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CHAPTER R 6 6 

Transgenicc Mice Overexpressing p40 in their Lungs Demonstrate 

Reducedd Leukocyte Recruitment and Impaired Resistance against 

Pulmonaryy Tuberculosis 

Jaklienn C. Leemans, Catharina W. Wieland, Sandrine Florquin, 

Tomm van der Poll, Margriet J. B. M.Vervoordeldonk 



EFFECTSS OF IL-12P40 OVEREXPRESSION ON TB 

ABSTRACT T 

Interleukinn (IL)-12 (p70) is a heterodimeric cytokine composed of two subunks, p40 and 

p35,, that plays a major role in the induction of a protective immune response to 

MycobacteriumMycobacterium tuberculosis. p40 has been shown to have both agonistic and antagonistic 

effectss on IL-12. To define the role of p40 in the lung during pulmonary M. tuberculosis 

infectionn we generated transgenic (Tg) mice overexpressing p40 under control of the 

surfactantt protein C (SP-Q promoter. P40 Tg mice exclusively expressed the transgene 

inn their lungs, yet demonstrated markedly elevated p40 protein levels in both lung 

homogenatess and plasma. Overexpression of p40 did not result in an increase in basal 

p700 concentrations in lungs or plasma. At 2 and 5 weeks after induction of lung 

tuberculosis,, Tg mice displayed higher pulmonary p40 and p70 levels than wild type 

mice.. Interferon-y concentrations were similar in Tg and wild type mice, both in 

uninfectedd and infected animals, arguing against an agonistic effect of p40. P40 Tg mice 

demonstratedd a reduced recruitment of macrophages, lymphocytes and neutrophils to the 

lungss early after infection with M. tuberculosis. This was accompanied by reduced levels of 

tumorr necrosis factor-a, macrophage inflammatory protein (MIP)-2 and MlP-la in the 

lungs.. This suggests that elevated p40 concentrations inhibited the known chemotactic 

effectss of p70 on leukocytes. Furthermore, p40 Tg mice displayed more M. tuberculosis 

colonyy forming units in their lungs at 5 weeks after the infection than wild type mice. 

Thesee results suggest that constitutive overexpression of p40 in die lung negatively 

influencess IL-12-mediated leukocyte migration and protection against lung tuberculosis. 
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INTRODUCTIO N N 

TTuberculosis,, caused by Mycobacterium tuberculosis, is one of the main threats to 

mankindd with one-third of the world's population being infected (1). Cell-

mediatedd immunity (CMI) is known to be critical in host defense against M. tuberculosis 

infectionn and is tightly regulated by a balance between type 1 and type 2 cytokines (2). 

Interleukin-122 (IL-12) is a key regulatory cytokine produced by antigen-presenting cells, 

suchh as macrophages (M(ps) and dendritic cells, which is decisive in the regulation of the 

Thl/Th22 balance. IL-12 plays a pivotal role in promoting Thl while suppressing Th2 

responses,, and hence promotes CMI against intracellular pathogens like M. tuberculosis (3). 

IL-122 furthermore increases the cytolytic activity of CD8+ cells and NK cells, which is 

criticall  for an effective control of mycobacterial infection (3). Several in vivo studies, using 

IL-122 neutralizing antibodies or IL-12 deficient animals, showed an important role for 

IL-122 in the development of functional Thl responses and protection against 

intracellularr pathogens (4, 5). In accordance, it was demonstrated that IL-12 receptor (IL-

12R)-deficientt individuals demonstrated an increased susceptibility to intracellular 

pathogenss (6, 7). 

IL-122 is a heterodimeric protein (p70) composed of two disulfide-linked subunits, p35 

andd p40. For the generation of bioactive IL-12p70, both subunits are required although 

theirr expression is independendy regulated (8). Secreted IL-12p70 binds to and signals 

throughh the high affinity IL-12R, which consists of a constitutively expressed IL-12Rpl 

chainn and an inducible low affinity IL-12R|32 chain. The p40 subunit is responsible for 

