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Mice overexpressing p40 in lungs have reduced leucocyte influx
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Introduction

Summary

Interleukin (IL)-12 (p70) is a heterodimeric cytokine composed of p40
and p35, that plays a major role in the protective immune response to
Mpycobacterium tuberculosis. To define the role of p40 in lungs during pul-
monary M. tuberculosis infection we generated transgenic (Tg) mice over-
expressing p40 under control of the surfactant protein C promoter. Tg
mice expressed the transgene in their lungs, yet demonstrated elevated
pulmonary p40 protein levels. After infection, Tg mice displayed higher
pulmonary p40 and p70 levels than wild type mice. Interferon-y concen-
trations were similar in uninfected and infected Tg and wild type mice,
arguing against agonistic effects of p40. Tg mice demonstrated reduced
recruitment of macrophages, lymphocytes and neutrophils to the lungs
early after infection. This was accompanied by reduced pulmonary
tumour necrosis factor-o, macrophage inflammatory protein (MIP)-2 and
MIP-1a levels. This suggests that elevated p40 concentrations inhibited
the chemotactic effects of p70 on leucocytes. Furthermore, Tg mice dis-
played slightly higher pulmonary mycobacterial outgrowth late in the
infection than wild type mice. Taken together, we demonstrate that con-
stitutive overexpression of p40 in lungs negatively influences IL-12-medi-
ated leucocyte migration and protection against lung tuberculosis. This
suggests a novel antagonistic role for p40 homodimers in regulating the
chemotactic bioactivity of IL-12 after pulmonary mycobacterial infection.
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promoting Thl while suppressing Th2 responses, and
hence promotes CMI against intracellular pathogens like

Tuberculosis, caused by Mycobacterium tuberculosis, is one
of the main threats to mankind with one-third of the
world’s population being infected.! Cell-mediated immu-
nity (CMI) is known to be critical in host defence against
M. tuberculosis infection and is tightly regulated by a bal-
ance between type 1 and type 2 cytokines.” Interleukin-12
(IL-12) is a key regulatory cytokine produced by antigen-
presenting cells, such as macrophages (M@s) and dend-
ritic cells, which is decisive in the regulation of the T
helper 1 (Th1)/Th2 balance.” IL-12 plays a pivotal role in

M. tuberculosis.* TL-12 furthermore increases the cytolytic
activity of CD8" cells and natural killer (NK) cells, which
is critical for an effective control of mycobacterial infec-
tion.* Several in vivo studies, using IL-12 neutralizing
antibodies or IL-12-deficient animals, showed an import-
ant role for IL-12 in the development of functional Thl
responses and protection against intracellular patho-
gens.”® Accordingly, it was demonstrated that IL-12
receptor (IL-12R)-deficient individuals demonstrated an
increased susceptibility to intracellular pathogens.””®

Abbreviations: IL-12, interleukin-12; IL-12R, interleukin-12 receptor; Tg, transgenic; SP-C, surfactant protein C promotor;
TNF-0, tumour necrosis factor-o; MIP, macrophage inflammatory protein; IFN-vy, interferon-y; CMI, cell-mediated immunity;
Mo, macrophage; PMN, polymorphonuclear cell; SEM, standard error of the mean.
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IL-12 is a heterodimeric protein (p70) composed of
two disulphide-linked subunits: p35 and p40. For the
generation of bioactive IL-12p70, both subunits are
required although their expression is independently regu-
lated.” Secreted IL-12p70 binds to and signals through the
high affinity IL-12R, which consists of a constitutively
expressed IL-12RB1 chain and an inducible low affinity
IL-12RB2 chain. The p40 subunit is responsible for IL-
12R binding'® and is mainly produced as monomer and
homodimer ((p40),) in excess of the p70 heterodimer.!
Although p40 monomer is neither antagonistic nor agon-
istic with respect to IL-12 bioactivity, the homodimeric
form seems to inhibit IL-12 function in vitro by compet-
ing with heterodimer for the high affinity IL-12R on
responder T lymphocytes and NK cells.'””"* Because
secretion of IL-12p70 is associated with excess production
of the p40 subunit, it has been suggested that (p40), plays
a critical role as a natural antagonist of IL-12. However,
(p40), has also been reported to stimulate, rather than to
inhibit, Th1 development in vitro, resulting in an increase
in interferon-y (IFN-y) production'>. An agonistic role
for (p40), has also been suggested by three studies reveal-
ing phenotypic differences between IL-12p357~ and IL-
12p40”~ mice in alloantigen Thl responses following
heart transplantation'® in defence of infection with Crypto-
ccoccus neoformans'” and M. bovis.'® Because p40 has been
shown to have both agonistic and antagonistic effects on
bioactive IL-12, we wanted to obtain more insight in
the role of p40 during pulmonary mycobacterial infection
in vivo. Therefore, we generated transgenic mice that
overexpress p40 under control of the lung specific surfac-
tant protein C promoter’® (SP-C), and studied host
defence mechanisms in p40 Tg mice during pulmonary
tuberculosis.

