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is controlled independently by locus Cyprl and by loci Cypr2 and
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Abstract The strains BALB/cHeA (BALB/c) and
STS/A (STS) differ in production of IL-4 and IL-10,
two Th2 cytokines, after stimulation of spleen cells with
Concanavalin A, STS being a low and BALB/c a high
producer. We analyzed the genetic basis of this strain
difference using the recombinant congenic (RC) strains
of the BALB/c-c-STS/Dem (CcS/Dem) series. This se-
ries comprises 20 homozygous strains. Each CcS/Dem
strain contains a different, random set of approximately
12.5% genes of the “donor” strain STS and approxi-
mately 87.5% of the “background” strain BALB/c. We
selected for further analysis the RC strain production
intermediate between BALB/c and STS. In (CcS-
20x BALB/c)F, hybrids we found that different loci
control expression of IL-4 and IL-10. Cyprl (cytokine
production 1) on chromosome 16 near D16Mitl5 con-
trols IL-4 production, whereas the production of IL-10
is influenced by loci Cypr2 near DIMiti4 and
DIMit227 on chromosome 1 and Cypr3 marked by
D5Mit20 on chromosome 5. In addition, the relation-
ship between the level of these two cytokines depends
on the genotype of the F, hybrids at a locus coral (cor-
relation 1) on chromosome 5. This differential genetic
regulation may be relevant for the understanding of
biological effects of T-helper cells in mice of different
genotypes.
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Introduction

Cytokine production is known to be influenced by the
nature and amount of the antigen manner of presenta-
tion (Weaver et al. 1988), the presenting class II major
histocompatibility complex (MHC) molecules (Murray
et al. 1989), hormones (Almawi et al. 1996), and by the
cytokines themselves (Mosmann and Sad 1996). Regul-
ation may occur at the transcription level during secre-
tion and circulation of the peptides and at the level of
cytokine-target cell interaction. Mouse strains differ
considerably in their ability to respond to mitogenic
and antigenic challenge by cytokine production (Holadn
et al. 1996; Raj et al. 1992), indicating an important role
of the genotype in this process. Some loci influencing
these processes have been described. It was shown that
the If1 locus on distal end of chromosome 3 (Mobraat-
en et al. 1984) controls the level of IFN« and IFNg in
different organs and in serum of mice infected by New-
castle disease virus (Raj et al. 1992); TmsI on the cen-
tral part of chromosome 11 controls IFNy expression
after in vitro stimulation with IL-12 (Gorham et al.
1996). However, the most of the factors underlying ge-
netic polymorphism in cytokine production remain un-
known.

An imbalance in cytokine expression has been ob-
served in atopic (Piccinni et al. 1996) and in autoim-
mune diseases (Charlton and Lafferty 1995), viral infec-
tions including HIV (Biron 1994), parasitic diseases
(Sher and Coffman 1992), and in some cancers (Preisler
et al. 1997; Strieter et al. 1995).

In some of these pathological reactions the Th2 cy-
tokines interleukin-4 (IL-4) and IL-10 play an impor-
tant role. These cytokines are pluripotent with an array
of biological effects on several cell lineages. IL-4 has a
major role in B-cell activation and isotype switching. It
supports further production of IL-4 by T cells and plays
an important role in determining the differentiation of
naive CD4* T cells (Paul 1991). IL-10 is a potent sup-
pressor of the effector functions of macrophages, T



cells, and NK cells. IL-10 also regulates proliferation
and differentiation of B cells, mast cells, and thymo-
cytes (Moore et al. 1993). To study genes which in-
fluence IL-4 and IL-10 expression, we used the recom-
binant congenic strains (RCS) of the BALB/c-c-STS/
Dem (CcS/Dem) series, which were developed for ge-
netic analysis of multigenically controlled biological
processes (Demant 1992; Demant and Hart 1986). A
series of RCS comprises 20 homozygous strains all pro-
duced by backcrossing and inbreeding from two paren-
tal inbred strains: a “background” strain and a “donor”
strain. Each CcS/Dem strain of the series contains a dif-
ferent, random set of approximately 12.5% genes from
the common donor strain STS and approximately
87.5% genes of the common background strain BALB/
c. The RCS have been successfully used to study the
genetics of susceptibility to colon (Moen et al. 1991;
van Wezel et al. 1996) and lung (Fijneman et al. 1996)
tumors, and activation of T lymphocytes (Havelkova et
al. 1996; Holanet al. 1996; Krulova et al. 1997; Lipol-
dova et al. 1995), and may be especially useful in an
analysis of relationships of different components of
complex traits, such as susceptibility to infection (De-
mant et al. 1996).