IL-12RR binding (9) and is mainly produced as monomer and homodimer (^40)̂  in 

excesss of the p70 heterodimer (10). Although p40 monomer is neither antagonistic nor 

agonisticc with respect to IL-12 bioactivity, the homodimeric form seems to inhibit IL-12 

functionn in vitro by competing with heterodimer for the high affinity IL-12R on 

responderr T lymphocytes and NK-cells (11-13). Since secretion of IL-12p70 is associated 

withh excess production of the p40 subunit, it has been suggested that (p40)2 plays a 

criticall  role as a natural antagonist of IL-12. However, (p40)2 has also been reported to 

stimulate,, rather than to inhibit, Thl development in vitro, resulting in an increase in IFN-

yy production (14). An agonistic role for (p40)2 has also been suggested by three studies 

revealingg phenotypic differences between IL-12p35-/- and IL-12p40-/- mice in 

alloantigenn Thl responses following heart transplantation (15), in defense to infection 
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withh Crytoccoccus neoformans (16), and M. bovis (17). Since p40 has been shown to have both 

agonisticc and antagonistic effects on bioactive IL-12, we wanted to obtain more insight in 

thee role of p40 during pulmonary mycobacterial infection in vivo. Therefore, we generated 

transgenicc mice that overexpress p40 under control of the lung specific surfactant protein 

CC promoter (18) (SP-C), and studied host defense mechanisms in p40 Tg mice during 

pulmonaryy tuberculosis. 

MATERIA LL  &  METHOD S 

Animals Animals 

FVB/NN mice were obtained from Harlan Nederland (Horst, The Nemerlands). Foster 

motherss were on the BDF background (C57BL6/DBA Fl Hybride) and were bred in 

ourr central animal facility. For the experiments with M. tuberculosis, female mice between 

thee ages of 7 and 9 weeks were used. Each experimental group consisted of eight mice 

perr group. In all experiments, sex and age matched controls were used. All experiments 

weree approved by the Institutional Animal Care and Use Committee of the Academic 

Medicall  Center (University of Amsterdam, The Netherlands). 

GenerationGeneration of lung specific ÏLr12p40 transgenic mice 

Al ll  DNA manipulations were done by standard methods. A 3.7 kb fragment consisting 

off  the SP-C promoter, kindly donated by Dr. Stephan W. Glasser, was excised from the 

pUC18SP-CC plasmid (18). This promotor confers expression in bronchiolar and type II 

epitheliall  cells in the adult mouse lung (18, 19). The SP-C promoter was inserted by 

blund-endd ligation in the expression vector pCI-CMV (Promega, Leiden, the 

Netherlands)) thereby replacing the CMV promoter. The pCI/SP-C/p40 construct was 

obtainedd by introducing mouse IL-12-p40 cDNA in to the Xho I/Not I site of the pCI 

vectorr containing the SP-C promoter. The SP-C-p40 construct was released by digestion 

withh Bgl II and Nae I and purified by agarose gel electrophorese followed by dialysis 

againstt AnalaR water. A 3 ng/ml solution of the linear construct was microinjected into 

pronucleii  of fertilized FVB/N eggs. After egg transplantation into pseudo-pregnant 

fosterr mothers, transgenic offspring was identified by Southern blot analysis and PCR of 

genomicc DNA isolated from tail biopsies. 

112 2 



CHAPTERR 6 

DNADNA isolation and Southern blot analysis 

Onee cm tail from FVB/N mice were harvested and 500 (il lysing buffer (lOOmM Tris 

buffer,, pH 8.5; 5mM EDTA; 0,2% SDS; 200mM NaCl; 100 ng/nl proteinase K) was 

addedd and incubated overnight at 55°C in a shaking disc. DNA extraction was performed 

byy means of phenol and chloroform extraction and isopropanol precipitation. Thereafter, 

DNAA was resuspended in sterile water and stored at -20°C until further use. Ten ng 

DNAA was digested by BAMHI overnight For Southern blot analysis DNA was 

separatedd on a 0.8% agarose gel. The gel was soaked for 10 min in 0.2 M HC1, thereafter 

denaturedd in 0.2 M NaOH/1.5 M NaCl for 45 min and 2x20 min neutralized in 0.5 M 

TRIS/HC11 pH7.4 containing 1.5 M NaCl. Thereafter, DNA was transferred to a Nytran 

Nylonn membrane using the turboblot system (Schleicher & Schuell, Dassel, Germany) 

andd the DNA was UV-crosslinked. The filters were pre-hybridized at 65 °C in 5xSSC, 5x 

denhardts,, 0.5% SDS containing 100 ug/ml herring sperm DNA. Thereafter, the filters 

weree hybridized with IL-12 p40 cDNA labelled with deoxycytidine 5'-[a-3ZP] 

triphosphatee ([a-32P]dCTP, 3000Ci/mmol) as described under "Northern blot analysis' 

andd the signal was detected using a Molecular Dynamics phosphor imager (Amersham 

Biosciences,, Sunnyvale, CA). 