Materials and methods

Animals

FVB/N mice were obtained from Harlan Nederland
(Horst, the Netherlands). Foster mothers were on the
BDF background (C57BL6/DBA F1 hybrid) and were bred
in our central animal facility. For the experiments with
M. tuberculosis, female mice between the ages of 7 and
9 weeks were used. Each experimental group consisted
of eight mice per group. In all experiments, sex and
age matched controls were used. All experiments were
approved by the Institutional Animal Care and Use Com-
mittee of the Academic Medical Center (University of
Amsterdam, the Netherlands).

Generation of lung specific IL-12p40 transgenic mice
All DNA manipulations were done by standard methods.

A 3.7 kb fragment consisting of the SP-C promoter,
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kindly donated by Dr Stephan W. Glasser, was excised
from the pUCI8SP-C plasmid." This promotor confers
expression in bronchiolar and type II epithelial cells in
the adult mouse lung.'”*° The SP-C promoter was inser-
ted by blund-end ligation in the expression vector
pClI-cytomegalovirus (CMV) (Promega, Leiden, the Nether-
lands) thereby replacing the CMV promoter. The pCI/SP-
C/p40 construct was obtained by introducing mouse
IL-12-p40 cDNA in to the Xhol/Notl site of the pCI vec-
tor containing the SP-C promoter. The SP-C-p40 con-
struct was released by digestion with BglIl and Nael and
purified by agarose gel electrophorese followed by dialysis
against AnalaR water. A 3 ng/ml solution of the linear
construct was microinjected into pronuclei of fertilized
FVB/N eggs. After egg transplantation into pseudo-preg-
nant foster mothers, transgenic offspring was identified by
Southern blot analysis and polymerase chain reaction
(PCR) of genomic DNA isolated from tail biopsies.

DNA isolation and Southern blot analysis

One cm of the tails from FVB/N mice were harvested and
500 pl lysing buffer (100 mm Tris buffer, pH 8-5; 5 mm
ethylenediaminetetraacetic acid (EDTA); 0,2% sodium
dodecyl sulphate (SDS); 200 mm NaCl; 100 pg/pl protein-
ase K) was added and incubated overnight at 55° in a
shaking disc. DNA extraction was performed by means of
phenol and chloroform extraction and isopropanol preci-
pitation. Thereafter, DNA was resuspended in sterile
water and stored at —20° until further use. Ten ug DNA
was digested by BamHI overnight. For Southern blot ana-
lysis DNA was separated on a 0-8% agarose gel. The gel
was soaked for 10 min in 0-2 M HC], thereafter denatured
in 0-2 M NaOH/1-5 M NaCl for 45 min and 2 X 20 min
neutralized in 0-5 M TRIS/HCl pH 7-4 containing 1-5 M
NaCl. Thereafter, DNA was transferred to a Nytran Nylon
membrane using the turboblot system (Schleicher &
Schuell, Dassel, Germany) and the DNA was UV-cross-
linked. The filters were prehybridized at 65° in 5X sodium
saline citrate, 5x Denhardt’s, 0-5% SDS containing
100 pg/ml herring sperm DNA. Thereafter, the filters
were hybridized with IL-12 p40 cDNA labelled with
deoxycytidine  5'-[0->*P]  triphosphate  ([o->*P]dCTP,
3000 Ci/mmol) as described under ‘Northern blot analy-
sis’ and the signal was detected using a Molecular
Dynamics phosphor imager (Amersham Biosciences, Sun-
nyvale, CA).