Our aim was to identify gene(s) which regulate 1L-4
and IL-10 expression in order to establish whether
these Th2 cytokines are regulated independently or as
a group. Background strain BALB/c produces high lev-
els of IL-4 and IL-10, whereas donor strain STS is a low
producer of these cytokines. In the pilot experiment we
analyzed concanavalin A (ConA)-induced production
of IL-4 and IL-10 in the CcS/Dem series (data not
shown, M. Krulovd, PhD thesis, Prague 1998). The
strain CcS-20 exhibited the lowest expression of both
IL-4 and IL-10 from all the CcS/Dem strains and was
therefore selected for further analysis. In order to map
the loci responsible for this difference we analyzed the
F, hybrids between this RC strain and the parental
strain BALB/c.

Materials and methods
Mice

Mice, both male and female, of strains BALB/cHeA (BALB/c),
STS/A (STS), CcS-20 and F, hybrids between BALB/c and CcS-
20, 10 to 26 weeks old, came from P. Demant’s breeding colony.
The F, hybrids were bred and shipped from Amsterdam to Pra-
gue in two separate groups with a three-month interval. The ge-
netic composition of strain CcS-20 has been described in detail by
Stassen and co-workers (1996). When used for these experiments,
strain CcS-20 was in at least the 33rd generation of inbreeding
and therefore highly homozygous.

Lymphocyte proliferation assay

Spleen cells (10° cells per well) were incubated in 96-well tissue
culture plates in complete RPMI 1640 medium only or stimulated
with 1.25,2.5 or 5 pg/ml ConA as described elsewhere (Lipoldova
et al. 1995). [*H]-Thymidine (Institute for Research, Develop-
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ment and Utilization of Radioisotopes, Prague, Czech Republic)
(0.5 nCi/well) was added to the cultures for the last 6 h of the 72 h
incubation period.

Estimation of cytokine levels

The supernatants of tissue cultures described above were col-
lected after 24, 48, or 72 h of incubation and assayed for cytokine
presence. IL-4 and IL-10 were determined using the primary and
secondary monoclonal antibodies (mAbs), respectively (11B11,
BVD624G2; JES5-2A5, SXC-1) purchased from PharMingen
(San Diego, Calif.). The ELISA was performed using the condi-
tions recommended by PharMingen. The total IL-4 and IL-10 lev-
els were estimated from the titration curves (as standards were
used appropriate recombinant cytokines from PharMingen) using
the curve fitter program KIM-E.

Genotyping of simple sequence length polymorphism by
polymerase chain reaction

DNA was isolated from tails using a standard proteinase proce-
dure (Laird et al. 1991). Strain CcS-20 carries genetic material of
STS origin on 15 segments on 10 chromosomes. These segments
were typed in F, hybrids using 24 microsatellite markers:
DIMitl4, DIMitl7 (chromosome 1); D2Mit227, D2Mit74 (chro-
mosome 2); D3Mir25, D3Mit49, D3Mitll (chromosome 3);
D4Mitl49 (chromosome 4); D5Mitl12, D5Mitl14, D5Mit20,
D5Mitl75, D5Mir26, D5Mit63, D5Miti43 (chromosome 5);
D6Mit23, D6Mit52 (chromosome 6); D8Mit129 (chromosome 8);
DI9Mit42, DIMit2 (chromosome 9); DI14Mit20 (chromosome 14);
D16Mitl5, D16Mit19, D16Mit7 (chromosome 16). The largest dis-
tance between any two markers derived from the STS strain or
from the nearest BALB/c-derived marker was 18.2 cM. PCR ge-
notyping was performed as described (Dietrich et al. 1992; Lipol-
dova et al. 1995), using the primers from Research Genetics
(Huntsville, FL.).