PCRPCR analysis 

Thee PCR was performed with 100 pg genomic DNA in a reaction mixture of 1.0 mM 

deoxynucleotidee triphosphates (dNTP's), 10 mg/ml BSA, 2% DMSO, lOx Pol buffer 

(0.677 M Tris-HCl, pH 8.8; 67 mM MgCl2; 0,1 M B-mercaptoethanol; 67 ^M EDTA; 

0.1666 MfNH^SCg, 0.5 uM of the SP-C-primer (5'-GGACACATATAAGACCC-TGG-

30,, 0.5 uM of the p40 primer (S'-TTTGGTGCTTCACACTTCAGG^5) and 5 U/^il 

DNAA polymerase (AmpliTaq, Perkin Elmer, Norwalk, CT). Reactions for the p40 

transgenee were subjected to 30 cycles on a thermocycler (Perkin Elmer Applied 

Biosystems,, Norwalk, CT) consisting of 95°C for 1 min, 58°C for 1 min and 72°C for 2 

min,, respectively. All PCR mixtures were subjected to denaturation at 95°C for 5 min 

beforee the first cycle, and to final extension at 72°C for 10 min after the last cycle. The 

amplifiedd products were size fractioned by electrophoresis on a 1.0% agarose gel, 

followedd by ethidium bromide staining for UV-assisted visualization. 
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NorthernNorthern blot analysis  analysis 

RNAA was isolated using TRIZOL (Gibco BRL life technologies, Gaithersburg, Md.) 

accordingg to die manufacturers manual. Samples of 20 ]Xg of total RNA were seperated 

onn a 0.8% agarose gel containing 6.6% formaldehyde and transferred onto Nytran nylon 

membranee using the turbo-blot system (Schleicher & Schuell). The RNA was fixed to the 

membranee by 3 min treatment in a microwave oven at full setting (650W). The filters 

weree pre-hybridized for 1 hour at 42°C in 50% (v/v) formamide, 5x SSPE, 5x Denhardt, 

0.5%% (w/v) SDS and 100 JXg/ml denaturated herring sperm DNA. Thereafter, filters 

weree hybridized at 42°C overnight with mouse IL-12 p40 cDNA, labeled with [a-32P] 

dCTPP according to the random primed labeling techniques using Amersham Rediprime 

labellingg kit. The signal was detected by Molecular Dynamics phosphor Imager 

(Amershamm Bioscience). The ribosomal DNA was stained on filters with methylene blue 

inn order to assess equal RNA loading and transfer (20). 

PreparationPreparation of lung tissue andplasma forELIS"A. 

Micee were anaestesized by FFM (fentanyl citrate 0,079 mg/ml, fluanisone 2,5 mg/ml, 

midazolamm 1,25 mg/ml in H20; of this mixture 7,0 ml/kg intraperitonally). Blood was 

obtainedd from the vena cava inferior and plasma was separated by centrifugation at 3.000 

rpmm for 7 min at 4°C. Lungs, were harvested and immediately homogenized in 9 

volumess of lx lysis buffer (0,5% Triton X-100, 150mM NaCl, 15mM Tris, 1 Mm CaCl2 

andd 1 mM MgCl'H20; pH 7.40) at 4°C using a tissue homogenizer (Biospec Products, 

Bartlesville,, OK). The homogenates were first centrifuged at 4.000 rpm for 10 min and 

thenn at 14.000 rpm for 10 min to remove cell debris, after which the supernatants were 

storedd at -20°C. The following ELISA's were used according to the instructions of the 

manufacturer:: IL-12 p40, IL-12 p70 (Pharmingen, San Diego, CA) and IFN-y, TNF-a 

IL-4,, MIP-2, MIP-la, (R&D Systems, Minneapolis, MN). 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced intranasally (i.n.) as described previously (21, 22). 