PCR analysis

PCR was performed with 100 pg genomic DNA in a reac-
tion mixture of 1-0 mM deoxynucleotide triphosphates
(dNTPs), 10 mg/ml bovine serum albumin, 2% dimethyl
sulphoxide, 10x Pol buffer (0-67 m Tris-HCIl, pH 8-8;
67 mM MgCly; 0,1 M B-mercaptoethanol; 67 um EDTA;
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0-166 M (NH,),S0,), 0-5 um of the SP-C-primer (5'-
GGACACATATAAGACCC-TGG-3'), 0-5 um of the p40
primer (5-TTTGGTGCTTCACACTTCAGG-3') and 5 U/l
DNA polymerase (AmpliTaq, Perkin Elmer, Norwalk, CT).
Reactions for the p40 transgene were subjected to 30
cycles on a thermocycler (Perkin Elmer Applied Biosys-
tems, Norwalk, CT) consisting of 95° for 1 min, 58° for
1 min and 72° for 2 min, respectively. All PCR mixtures
were subjected to denaturation at 95° for 5 min before
the first cycle, and to final extension at 72° for 10 min
after the last cycle. The amplified products were size
fractioned by electrophoresis on a 1-0% agarose gel, fol-
lowed by ethidium bromide staining for UV-assisted
visualization.

Northern blot analysis

RNA was isolated using TRIZOL (Gibco BRL life tech-
nologies, Gaithersburg, MD) according to the manufac-
turer’s manual. Samples of 20 ug of total RNA were
seperated on a 0-8% agarose gel containing 6-6% formal-
dehyde and transferred onto Nytran nylon membrane
using the turbo-blot system (Schleicher & Schuell). The
RNA was fixed to the membrane by 3 min treatment in
a microwave oven at full setting (650 W). The filters
were prehybridized for 1 hr at 42° in 50% (v/v) form-
amide, 5x sodium chloride sodium phosphate EDTA
buffer (SSPE), 5x Denhardt’s, 0-5% (w/v) SDS and
100 pg/ml denaturated herring sperm DNA. Thereafter,
filters were hybridized at 42° overnight with mouse
IL-12 p40 cDNA, labelled with [0-**P]dCTP according
to the random primed labelling techniques using Amer-
sham Rediprime labelling kit. The signal was detected by
Molecular Dynamics phosphor Imager (Amersham Bio-
science). The ribosomal DNA was stained on filters with
methylene blue in order to assess equal RNA loading
and transfer.”'

Preparation of lung tissue for enzyme-linked
immunosorbent assay (ELISA)

Mice were anaesthetized by FFM (fentanyl citrate 0079
mg/ml, fluanisone 2-5 mg/ml, midazolam 1-25 mg/ml in
H,O; of this mixture 7-0 ml/kg intraperitonally). Lungs,
were harvested and immediately homogenized in nine vol-
umes of 1x lysis buffer (0-5% Triton-X-100, 150 mm NaCl,
15 mMm Tris, 1 mm CaCl, and 1 mm MgCl,.H,O; pH 7-40)
at 4° using a tissue homogenizer (Biospec Products,
Bartlesville, OK). The homogenates were first centrifuged
at 2100 g for 10 min and then at 22 000 g for 10 min to
remove cell debris, after which the supernatants were
stored at —20°. The following ELISAs were used according
to the instructions of the manufacturer: IL-12 p40, IL-12
p70 (Pharmingen, San Diego, CA) and IFN-vy, TNF-o IL-4,
MIP-2, MIP-1a (R & D Systems, Minneapolis, MN).
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Western Blot analysis

Lung homogenates as prepared for the ELISA from un-
infected p40 Tg and wild type (Wt) mice was diluted
1:10 in lysis buffer and diluted 1:2 in 25 pl of 2 X
sample buffer (125 mm Tris/HCL, pH 6-8; 4% SDS; 20%
glycerol, bromphenol blue; non-reducing condition). For
reducing condition 5% P-mercaptoethanol was added to
the sample buffer. Samples mixed with SDS-sample buffer
were boiled for 5 min at 95° followed by brief centrifuga-
tion. Thirty pul of the samples were loaded onto 10%
SDS—polyacrylamide gel electrophorsis (PAGE) and subse-
quently transferred to a polyvinylidenefluoride membrane.
The blots were blocked with 5% bovine serum albumin
in TBST (Tris buffered saline with 0-1% Tween-20) for
1 hr at room temperature and washed three times with
TBST and incubated with primary antibody (purified rat
anti-mouse IL-12 (p40/p70), C15.6, Cat #18491D, Pharm-
ingen) overnight in a 1: 1000 dilution in TBST supple-
mented with 5% bovine serum albumin. After three
washes with TBST buffer the membrane was incubated
with peroxidase-conjugated rabbit anti-rat immunoglob-
ulin G antibodies (P0450, DAKO, Glostrup, Denmark) in
a 1:1000 dilution for 1 hr at room temperature. The
bands were visualized using Lumilight® plus ECL sub-
strate from Roche and a chemiluminescence detector with
a cooled CCD camera (GeneGnome) from Syngene.