Statistical analysis

The statistical significance of the differences in cytokine produc-
tion between strains as well as linkage of genetic factors controll-
ing ConA-induced IL-4 and IL-10 expression were examined by
analysis of variance (ANOVA, NCSS). Strain, genotype of F, hy-
brids, gender, and age were fixed factors, and individual experi-
ments were considered a random parameter. In order to obtain
normal distribution of the observed cytokine levels required for
ANOVA, the measured values were transformed as described in
Results or in legends to Figures and Tables. The differences be-
tween strains were evaluated by Newman-Keuls multiple compar-
ison test at 95% significance. In linkage analysis, markers and in-
teractions with P <0.05 were analyzed in a single model. P values
were corrected for multiple comparisons as described by Lander
and Schork (1994). Pearson correlation coefficients were com-
puted by the NCSS package. The significance of differences be-
tween the correlation coefficients in different genotypes was com-
puted by dividing their difference by the square root of the sum
of their standard deviations. The probability of this ratio has a z
distribution.

Results

Differences in cytokine expression in BALB/c, STS,
and CcS-20

We measured the levels of IL-4 and IL-10 in superna-
tants after ConA stimulation by 1.25, 2.5, and 5 pg/ml



136
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Fig. 1A-C Comparison of A the proliferative response, B IL-4,
and C IL-10 expression of spleen cells stimulated by ConA.
Spleen cells were stimulated by 1.25, 2.5, or 5 pg/ml ConA for
72 h and the proliferative response measured by [*H]-thymidine
incorporation. Cell supernatants were analyzed after 24, 48, and
72 h after ConA stimulation as described in Materials and meth-
ods. Data summarize the results of seven A, B and three C inde-
pendent experiments. Both female and male mice were used in
our analysis, but no influence of sex on strain differences was ob-
served. The columns show the means of counts A, IL-4 B or IL-10
C levels in ng/ml raised to the power of 0.3. The means were com-
puted by ANOVA including the sex and experiment as fixed and
random factors, respectively. BALB El; STS O; CcS-20 [. Aster-
isks indicate significant difference from BALB/c: A 1.25 pg/ml
P<0.00001; 2.5pg/ml P<0.00001; 5ug/ml P<0.0006 B
P <0.0005; C P<0.01
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of spleen cells of parental strains BALB/c, STS, and the
RC strain CcS-20. After 72 h of stimulation STS exhi-
bited significantly lower proliferative response
(P<0.00001; P<0.00001; P<0.0006 for 1.25, 2.5, and
5 pg/ml ConA, respectively) than BALB/c and CcS-20,
whereas the response of BALB/c and CcS-20 did not
differ (Fig. 1 A).

Cytokine levels were measured 24, 48, and 72 h after
stimulation. Both BALB/c and CcS-20 exhibited peaks
of IL-4 and IL-10 levels for all the concentrations of
ConA used at 48 and 72 h, respectively. CcS-20 ex-
pressed a lower level of IL-4 than BALB/c after 24 and
48 h of stimulation (P <0.005), whereas STS produced
a very low level of this cytokine and differed from both
BALB/c and CcS-20 (P<0.00001) (Fig. 1 B). Superna-
tants of spleen cells stimulated by ConA for 24 h con-
tained very low levels of IL-10 and no differences were
observed between individual strains; after 48 and 72 h
of stimulation BALB/c produced higher titers of IL-10
than STS. CcS-20 differed from both parental strains
and exhibited lower expression of IL-10 than BALB/c
and higher than STS (P<0.01) (Fig. 1 C).
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Linkage analysis of IL-4 and IL-10 production in F,
hybrids between BALB/c and CcS-20

We examined the IL-4 expression in 164 F, hybrids aft-
er stimulation with 2.5 and 5 pg/ml ConA. Concentra-
tion of IL-4 was raised to the power of 0.4 to obtain
normal distribution.