Briefly,, a virulent laboratory strain of M. tuberculosis H37Rv was grown in liquid Dubos 

mediumm containing 0.01% Tween 80 for 4 days. A replicate culture was incubated at 

37°C,, harvested at mid-log phase and stored in aliquots at -70°C. For each experiment, a 

viall  was thawed and washed twice with sterile 0.9% NaCl. Mice were anaesthetized by 
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inhalationn with isoflurane (Abbott Laboratories Ltd., Kent, U.K.) and i.n. infected with 

lxlO 44 live M. tuberculosis bacilli in 50 ul sterile saline, as determined by viable counts on 

7H111 Middlebrook agar plates. Bacterial counts recovered from lungs one day 

postinfectionn (p.i.) were shown previously to be similar to the number of bacteria in the 

inoculumm (22). 

EnumerationEnumeration of bacteria 

Groupss of eight mice per time point were sacrificed 2 or 5 wk p.i., and lungs, and liver 

weree removed aseptically. Organs were homogenized with a tissue homogenizer (Biospec 

Products,, Bartlesville, OK) in 5 volumes of sterile 0.9% NaCl, and 10-fold serial dilutions 

weree plated on Middlebrook 7H11 agar plates to determine bacterial loads. Colonies were 

countedd after 21-day incubation at 37°C. 

Histology Histology 

Lungss were removed 2 or 5 weeks after inoculation with M. tuberculosis and fixed in 4% 

paraformaldehydee in PBS for 24 hours. After embedding in paraffin, 4-um-thick sections 

weree stained with hematoxylin-eosin for histology analysis. 

LungLung cell differentiation 

Pulmonaryy cell suspensions were obtained by crushing lungs through a 40 îm cell 

strainerr (Becton Dickinson, Franklin Lakes, NJ) as described previously (22). 

Erythrocytess were lysed with ice-cold isotonic NH4C1 solution (155 mM NH4C1, 10 mM 

KHC03>> 100 mM EDTA, pH 7.4), the remaining cells were washed twice with RPMI 

16400 (Bio Whittaker, Verviers, Belgium), and counted by using a hemacytometer. The 

numberr of M9S, polymorphonuclear cells (PMNs) and lymphocytes were calculated from 

thesee totals, using cytospin preparations stained with modified Giemsa stain (Diff-Quick, 

Baxter,, McGraw Perk, IL). 

SplenocyteSplenocyte stimulation  stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jxm cell strainer. 

Erythrocytess were lysed, and the remaining cells were washed and counted by using a 

hemacytometer.. Splenocytes were suspended in medium (RPMI 1640, 10% fetal calf 

serumm (PCS), 1% antibiotic-antimycotic (GibcoBRL, Life Technologies, Rockville, MD)), 

seededd in 96-weli round bottom culture plates at a cell density of lxlO 6 splenocytes in 
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triplicate,, and stimulated with 20 Hg/ml tuberculin-purified protein derivative (PPD) 

(Statenss Seruminstitut, Copenhagen, Denmark). Supernatants were harvested after a 48-h 

incubationn at 37°C in 5% C02, and cytokine levels were analyzed by enzyme-linked 

immunosorbantt assay (ELISA). 

StatisticalStatistical analysis 

Alll  values are expressed as mean + standard error of the mean (SEM). Comparisons 

weree done with Mann-Whitney U tests. Values of P < 0.05 were considered statistically 

significant. . 

RESULTS S 

EstablishmentEstablishment ofSP-C/p40 transgenic mice 

Thee SP-C/p40 construct shown in Fig. 1 

wass microinjected into fertilized eggs to 

generatee transgenic mice in which p40 

expressionn was targeted to the lungs. 

Transgenityy was confirmed by performing 

Southernn blotting, using a specific probe for 

murinee p40, and by PCR using a primer set 

specificc for the SP-C promoter and murine p40 as indicated in figure 1. A representative 

Southernn blot and PCR analysis are shown in figure 2A and B, respectively. Twelve mice 

carryingg the p40 transgene were generated. One of the mice with the highest expression, 

containingg about 11 copies of the transgene compared to endogenous p40, was mated 

withh a FVB/N mouse and transmitted the transgen to the offspring. After 5 generations 

homozygoticc transgenic mice were identified and fhese were mated to generate 

homozygoticc offspring. Upon gross necroscopy, no apparent abnormality was detected 

inn organs of the p40 Tg mice, including lung. P40 Tg mice were apparendy normal size 

andd weight, and both sexes were fully fertile. To examine tissue specificity of the p40 

transgenee expression, total RNA was prepared from various tissues of p40 Tg animals 

whenn they were 7 weeks of age and Northern blot analysis was performed. As can be 

seenn in figure 3, p40 mRNA was detected in the lung of Tg animals. No p40 mRNA was 