Experimental infection

Pulmonary tuberculosis was induced intranasally (i.n.) as
described previously.”>** Briefly, a virulent laboratory
strain of M. tuberculosis H37Rv was grown in liquid Dubos
medium containing 0-01% Tween-80 for 4 days. A repli-
cate culture was incubated at 37°, harvested at mid-log
phase and stored in aliquots at —70°. For each experiment,
a vial was thawed and washed twice with sterile 0-9%
NaCl. Mice were anaesthetized by inhalation with isoflura-
ne (Abbott Laboratories Ltd, Queenborough, UK) and i.n.
infected with 1 x 10* live M. tuberculosis bacilli in 50 pl
sterile saline, as determined by viable counts on 7HI1
Middlebrook agar plates. Bacterial counts recovered from
lungs one day postinfection (p.i.) were shown previously
to be similar to the number of bacteria in the inoculum.*

Enumeration of bacteria

Groups of eight mice per time point were killed 2 or
5 weeks p.i., and lungs, and liver were removed asepti-
cally. Organs were homogenized with a tissue homogen-
izer (Biospec Products, Bartlesville, OK) in 5 volumes of
sterile 0-9% NaCl, and 10-fold serial dilutions were plated
on Middlebrook 7HI11 agar plates to determine bacterial
loads. Colonies were counted after 21-day incubation
at 37°.
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Histology

Lungs were removed 2 or 5 weeks after inoculation with
M. tuberculosis and fixed in 4% paraformaldehyde in
phosphate-buffered saline for 24 hr. After embedding in
paraffin, 4-pum-thick sections were stained with haema-
toxylin—eosin for histology analysis.

Lung cell differentiation

Pulmonary cell suspensions were obtained by crushing
lungs through a 40 pm cell strainer (Becton Dickinson,
Franklin Lakes, NJ) as described previously.”* Erythro-
cytes were lysed with ice-cold isotonic NH4Cl solution
(155 mm NH,CIL, 10 mm KHCO;, 100 mm EDTA,
pH 7-4), the remaining cells were washed twice with
RPMI-1640 (Bio Whittaker, Verviers, Belgium), and
counted by using a haemocytometer. The number of
Mes, polymorphonuclear cells (PMNs) and lymphocytes
were calculated from these totals, using cytospin prepara-
tions stained with modified Giemsa stain (Diff-Quick,
Baxter, McGraw Perk, IL).

Splenocyte stimulation

Single cell suspensions were obtained by crushing spleens
through a 40 pm cell strainer. Erythrocytes were lysed,
and the remaining cells were washed and counted by
using a haemocytometer. Splenocytes were suspended in
medium (RPMI-1640, 10% fetal calf serum (FCS), 1%
antibiotic—antimycotic  (GibcoBRL, Life Technologies,
Rockville, MD)), seeded in 96-well round bottom culture
plates at a cell density of 1 x 10° splenocytes in triplicate,
and stimulated with 20 pg/ml tuberculin-purified protein
derivative (PPD; Statens Seruminstitut, Copenhagen, Den-
mark). Supernatants were harvested after a 48-hr incuba-
tion at 37° in 5% CO,, and cytokine levels were analysed
by ELISA.

Statistical analysis

All values are expressed as mean + standard error of the
mean (SEM). Comparisons were done with Mann—-Whit-
ney U-tests. Values of P < 0-05 were considered statisti-
cally significant.

Results

Establishment of SP-C/p40 transgenic mice

The SP-C/p40 construct shown in Fig. 1 was microinjec-
ted into fertilized eggs to generate transgenic mice in
which p40 expression was targeted to the lungs. Trans-
genicity was confirmed by performing Southern blotting,
using a specific probe for murine p40, and by PCR using
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Figure 1. SP-C/p40 DNA construct. The construct contains a 3-7 kb
fragment from the SP-C promoter, a 1 kb murine IL-12p40 cDNA
fragment, an intron and SV 40 polyadenylation sequences. Restric-
tion sites and primers used in the PCR are indicated.
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Figure 2. A representative Southern blot (a) and PCR analysis (b) of
the screening of transgenic mice. (a) Southern blot analysis of the
genomic DNA isolated from mouse tails of the first generation mice
after injection of the construct. On this blot four mice carry the
transgene. (b) PCR analysis was performed on the fifth generation of
transgenic mice. A PCR product of 800 bp because of the appearance
of the p40 transgene in combination with the SP-C promoter was
detected in all five mice tested. M = marker.

