated NP-CG (100 p g  per mouse) 
and sera were collected 1 4  days later. The relative 
serum concentrations (unitslml) of CG-binding 
antibodies of the indicated isotypes were deter- 
mined by an ELISA (23).  Each symbol represents 
the value obtained from one animal. (B) The 
values of the various isotypes o f  the anti-CG 
response of each individual animal were added, 
and their relative contributions (%) t o  the sum are 
shown. IL4T mice: numbers 3 ,5 ,25 ,43 ,69 ,  and 
73:.control animals: numbers 20, 17.94, and 56. 
o rde r  of columns: IgG3, 1~d1, lgd2b,  and 
IgG2a. 
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An Inducible Bundle-Forming Pilus of 
Enteropathogenic Escherichia coli 

Enteropathogenic Escherichia coli (EPEC), a cabse of childhood diarrhea, grow on the 
surface of the small intestine and on cultured epithelial cells as colonies of adherent 
bacteria. When propagated on solid medium containing blood or attached to HEp-2 
cells, EPEC express ropelike bundles of filaments, termed bundle-forming pili (BPP), 
that create a network of fibers that bind together the individual organisms. BPP were 
found to be expressed by five EPEC serogroups, each harboring a -92-kilobase 
plasmid previously known to be important for virulence in humans. When two of these 
strains were cured of this plasmid, they neither expressed BPP nor grew as adherent 
colonies. An antiserum to BPP reduced the capacity of EPEC to infect cultured 
epithelial cells. BPP are composed of a reptating subunit of 19,500 daltons, the 
amino-terminal amino acid sequence of this subunit is homologous to that of the 
toxin-coregulated pilin of Vibrio cholerae. 

B ACTERIAL PATHOGENS THAT INFECT 
mucosal surfaces often grow as ad- 
herent colonies composed of a few to 

a score of individual organisms (1, 2). This 
colonial mode of growth is so characteristic 
of some species that it would seem to be an 
essential aspect of their pathogenicity. A 
particularly good example is EPEC (3) .  
EPEC cause infantile diarrhea (4); when 
small bowel biopsies of infected children are 
performed, colonies of EPEC are found 
attached to the underlying epithelia, and 
effacement of the associated microvillae is 
evident (5). Similar findings are also seen in 
vitro with the use of cultured epithelial cells 
to which EPEC readily adhere as discrete 
dusters of bacteria, a phenomenon that is 
termed localized adherence (LA) (6, 7, 8). 
From these observations it is apparent that 
the bacteria within these colonies interact 
not only with the host cells to which they are 
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bound but also with each other. We have 
identified and characterized a unique surface 
appendage of EPEC that seems to be asso- 
ciated with this colonial mode of growth. 
. B171, an EPEC strain of serotype 
01 ll:NM, exhibits the LA phenotype in 
vitro (9).  When B171 was propagated on 
colonization factor agar (CFA) (10) at 37°C 
and then examined by electron microscopy, 
10 to 30 filaments were seen projecting from 
the surface of each bacterium (Fig. 1A). 
These filaments were straight, approximate- 
ly 7 nm in width, and existed as well- 
separated, individual fibers: Their ultrastruc- 
turd appearance, functional properties, and 
primary structure were found to be similar 
to the. mannbse-resistant E. coli pili de- 
scribed (1 1, 12). However, when B171 was 
grown on trypticase soy agar (TSA) supple- 
mented with 5% defibinated sheep blood, 
expression of the pili was reduced, and 
instead, long, ropelike structures were evi- 
dent (Fig. 1B). At higher magnifications 
these structures were seen to be composed 
of many laterally aggregated pilus filaments 
forming bundles 50 to 500 nm wide and 15 
to 20 pm long. These filaments, which we 
call bundle-forming pili (BFP), tended to 

twist, curl, and form loops; moreover, bun- 
dles expressed by different organisms ap- 
peared to be intertwined, thus forming a 
three-diniensional meshwork, within which 
individual bacteria were embedded. 

The production of BFP by strain B171 
was influenced by temperature (optimal 
expression occurred at 37°C) and the com- 
position of the growth medium. To deter- 
mine if the expression of BFP could also be 
induced by physical and chemical variables 
found near the epithelial cell surface, we 
examined EPEC-infected HEp-2 cells by 
scanning electron and imrnunofluorescence 
microscopy. For these experiments, strain 
B171 was first grown in L d a  broth, a 
medium that does not favor optimal expres- 
sion of BFP. Then the bacteria grown in 
broth were inoculated into wells containing 
cultured HEp-2 cells and DMEM medium 
supplemented with 10% fetal calf serum 
(13, 14). Three hours later the LA phenom- 
enon was evident; most epithelial cells had 
one to three clusters of adherent bacteria 
(Fig. 2A). Scanning electron micrographs of 
these clusters showed multiple bundles 
coursing between the bacteria (Fig. 2B); at 
the base of the colony, fibers also appeared 
to tether individual bacteria to the epithelial 
cell surface. An identical pattern was ob- 
served with EPEC strain E2348/69, sero- 
type 0127:H6 (not shown). 

To determine whether the interbacterial 
filhents shown in Fig. 2B corresponded to 
the bundled filaments depicted in Fig. lB, 
we used a BFP-specific antiserum to probe 
these colonies for the presence of the corre- 
sponding antigen (15). This serum was elic- 
ited to purified BFP, refined by adsorption 
with strain B171 grown under conditions 
nonfavorable for BFP expression to remove 
antibodies to cell wall antigens such as lipo- 
polysaccharide, and then shown by inqnu- 
nogold electron microscopy to bind only 
BFP (Fig. lC), indicating that this prepara- 
tion of purified BFP was largely free of the 
straight pili (Fig. 1A); this experiment also 
demonstrated that the straight pili and BFP 
are antigenically different. Use of this serum 
revealed brightly fluorescing bands within 
each of the bacterial clusters @jg. 2D); this 
pattern of fluorescence could be readily dis- 
tinguished from the pattern producedLby an 
antiserum to E. coli cell-wall antigens (12) 
that stained the individual bacteria compos- 
ing the cluster (Fig. 2C). Thus, we propose 
that BFP are expressed by EPEC growing 
on epithelial cell surfaces where the BFP 
participate in the formation of the bacterial 
colony by forming bundles that link one 
bacterium to another. 

We tested this hypothesis by determming 
if antibodies to BFP could inhibit the LA 
phenomenon (14). Serial dilutions of the 
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