Figur ee 1 SP-C/p40 DNA construct. Th 
constructt contains a 3.7 kb fragment from the 
SP-CC promoter, a 1 kb murine IL-12p40 
cDNAA fragment, an intron and SV 40 
polyadenylationn sequences.Restriction sites 
andd primers used in the PCR are indicated. 
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detectedd 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. 

HighHigh lung andplasmap40 levels inp40 Tg mice 

Too examine p40 levels in the lungs of Tg animals and to establish whether p40 was 

circulating,, lung and plasma were assayed for p40 in a sandwich ELISA when mice were 

77 weeks of age. High concentrations of lung and plasma p40, 18.0  1.1 ng/ml and 4.7

0.244 ng/ml respectively, were found in p40 Tg animals compared to control levels (0.55 

ng/mll  and 0.15 ng/ml, respectively). Furthermore, we tried to detect lung and plasma 

IL-122 p70 in an ELISA in order to see if high 

levelss of IL-12p40 resulted in an increase of 

bioactivee IL-12 p70. The concentration of p70 

inn p40 Tg animals was around the detection 

limi tt of the ELISA (62.5 pg/ml) in both lung 

homogenatess as plasma and comparable with 

thatt in control mice, indicating that this 

enhancedd p70 production did not occur in p40 

Tgg mice. Because it was shown that p40 

homodimerr can induce IFNy production by T 

cellss (14) we wanted to investigate lung and 

plasmaa IFNy levels. No difference between 

lungg and plasma levels in Tg animals compared 

too controls was observed (data not shown). 

H H 
IL-12p400

1BSS -

28SS * 

28ss §!f ,i,,l !al§*l11 
1 2 3 4 5 6 7 8 99 10 

Figur ee 3 p40 mRNA expression in the 
lungg of SP-C/p40 Tg mice. Organs were 
obtainedd from 7 weeks old Tg and Wt 
mice.. Cellular RNA (20 ug) was analyzed 
byy Northern blotting as described in the 
Methodss section. Lane 1: lung Tg, 2: liver 
Tg,, 3: heart Tg, 4: intestine Tg, 5: kidney 
Tg,, 6: lung Wt, 7: liver Wt, 8: heart Wt, 9: 
intestinee Wt, 10: kidney Wt. 
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IncreasedIncreased production ofp40 andp70 inp40 Tg mice during tuberculosis 

IL-122 has been demonstrated to play an important role in the development of protective 

immunityy against intracellular pathogens. To examine the effect of p40 overexpression 

onn p40 and p70 levels during mycobacterial infection, we i.n. inoculated p40 Tg and Wt 

micee with a virulent strain of M. tuberculosis and sacrificed them after 2 and 5 wk. As 

expected,, very high concentrations of IL-12p40 were measured in lungs of p40 Tg mice 

att both time points following infection. Lungs of p40 Tg mice contained 18-fold and 1.6-

foldd more IL-12p40 than Wt mice at respectively 2 (P=.001) and 5 wk p.i. (P=.003, Fig. 

4).. In addition, the level of IL-12p70 was 4.4 (2 wk p.i., P=.001) and 11.8 (5 wk p.i., 

P=.002)) times elevated in the lung of p40 Tgmice compared to Wt mice (Fig. 4). 
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Figur ee 4 Pulmonary p40 and p70 levels are significantly increased in p40 Tg mice compared to Wt mice 2 
andd 5 wk after infection with M. tuberculosis. Data are presented as the mean and SEM for 8 mice per 
group.. *P < 0.05. 

HistopathologyHistopathology of lung tissue 

Too examine tissue responses, histological assessment of lungs from mice sacrificed at 2 

andd 5 wk after mycobacterial infection was conducted. Two weeks after M. tuberculosis 

inoculationn lungs of Wt mice exhibited prominent lymphocytic interstitial inflammation 

withh formation of small granulomas and slight pleuritis (Fig. 5A). In contrast, lungs of 

p400 Tg mice presented only slight interstitial inflammation (Fig. 5B). After 5 weeks the 

inflammatoryy infiltrates in lungs of all mice became more diffuse and intense with 

prominentt lymphocytic perivascular inflammation and foamy macrophages in the alveoli. 