a primer set specific for the SP-C promoter and murine
p40 as indicated in Fig. 1. A representative Southern blot
and PCR analysis are shown in Fig. 2(a and b), respect-
ively. Twelve mice carrying the p40 transgene were gener-
ated. One of the mice with the highest expression,
containing about 11 copies of the transgene compared to
endogenous p40, was mated with a FVB/N mouse and
transmitted the transgene to the offspring. After five gen-
erations homozygotic Tg mice were identified and these
were mated to generate homozygotic offspring. Upon
gross necroscopy, no apparent abnormality was detected
in organs of the p40 Tg mice, including lung. p40 Tg
mice were apparently normal size and weight, and both
sexes were fully fertile. To examine tissue specificity of
the p40 transgene expression, total RNA was prepared
from various tissues of p40 Tg animals when they were
7 weeks of age and Northern blot analysis was performed.
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Figure 3. p40 mRNA expression in the lung of SP-C/p40 Tg mice.
Organs were obtained from 7 weeks old Tg and Wt mice. Cellular
RNA (20 pg) was analysed by Northern blotting as described in the
Methods section. Lane 1: lung Tg, 2: liver Tg, 3: heart Tg, 4: intes-
tine Tg, 5: kidney Tg, 6: lung Wt, 7: liver Wt, 8: heart Wt, 9: intes-
tine Wt, 10: kidney Wt.

As can be seen in Fig. 3, p40 mRNA was detected in the
lung of Tg animals. No p40 mRNA was detected in the
lungs of control mice, nor in other tissues from control
or p40 Tg mice. Hence, transgenic p40 was exclusively
produced in the lungs of p40 Tg animals.

High lung p40 levels in p40 Tg mice

To examine p40 levels in the lungs of Tg animals and to
establish whether p40 was circulating, lung homogenates
were assayed for p40 in a sandwich ELISA when mice
were 7 weeks of age. High concentrations of lung p40,
18:0 £ 1-1 ng/ml were found in p40 Tg animals com-
pared to control levels (0-55 ng/ml). Furthermore, we
tried to detect lung IL-12 p70 in an ELISA in order to see
if high levels of IL-12p40 resulted in an increase of bio-
active IL-12 p70. The concentration of p70 in p40 Tg ani-
mals was around the detection limit of the ELISA
(62-5 pg/ml) in lung homogenates and comparable with
that in control mice, indicating that this enhanced p70
production did not occur in p40 Tg mice. Because it was
shown that p40 homodimer can induce IFN-y production
by T cells'” we wanted to investigate lung IFN-y levels.
No difference between lung levels in Tg animals com-
pared to controls was observed (data not shown).

Generation of p40 homodimer in p40 Tg mice

Although p40 monomer is neither antagonistic nor agonis-
tic with respect to IL-12 bioactivity, the homodimeric form
strongly inhibits IL-12 function in vitro. To determine
whether monomeric or homodimeric forms of p40 could
be detected, lung homogenates from p40 Tg and Wt mice
were characterized by SDS-PAGE and Western blot analy-
sis. Under reducing conditions, p40 was recognized as a
triple band, representing p40 monomeric forms with vari-
able glycosylation with apparent molecular masses of
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Figure 4. Identification of monomeric and homodimeric p40 on a
Western blot under reduced and nonreduced conditions in lungs of
p40 Tg and Wt mice. Lung p40 monomeric and homodimeric levels
were both elevated in p40 Tg mice as compared to Wt mice.

around 40 000 MW (Fig. 4)."* Under non-reducing condi-
tions, p40 was detected as a homodimer with a molecular
mass of approximately 80 000 MW (Fig. 4). In the non-Tg
animals both the homodimer and monomer were hardly
detectable by Western blot analysis (Fig. 4).

Increased production of p40 and p70 in p40 Tg mice
during tuberculosis

IL-12 has been demonstrated to play an important role in
the development of protective immunity against intracel-
lular pathogens. In order to examine the effect of p40 on
p40 and p70 protein overexpression levels during myco-
bacterial infection, we in. inoculated p40 Tg and Wt
mice with a virulent strain of M. tuberculosis and killed
them after 2 and 5 weeks. As expected, very high concen-
trations of IL-12p40 were measured in lungs of p40 Tg
mice at both time points following infection. Lungs
of p40 Tg mice contained 18-fold and 1-6-fold more
IL-12p40 than Wt mice at, respectively, 2 (P = 0-001)
and 5 weeks p.i. (P = 0-003, Fig. 5). In addition, the level
of IL-12p70 was 4-4 (2 week p.., P =0-001) and 11-8
(5 week p.i., P = 0-002) times elevated in the lung of p40
Tg mice compared to Wt mice (Fig. 5).