Statistical evaluation revealed linkage of the IL-4 ex-
pression induced by 5 pg/ml ConA for 48 h and 2.5 pg/
ml ConA for 72 h to the marker DI6Mitl5 on chromo-
some 16; corrected P=0.046 and 0.0062, respectively
(Table 1). The STS allele determines higher IL-4 con-
centration in cell supernatants (Table 1). No strong evi-
dence of a genotype and gender interaction was found
(P=0.91 and 0.049 for group 1 and group 2, respective-
ly). Influence of experiment was observed P <0.00001.
These data indicate the presence of a locus Cyprl (cy-
tokine production 1) in this region, controlling the IL.-4
level induced by polyclonal stimulation by ConA.

Expression of IL-10 was tested in 80 F, hybrids.
Spleen cells were stimulated by 2.5 or 5 pg/ml ConA
for 72 h. Concentration of IL-10 in cell supernatants
was raised to the power of 0.3 to obtain normal distri-
bution. We found linkage of IL-10 expression after
stimulation by 2.5 pg/ml ConA to the markers DIMitl4
and DIMit227 (corr. P=0.0111 and 0.0155, respective-
ly), locating the responsible locus, Cypr2, in the distal
end of chromosome 1. The higher production was seen
with the BALB/c allele of this locus (Table 2). When
the concentration of 5 pg/ml ConA was used, IL-10 lev-
el was controlled by another locus, Cypr3, near the
D5Mir20 marker in the central part of chromosome 5.
The BALB/c allele determines higher production of IL-
10. No interaction between genotype and gender was
observed.

Genotype influences correlation between 1L-4 and
I1L-10 net production

We compared the expression of IL-4 and IL-10 by
spleen cells of 80 F, hybrids stimulated by ConA for
72 h, and we observed a weak correlation between ex-
pression of these two Th2 cytokines when the spleno-
cytes were stimulated by 5 pg/ml ConA (R=0.378,
P <0.0006) and no correlation when the concentration
2.5 pg/ml was used (R=0.056, P=0.621). As this rela-
tionship might reflect different kinetics in expression of
these interleukins, we also analyzed the correlation be-
tween production of IL-4 after 48h and IL-10 after
72h. The correlation was even lower: R=-0.178,
P=0.114 and R=0.300, P=0.007 for 2.5 pg/ml and
5 ng/ml respectively.

We then determined in F, hybrids how different loci
influence the correlation between expression of IL-4
and IL-10. We observed the influence of genotype at a
novel locus coral (correlation 1) marked by D5Mit63
on chromosome 5 (Table 3) on the correlation between
production of IL-4 and IL-10 after stimulation with
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by ELISA and expressed in ng/ml. Correlation between IL-10 measured after 72 h and IL-4 expression after 48 and 72 h was estimated for stimulation of both 2.5 pg/ml and 5 pg/ml

Table 3 Genetic influence on correlation between IL-4 and IL-10. IL-4 and IL-10 levels in ConA-stimulated cell supernatants from (CcS-20 x BALB)F, hybrids (n
ConA

Marker

D5Mit63

D5Mit29



ConA. Higher correlation was observed in homozy-
gotes in either C or § allele than in heterozygotes (corr.
P=0.0448).

Discussion

We observed that IL-4 and IL-10 expression is regul-
ated independently by loci on chromosome 16 and
chromosomes 1 and 5, respectively. In addition, corre-
lation between IL-4 and IL-10 is influenced by a locus
near D5Mit63 on chromosome 5 (Fig.2). The original
Th1/Th2 paradigm proposes two main groups of CD4*
T-helper (Th) cells that have distinct patterns of cyto-
kine production (Mosmann et al. 1986). Thl cells se-
crete IL-2, TNFe, and IFN+y, whereas Th2 cells produce
IL-4, IL-5, 1L-10, and IL-13. Th1 and Th2 cells develop
from ThO cells, which usually arise in the absence of
polarizing signals and express IL-2, IL-4, TNF, and
IFNYy. It has been proposed that a locus 7msI on the
central part of chromosome 11 controls Th1/Th2 dicho-
tomy under neutral condition in vitro (Gorham et al.
1996). However, there is an increasing number of data
indicating that the Th1/Th2 paradigm may be an over-
simplification (Allen and Maizels 1997) and that cyto-
kine-producing T cells cannot be classified into discrete
subsets (Kelso 1995). Heterogeneity of single-cell cyto-
kine gene expression in a clonal T-cell population was
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observed and the frequency of IL-4-expressing cells
was higher than that of IL-5- and IL-10-expressing cells
in the same Th2 population (Bucy et al. 1994). In our
experiments, using polyclonal stimulation of spleen
cells in the absence of polarizing signals we show that
the two Th2 cytokines are at this stage of T cell devel-
opment regulated independently and not as a group,
and we identified three loci which influence their ex-
pression.