Thee degree and the cellular composition of the inflammatory infiltrates were comparable 

inn Wt (Fig. C) and p40 Tg (Fig. D) mice. 
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ImpairedImpaired leukocyte recruitment to lungs ofp40 Tg mice 

Too analyze leukocyte influx in a more quantitative way, pulmonary cells were isolated, 

countedd and differentiated by performing a modified Giemsa staining on cytospin 

preparations.. An increase in total cell numbers was observed in each group of mice 

throughoutt the course of the experiment (Fig. 6). However, p40 Tg mice had 3- (2 wk, 

P=.003)) and 1.6- (5 wk, P=.009) fold less leukocytes isolated from their lungs compared 

withh Wt controls (Fig. 6). Analysis of lung cell populations revealed that 2 times less Mips 

(P=.01),, 3 times less PMNs (P=.005) and 2.5 times less lymphocytes (P=.06) were 

presentt in p40 Tg mice compared to Wt mice 2 wk pi.. At 5 wk p.i., the absolute number 

off  Mips was similar in both groups. Although, 23% less lymphocytes were present at this 

timetime point in lungs from p40 Tg mice, this was not significantly different from Wt mice. 

Thee absolute number of PMNs were 2.3 times lower in the p40 Tg mice as compared 

withh Wt mice 5 wk p.i. (P<.001). 
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croohagess lymphocytes 

Figur ee 6 Analysis of leukocyte populations in lungs of Wt and p40 Tg mice infected i.n. for 2 or 5 wk 
withh M. tuberculosis. The number of leukocytes in lungs of p40 Tg mice was significantly lower than of Wt 
micee at both time points. Leukocyte differentiation revealed that p40 Tg mice had significantly less Mcps 
(22 wk), lymphocytes (2 wk), and PMNs (2 and 5 wk) in their lungs compared to Wt mice. Data are 
presentedd as the mean and SEM for 8 mice per group. *P < 0.05. 

ReducedReduced chemokine levels in p40 Tg mice early in the infection 

Sincee the inflammatory infiltrate was less profound in p40 Tg mice early in the infection, 

wee measured pulmonary TNFa, a potent agonist of chemokine expression, and C-X-C 

chemokinee macrophage inflammatory protein (MIP)-2 and C-C chemokine MIP-la. 

MIP-22 is predominantly chemotactic toward PMNs (23), whereas MIP-la preferentially 

augmentt monocyte/macrophage and lymphocyte recruitment (24). Interestingly, p40 Tg 

micee had respectively 1.4, 2.7, and 3 times less TNFa (P=.047), MIP-2 (P=.006), and 

MIP-l aa (P=.017) in their lungs than Wt mice 2 wk p.i. (Fig. 7). After 5 wk TNFa and 

MIP-22 levels were similar in both group of mice, whereas MIP-la was 2 times lower in 

p400 Tg.mice compared to Wt mice (P=.02) (data not shown). 

L L 
X X 

Wtt p40 Tg 

Figur ee 7 P40 Tg mice had decreased expression of TNFa, MIP-2, and MIP- l a in their lungs 2 wk after 
infectionn as compared with Wt mice. Data are presented as the mean and SEM for 8 mice per group. 
*P*P < 0.05. 
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Th1Th1 dominant cytokine profile in lungs from p40 Tg mice late in the infection 

Sincee the Thl/Th2 balance is critical to anti-mycobacterial host defense, we examined 

diee pulmonary concentration of type 1 cytokine IFN-y, and type 2 cytokine IL-4 2 and 5 

wkk p.i.. IFN-y, and IL-4 concentrations were similar in Wt and p40 Tg mice 2 wk p.i. 

(dataa not shown). In contrast, later in the infection (5 wk p.i.) IL-4 was 60% lower in 

lungss of p40 Tg mice compared to Wt mice (P=.002, Fig. 8). IFN-y levels were yet again 

nott different in both groups of mice at this time point (Fig. 8). 
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Figur ee 8 P40 Tg mice have an 
increasedd Th l /Th2 balance com-
paredd to Wt mice since they have 
unalteredd pulmonary IFN-y (Thl) 
levelss and reduced IL-4 (Th2) 
levelss when compared to Wt mice 
55 wk pi .. Data are presented as the 
meann and SEM for 8 mice per 
group.. *P < 0.05. 