Histopathology of lung tissue

To examine tissue responses, histological assessment of
lungs from mice killed at 2 and 5 weeks after mycobacte-
rial infection was conducted. Two weeks after M. tubercu-
losis inoculation lungs of Wt mice exhibited prominent
lymphocytic interstitial inflammation with formation
of small granulomas and slight pleuritis (Fig. 6a). In
contrast, lungs of p40 Tg mice presented only slight inter-
stitial inflammation (Fig. 6b). After 5 weeks the inflam-
matory infiltrates in lungs of all mice became more
diffuse and intense with prominent lymphocytic peri-
vascular inflammation and foamy macrophages in the
alveoli. The degree and the cellular composition of the
inflammatory infiltrates were comparable in Wt (Fig. 6¢)
and p40 Tg (Fig. 6d) mice.
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Figure 5. Pulmonary p40 and p70 levels are significantly increased in
p40 Tg mice compared to Wt mice 2 and 5 weeks after infection
with M. tuberculosis. Data are presented as the mean and SEM for
8 mice per group. *P < 0-05.

Impaired leucocyte recruitment to lungs of p40 T'g mice

To analyse leucocyte influx in a more quantitative way,
pulmonary cells were isolated, counted and differentiated

by performing a modified Giemsa staining on cytospin
preparations. An increase in total cell numbers was
observed in each group of mice throughout the course
of the experiment (Fig. 7). However, p40 Tg mice had
3- (2 weeks, P = 0-003) and 1-6- (5 weeks, P = 0-009)
fold less leucocytes isolated from their lungs compared
with Wt controls (Fig. 7). Analysis of lung cell popula-
tions revealed that two times less M@s (P = 0-01), three
times less PMNs (P = 0-005) and 2-5 times less lympho-
cytes (P = 0-06) were present in p40 Tg mice compared
to Wt mice 2 weeks p.i. At 5 weeks p.i., the absolute
number of M@s was similar in both groups. Although,
23% less lymphocytes were present at this time point in
lungs from p40 Tg mice, this was not significantly differ-
ent from Wt mice. The absolute number of PMNs were
2.3 times lower in the p40 Tg mice as compared with Wt
mice 5 weeks p.i. (P < 0-001).

Reduced chemokine levels in p40 Tg mice early
in the infection

Because the inflammatory infiltrate was less profound in
p40 Tg mice early in the infection, we measured pulmon-
ary TNF-o, a potent agonist of chemokine expression,
and C-X-C chemokine macrophage inflammatory protein
(MIP)-2 and C-C chemokine MIP-1a. MIP-2 is predom-
inantly chemotactic toward PMNs** whereas MIP-1o
preferentially augments monocyte/macrophage and lym-

4 Pabrina
é" G 3, ¥

%

Figure 6. Representative histologic sections of lungs of Wt (a and ¢) and p40 Tg mice (b and d) 2 (a and b) and 5 (c and d) weeks after inocula-

tion with M. tuberculosis, demonstrating less inflammatory infiltrate in p40 Tg mice 2 week p.i. as compared to Wt mice. Haematoxylin and

eosin staining, original magnification x33.
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Figure 7. Analysis of leucocyte populations in lungs of Wt and p40
Tg mice infected i.n. for 2 or 5 weeks with M. tuberculosis. The num-
ber of leucocytes in lungs of p40 Tg mice was significantly lower
than of Wt mice at both time points. Leucocyte differentiation
revealed that p40 Tg mice had significantly less M@s (2 weeks),
lymphocytes (2 weeks), and PMNs (2 and 5 weeks) in their lungs
compared to Wt mice. Data are presented as the mean and SEM for
eight mice per group. *P < 0-05.

phocyte recruitment.” Interestingly, p40 Tg mice had,
respectively, 1-4, 2-7, and three times less TNF-o (P =
0-047), MIP-2 (P = 0-006), and MIP-1a. (P = 0-017) in
their lungs than Wt mice 2 week p.. (Fig. 8). After
5 weeks TNF-a and MIP-2 levels were similar in both
group of mice, whereas MIP-1a was two times lower in
p40 Tg mice compared to Wt mice (P = 0-02) (data not
shown).