Cyprl marked by DI6Mitl5 is situated on centrom-
eric part of this chromosome in the 3.4 cM-long STS-
derived segment encompassing no genes with a known
immune function. In the near vicinity of this region is
Aodl, the immunoregulatory locus controlling abroga-
tion of tolerance in neonatal thymectomy-induced au-
toimmune dysgenesis (Wardell et al. 1995). It has been
shown that thymectomized animals exhibited an in-
crease in the frequency of mitogen-induced CD4 * IL-4
producers (Bonomo et al. 1995) and therefore Cyprl
might be involved in the regulation of this process. The
relative positions of loci Aodl and Cyprl must be es-

Fig. 2 Localization of Cypr2, Cypr3, coral, and Cyprl on chro-
mosomes 1, 5, and 16, respectively. The dark regions indicate the
most likely location of these loci. The shaded regions indicate the
maximal possible extent of the donor strain segments of chromo-
somes 1, 5, and 16 in CcS-20. C, BALB/c allele; S, STS allele
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tablished by recombinant mapping (e. g., Moen et al.
1996).

Strain CcS-20 is an intermediate producer of IL-4,
whereas BALB/c mice express a high level of this cyto-
kine after polyclonal stimulation with ConA. However,
the STS allele of Cyprl present in CcS-20 is associated
with a high production of IL-4. This finding is not
unique: susceptibility alleles originating from resistant
strains were found in studies of liver and colon tumor
susceptibility (Lee et al. 1995; van Wezel et al. 1996)
and a low responder allele was identified in a strain ex-
hibiting high response to IL-2 (Krulova et al. 1997). We
did not detect any of the STS low-IL-4-producer alleles.
These loci might possibly escape mapping if they are
located on a very short segment of STS genome that
was not detected during the typing of CcS/Dem strains.
Alternatively, the lower production of IL-4 by the
strain CcS-20 may be caused by the interaction of sev-
eral loci which were not uncovered in our tests.

Cypr2 marked by DI1Mitl4 is localized on the distal
STS-derived segment on chromosome 1 which is 9.2 cM
long. In this segment is localized also Cd3z (CD3 anti-
gen, zeta polypeptide), which participates in T-cell acti-
vation (Exley et al. 1994); however, no influence of a
polymorphism of this gene on IL-10 expression has
been described. Three segments of STS origin are pres-
ent on chromosome 5. Cypr3 is situated in the central
28 cM-long segment, a locus coral marked by D5Mit63
influencing correlation between IL-4 and IL-10 expres-
sion is on the distal part (Fig. 2) in regions with no ob-
vious candidate genes (Mouse Genome Database http:/
/www.informatics.jax.org/mgd.html). Whereas the ef-
fect of the Cypr2 gene were seen in experiments with a
lower concentration of ConA (2.5 pg/ml), at a higher
concentration (5 wg/ml) of ConA the level was con-
trolled by Cypr3. These variations might be caused by
an induction of different signaling pathways depending
on ConA concentration. We have observed a similar
phenomenon when studying proliferation induced by
IL-2. The response to different concentrations of IL-2
is controlled by different loci, Cindal and Cinda2 (Kru-
lova et al. 1997).

In the present study we found that different loci con-
trol expression of IL-4 and IL-10, and we show that the
relationship between the level of these two Th2 cyto-
kines depends on the genotype. This differential ge-
netic regulation may be relevant for understanding bio-
logical effects of T-helper cells in mice of different ge-
notypes.
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