IncreasedIncreased Ag-specific IFN-y response inp40 Tg mice following. M. tuberculosis infection 

Too more directly examine CMI responses in p40 Tg mice and their relationship with 

susceptibilityy to M. tuberculosis infection, we analyzed the Ag-specific IFNy production of 

splenocytess from p40 Tg and Wt mice following M. tuberculosis infection in response to 

thee recall-antigen PPD. We found that 2 wk p.i. IFN-y levels were similar in both groups 

off  mice. In comparison, later in the infection splenocytes from p40 Tg mice released 2.3 

timess more IFN-y upon PPD stimulation than Wt mice (P=.005, Fig. 9). These results 

suggestt that increased p70 levels in lungs from p40 Tg mice enhanced the ability of 

splenocytess to display a Ag-specific IFNy response. 

Figur ee 9 Splenocytes from p40 
Tgg mice mount an increased Ag-
specificc IFNy response to 
mycobacteriall  antigen compared 
too Wt mice 5 wk p.i.. 
Splenocytess were harvested 2 
andd 5 wk after i.n. inoculation 
withh M. tuberculosis, and 
stimulatedd for 48 h. Data are 
presentedd as the mean and SEM 
forr 8 mice per group. *P < 0.05. 
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IncreasedIncreased susceptible ofp40 Tg mice to pulmonary M. tuberculosis infection 

Too examine the impact of p40 overexpression on the in vivo growth of M. tuberculosis in 

thee lung, we determined the mycobacterial load 2 and 5 wk p.i. Early in the infection 

~28%% more CFUs were found in lungs from p40 Tg mice as compared to Wt mice (Fig. 

10)) (not significandy different). No mycobacteria were disseminated to the liver in either 

groupp at this time point. Five wk after the infection, p40 Tg mice had 118% more M. 

tuberculosistuberculosis CFUs than Wt mice (Fig. 10, P=.021). In the liver of p40 Tg mice 144% more 

viablee mycobacteria were found, although this difference with Wt mice did not reach 

statisticall  significance due to large variation (Fig. 10). Together, these data indicate that 

p400 Tg mice are more susceptible to M. tuberculosis infection than Wt mice as 

demonstratedd by reduced clearance of M, tuberculosis infection from the lung and liver late 

inn the infection. 
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Figur ee 10 Increased mycobacterial outgrowth in lungs and livers of p40 Tg mice compared to Wt mice 5 

wkk after i.n. infection with lx lO 4 M. tuberculosis bacilli. Data are presented as the mean and SEM for 8 
micee per group. *P < 0.05. 

DISCUSSION N 

Inn the present study, we generated transgenic mice that overexpress p40 

specificallyy 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 

animalss compared to p40 levels in control Wt mice. Also, p40 plasma levels were 

increasedd in p40 Tg mice due to secretion of p40. In contrast, no apparent increase in 

lungg and plasma IL12-p70 levels was observed in p40 Tg mice, likely because in non-

infectedd Tg animals not enough p35 is available for dimerization with the p40 subunit. In 
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addition,, no increase in IFNy production was found in Tg animals, arguing against a 

directt agonistic effect of p40 overexpression under basal condition. 

IL-122 is involved in the chemotactic activity for Mcps (25-28), T cells (26, 29) and 

PMNss (30) by enhancing pro-inflammatory cytokine and chemokine expression (26, 28, 

31).. Since p40 overexpression led to an early defect in chemokine expression and 

leukocytee recruitment, these results are most compatible with the inhibition of the 

chemotacticc bioactivity of IL-12 at its receptor by elevated p40 concentrations. Most 

likely,, this early impaired leukocyte recruitment in p40 Tg mice at least in part was 

responsiblee for the relatively enhanced outgrowth of M. tuberculosis in lungs of p40 Tg 

mice.. Indeed, resistance against M. tuberculosis depends primarily on Mcps and T cells and 

thee interaction between these cells (32). Furthermore, decreased TNFa levels in lungs 

fromm p40 Tg mice early in the infection may play a role in this since TNFa is important 

forr activating Mcps to kill intracellular pathogens (33). Together, we suggest that IL-

12p400 acts as an antagonist for IL-12-mediated leukocyte migration to the M. tuberculosis 

infectedd lung by reducing TNFa, a potent agonist of chemokine expression, and die 

chemokiness MIP-2 and MIP-la. These data demonstrate a new mechanism by which die 

bioactivityy of IL-12 is regulated during mycobacterial infection. One could hypothesi2e 

diatt p40 homodimers may act as a physiological regulator of IL-12-mediated chemotaxis 

off  inflammatory cells in order to restore pulmonary homeostasis. 