Thl dominant cytokine profile in lungs from
p40 Tg mice late in the infection

Because the Th1/Th2 balance is critical to antimycobacte-
rial host defence, we examined the pulmonary concentra-
tion of type 1 cytokine IFN-v, and type 2 cytokine IL-4 2
and 5 weeks p.i. IFN-y, and IL-4 concentrations were
similar in Wt and p40 Tg mice 2 weeks p.i. (data not
shown). In contrast, later in the infection (5 weeks p.i)
IL-4 was 60% lower in lungs of p40 Tg mice compared to
Wt mice (P = 0-002, Fig. 9). IEN-y levels were yet again
not different in both groups of mice at this time point
(Fig. 9).
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Figure 8. p40 Tg mice had decreased expression of TNFo, MIP-2,
and MIP-1a in their lungs 2 weeks after infection as compared with
Wt mice. Data are presented as the mean and SEM for eight mice
per group. *P < 0-05.
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Figure 9. p40 Tg mice have an increased Th1/Th2 balance compared
to Wt mice since they have unaltered pulmonary IFN-y (Thl) levels
and reduced IL-4 (Th2) levels when compared to Wt mice 5 weeks
p.i. Data are presented as the mean and SEM for eight mice per
group. *P < 0-05.

Increased antigen-specific IFN-y response in p40 Tg
mice following M. tuberculosis infection

To more directly examine CMI responses in p40 Tg mice
and their relationship with susceptibility to M. tuberculosis
infection, we analysed the antigen-specific IFN-y produc-
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Figure 10. Splenocytes from p40 Tg mice mount an increased anti-
gen-specific IFN-y response to mycobacterial antigen compared to
Wt mice 5 weeks p.i. Splenocytes were harvested 2 and 5 weeks after
i.n. inoculation with M. tuberculosis, and stimulated for 48 hr. Data
are presented as the mean and SEM for eight mice per group.
*P < 0-05.

tion of splenocytes from p40 Tg and Wt mice following
M. tuberculosis infection in response to the recall-antigen
PPD. We found that 2 week p.i. [FN-vy levels were similar
in both groups of mice. In comparison, later in the infec-
tion splenocytes from p40 Tg mice released 2-3 times
more IFN-y upon PPD stimulation than Wt mice (P =
0-005, Fig. 10). These results suggest that increased p70
levels in lungs from p40 Tg mice enhanced the ability of
splenocytes to display a antigen-specific IFN-y response.

Increased susceptibility of p40 Tg mice to pulmonary
M. tuberculosis infection

To examine the impact of p40 overexpression on the
in vivo growth of M. tuberculosis in the lung, we deter-
mined the mycobacterial load 2 and 5 weeks p.i. Early in
the infection ~28% more colony-forming units (CFUs)
were found in lungs from p40 Tg mice as compared to
Wt mice (Fig. 11, not significantly different). No myco-
bacteria were disseminated to the liver in either group at
this time point. Five weeks after the infection, p40 Tg
mice had 118% more M. tuberculosis CFUs than Wt mice
(Fig. 11, P = 0-021). In the liver of p40 Tg mice 144%
more viable mycobacteria were found, although this dif-
ference with Wt mice did not reach statistical significance
because of large variation (Fig. 11). Together, these data
indicate that p40 Tg mice are more susceptible to
M. tuberculosis infection than Wt mice as demonstrated
by reduced clearance of M. tuberculosis infection from the
lung and liver late in the infection.
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Figure 11. Increased mycobacterial outgrowth in lungs and livers of
p40 Tg mice compared to Wt mice 5 weeks after i.n. infection with
1 x 10* M. tuberculosis bacilli. Data are presented as the mean and
SEM for eight mice per group. *P < 0-05.

Discussion

In the present study, we generated transgenic mice that
overexpress p40 specifically in the lung. We found that
p40 Tg animals develop, grow and reproduce normally.
We demonstrated that lung p40 levels were profoundly
elevated in p40 Tg animals compared to p40 levels in
control Wt mice. In contrast, no apparent increase in
lung IL12-p70 levels was observed in p40 Tg mice, likely
because in non-infected Tg animals not enough p35 is
available for dimerization with the p40 subunit. In addi-
tion, no increase in IFN-y production was found in Tg
animals, arguing against a direct agonistic effect of p40
overexpression under basal condition.

IL-12 is involved in the chemotactic activity for
Ms,*** T cells””* and PMNs>' by enhancing pro-
inflammatory cytokine and chemokine expression.””**?>
As p40 overexpression led to an early defect in chemokine
expression and leucocyte recruitment, these results are
most compatible with the inhibition of the chemotactic
bioactivity of IL-12 by p40 homodimers that compete
with IL-12 for binding to its receptor.’> We showed that
p40 homodimers were highly present in lung homogen-
ates of Tg mice. Presumably, this early impaired leucocyte
recruitment in p40 Tg mice at least in part was respon-
sible for the relatively enhanced outgrowth of M. tubercu-
losis in lungs of p40 Tg mice. Indeed, resistance against
M. tuberculosis depends primarily on Mes and T cells
and the interaction between these cells.”> Furthermore,
decreased TNF-a levels in lungs from p40 Tg mice early
in the infection may play a role in this since TNF-a is
important for activating M@s to kill intracellular patho-
gens.”* Together, we suggest that IL-12p40 homodimer
acts as an antagonist for IL-12-mediated leucocyte migra-
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tion to the M. tuberculosis-infected lung by reducing
TNF-a, a potent agonist of chemokine expression, and
the chemokines MIP-2 and MIP-1o. These data demon-
strate a new mechanism by which the bioactivity of IL-12
is regulated during mycobacterial infection. One could
hypothesize that p40 homodimers may act as a physio-
logical regulator of IL-12-mediated chemotaxis of inflam-
matory cells in order to restore pulmonary homeostasis.

Two recent studies revealed a protective role for p40
during mycobacterial infection, as indicated by the find-
ing that p35 knockout (KO) mice were less susceptible
for infection with mycobacteria than p40 KO mice.'®?°
P40 can also bind to p19 to form IL-23, a novel cytokine
that has similar biological activities as IL-12p70.>> While
Cooper et al. suggest that the increased resistance could
be caused by the formation of IL-23 in p35 KO mice”,
Holscher et al. suggest that the agonistic effect of endo-
genous and exogenous p40 can accomplish this.'"® The
present study demonstrates that mice overexpressing p40
in lung have an increased susceptibility for tuberculosis,
indicating that p40 by itself does not mediate resistance
during mycobacterial infection. Because in the former
two studies p70 could not be formed, a possible antagon-
istic effect of p40 on p70 in vivo could not be studied.
By overexpressing p40 in the lung, we introduced an
increased competition between p40 and p70 for binding
to IL-12R and demonstrated an antagonistic effect of ele-
vated p40 concentrations on previously established IL-12
functions, i.e. chemokine expression and recruitment of
leucocytes and resistance against mycobacterial infec-
tion.>*”*? It is unclear at this point whether IL-23 signal-
ling is increased or partly responsible for the impaired
inflammatory response and bacterial clearance in p40 Tg
mice, although this appears unlikely given the fact that
IL-23 gene transfer to lungs of M. tuberculosis infected
animals led to an increased bacterial clearance and T-cell
influx.*®

Remarkably, p40 Tg mice displayed a relative ‘type 1
phenotype’ at 5 weeks p.i., as reflected by a increased
IFN-v/IL-4 ratio in lung tissue and by enhanced antigen-
specific IEN-vy release by splenocytes. At this time point
profoundly elevated IL-12p70 concentrations were meas-
ured in the lungs of p40 Tg mice, suggesting that, unlike
the situation in uninfected mice, tuberculosis triggers the
production of p35, which in the presence of excess p40
results in the generation of more IL-12p70. It is conceiv-
able that these elevated IL-12p70 concentrations occurring
later in the course of the infection overcame the antagon-
istic effects of p40, especially since at 5 weeks p.i. the dif-
ference between p40 Tg and Wt mice with respect to p40
levels was by far less profound as at 2 weeks p.i. In spite
of this relative type 1 response in p40 Tg animals 5 weeks
p.i., the mycobacterial load was increased in these mice.
These data suggest that the early immune response in Tg
mice, dominated by elevated p40 concentrations and
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associated with a reduced recruitment of different leuco-
cyte subsets to the lungs, was more decisive for the num-
ber of M. tuberculosis CFUs at 5 weeks p.i.

We here report that lung specific overexpression of p40
in mice does not result in a phenotype with evidence of
IL-12-like agonistic properties. During pulmonary infec-
tion with M. tuberculosis, p40 Tg mice displayed charac-
teristics of an IL-12 antagonistic phenotype, as indicated
by a diminished chemokine expression and recruitment
of leucocytes to the lung early in the infection and a sub-
sequently slightly increased mycobacterial load. Yet, later
during the infection, enhanced expression of p40 also
resulted in elevated levels of IL-12p70 and an increased
antigen-specific IFN-y response. Additional research is
warranted to further define the role of p40 in the biology
of IL-12 and IL-23 during intracellular infections.
Together, we suggest that IL-12p40 homodimer acts as an
antagonist for IL-12-mediated leucocyte migration to the
M. tuberculosis infected lung by reducing the expression
of chemokines. This study suggests a novel mechanism by
which the bioactivity of IL-12 is regulated during infec-
tion with mycobacteria. P40 homodimers may act as a
physiological regulator of IL-12-mediated chemotaxis of
inflammatory cells in order to restore homeostasis in the
lungs after mycobacterial infection.
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