Aldioughh we did not measure the relative synthesis of p40 monomers and 

homodimers,, odiers have found diat 5 to 30% of die excess p40 diat is produced by 

activatedd adherent peritoneal exudate cells consists of p40 homodimers (3). Similarly, 

Heinzell  et al. have shown that p40 homodimer accounts generally for one-quarter to one-

thirdd of the total p40 in serum of control and endotoxin-treated mice (34). Hence, it is 

likelyy mat p40 Tg mice likewise display elevated levels of p40 homodimers in their lungs 

comparedd to Wt mice. 

Twoo recent studies revealed a protective role for p40 during mycobacterial 

infection,, as indicated by the finding diat p35 KO mice were less susceptible for 

infectionn with mycobacteria than p40 KO mice (17, 29). P40 can also bind to pi 9 to 

formm IL-23, a novel cytokine that has similar biological activities as IL-12p70 (35). While 

Cooperr et al. suggest diat the increased resistance could be due to the formation of IL-23 

inn p35 KO mice, Hölscher et al. suggest diat the agonistic effect of endogenous and 

exogenouss p40 can accomplish diis. The present study demonstrates that mice 
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overexpressingg p40 in lung have an increased susceptibility for tuberculosis, indicating 

thatt p40 by itself does not mediate resistance during mycobacterial infection. Since in the 

formerr two studies p70 could not be formed, a possible antagonistic effect of p40 on p70 

inin vivo could not be studied. By overexpressing p40 in the lung, we introduced an 

increasedd competition between p40 and p70 for binding to IL-12R and demonstrated an 

antagonisticc effect of elevated p40 concentrations on previously established IL-12 

functions,, i.e. chemokine expression and recruitment of leukocytes and resistance against 

mycobacteriall  infection (4, 26, 28). 

Remarkably,, p40 Tg mice displayed a relative "type 1 phenotype" at 5 weeks p.i., 

ass reflected by a increased IFN-y/IL-4 ratio in lung tissue and by enhanced Ag-specific 

IFN-yy release by splenocytes. At this time point profoundly elevated IL-12p70 

concentrationss were measured in the lungs of p40 Tg mice, suggesting that, unlike the 

situationn in uninfected mice, tuberculosis triggers the production of p35 which in the 

presencee of excess p40 results in the generation of more IL-12p70. It is conceivable that 

thesee elevated IL-12p70 concentrations occurring later in the course of the infection 

overcamee the antagonistic effects of p40, especially since at 5 weeks p.i. the difference 

betweenn p40 Tg and Wt mice with respect to p40 levels was by far less profound as at 2 

weekss p.i. In spite of this relative type 1 response in p40 Tg animals 5 weeks p.i., the 

mycobacteriall  load was increased in these mice. These data suggest that the early immune 

responsee in Tg mice, dominated by elevated p40 concentrations and associated with a 

reducedd recruitment of different leukocyte subsets to the lungs, was more decisive for 

thee number of M. tuberculosis CFU's at 5 weeks p.i.. 

Wee here report that lung specific overexpression of p40 in mice does not result in 

aa phenotype with evidence of IL-12-like agonistic properties. During pulmonary 

infectionn with M. tuberculosis, p40 Tg mice displayed characteristics of an IL-12 

antagonisticc phenotype, as indicated by a diminished chemokine expression and 

recruitmentt of leukocytes to the lung early in the infection and a subsequently increased 

mycobacteriall  load. Yet, later during the infection, enhanced expression of p40 also 

resultedd in elevated levels of IL-12p70 and an increased Ag-specific IFN-y response. 

Unfortunately,, reagents to study the effect of p40 transgene expression on IL-23 protein 

levelss were not available to us. Additional research is warranted to further define the role 

off  p40 in the biology of IL-12 and IL-23 during intracellular infections. 
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