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The gene for natural resistance-associated macrophage protein 1 (VRAMPI1) plays a dominant role in con-
trolling the resistance of inbred mice to infection with intracellular bacteria, such as Mycobacteria, Salmonella,
and Leishmania. NRAMP1 is a membrane protein with a consensus transport motif present in one of the intra-
cellular loops. Although its functions remain unclear, recent clues suggest that NRAMP1 protein plays a poten-
tial role in ion transport, which presumably accounts for the ability of this single protein to regulate the
intraphagosomal replication of several species of antigenically unrelated intracellular pathogens. Expression
of NRAMP1 in mice can be induced by lipopolysaccharide (LPS) or bacterial infection; however, little is known
about the mechanisms of induction. Here, we report the cloning of the full-length cDNA for porcine NRAMP1,
which had over 85% identity in amino acid sequence to its congeners from humans, mice, cattle, and sheep. As
for its mammalian congeners, expression of porcine NRAMPI mRNA was cell and tissue specific and was high-
est in macrophages. Investigation of the molecular mechanisms by which NRAMPI is induced showed that
LPS-induced expression in macrophages, neutrophils, and peripheral blood mononuclear cells was time and
dose dependent and was mediated primarily through CD14. Induction of NRAMPI required de novo protein
synthesis, and mitogen-activated protein kinases (MAPK) were essential. Blockage of either p38 or p42/44 MAPK
pathways suppressed the expression of NRAMPI to basal levels. These findings suggest that bacterial infection

and proinflammatory mediators induce NRAMP1 expression via activation of MAPK pathways.

The resistance or susceptibility of inbred mouse strains to
infection with intracellular pathogens, including Mycobacteria,
Salmonella, and Leishmania, is controlled by the gene encod-
ing the natural resistance-associated macrophage protein 1
(NRAMPI) (46-48). Susceptibility of inbred mice to infections
is associated with a single substitution of aspartic acid for
glycine at position 169 of the protein (46). Mouse NRAMP1
protein exhibits all of the hallmarks of a typical integral mem-
brane protein, including 12 putative transmembrane (TM) do-
mains and a consensus transport motif between TMS8 and TM9
(46, 48). With more homologues identified, NRAMP1 now is
established as an ancient family of highly homologous mem-
brane proteins, because all of the above features are well con-
served in its congeners in mammals, insects, plants, and several
bacterial species (6, 7). Recent studies have indicated that
polymorphisms of the human NRAMPI gene are associated
with an increase in susceptibility to tuberculosis and leprosy
and possibly with the pathogenesis of rheumatoid arthritis (2,
16). In addition to disease resistance, several members of the
NRAMPI gene family are involved in intestinal iron transport
(14, 15, 20).

NRAMP1 protein is phagocyte specific and is located on the
endosomal/lysosomal compartment of the macrophage rather
than the plasma membrane (19, 39). It is recruited rapidly to
the phagosomal membrane upon phagocytosis. Although mech-
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anisms by which a single NRAMP1 protein confers the resis-
tance of mice to several species of antigenically and taxonom-
ically unrelated intracellular bacteria remain obscure, recent
clues suggest that it may regulate the intraphagosomal repli-
cation of intracellular bacteria by limiting divalent cation con-
centrations (16). Expression of NRAMPI in murine macro-
phages is induced in response to lipopolysaccharide (LPS),
gamma interferon (IFN-v), or bacterial infection (3, 4, 17, 18).
Induction of NRAMPI by inflammatory or infectious agents
may be used to better respond to exogenous insults, such as
intracellular infections. However, little is known about the
mechanisms and signal transduction pathways by which the
NRAMPI gene is induced in response to these stimuli.
Membrane-bound CD14 plays a central role in the initiation
of signal transduction in response to LPS in monocytic cells
(12, 43, 45). It is well known that one of the initial events
leading to macrophage activation is protein tyrosine phosphor-
ylation following the engagement of LPS with CD14 (9, 13, 43).
Among the most prominent and best characterized tyrosine-
phosphorylated proteins are mitogen-activated protein kinases
(MAPKS) (9, 13, 41, 43). Activation of MAPK cascades results
in the phosphorylation and activation of transcription factors,
including activator protein 1, nuclear factor, interleukin-6 (IL-
6), and NF-«kB, which in turn transactivate a vast array of im-
mune and inflammatory genes. To date, three major pathways
mediated by MAPKSs, namely, p38, p42/44 (extracellularly reg-
ulated kinase [ERK]), and c-Jun N-terminal kinase (JNK)/
stress-activated protein kinase (SAPK), have been implicated
in LPS-induced activation of macrophages (9, 13, 43). Binding
of IL-1 and tumor necrosis factor alpha (TNF-a) to their re-
spective receptors triggers the activation of NF-kB and AP-1,
which also involves MAPKs, particularly NF-kB-inducing ki-
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nase and MAPK/ERK kinase kinase (MEKK1), a kinase of the
JNK/SAPK pathway and an activator of IkB kinase (28, 31-33,
38, 49).

Here, we report the cloning of the full-length cDNA for
porcine NRAMP]I, which was used as a model to investigate the
molecular mechanisms of NRAMP] induction in macrophages
by proinflammatory mediators. We show that LPS-induced
expression of NRAMPI is CD14 dependent and requires de
novo protein synthesis. Furthermore, we provide evidence that
MAPKSs, particularly p38 and p42/44 (ERK1/2) MAPK, are
involved in the induction of NRAMPI expression in response
to LPS, TNF-a, and IL-1pB.

MATERIALS AND METHODS

Animals and reagents. Healthy, 6- to 8-week-old crossbred pigs were obtained
from the Kansas State University Swine Research Unit and housed in an envi-
ronmentally controlled isolation facility at the university. The pigs were deter-
mined to be free of both clinical signs of salmonellosis and detectable Salmonella
organisms in fecal cultures 1 day prior to use in our experiments. Media (RPMI
1640, Dulbecco’s modified Eagle’s medium, and Hanks balanced salt solution
[HBSS]), antibiotics, Trizol reagent, and Platinum Taq polymerase all were
purchased from Life Technologies (Rockville, Md.). Fetal bovine serum (FBS;
low endotoxin) was from HyClone Laboratories (Logan, Utah). LPS from Sal-
monella enterica serovar Typhimurium, polymyxin B, cycloheximide, dexameth-
asone, and mouse immunoglobulin G2b isotype control were purchased from
Sigma (St. Louis, Mo.). My4, a mouse immunoglobulin G2b monoclonal anti-
body (MAD) against human CD14, was from Coulter (Hialeah, Fla.). Recombi-
nant human IL-1B and porcine TNF-a were obtained from R&D Systems (Min-
neapolis, Minn.) and Endogen (Woburn, Mass.), respectively. The MAPK inhibitors
PD98059 and SB203580 were purchased from Calbiochem (San Diego, Calif.).

Cell isolation, culture, and stimulation. Peripheral blood mononuclear cells
(PBMCs), peripheral blood polymorphonuclear neutrophils (PMNs), and alve-
olar macrophages were isolated as previously described (26, 40, 51). Briefly,
PBMCs and PMNs were obtained from heparinized venous blood by density
gradient centrifugation followed by hypotonic lysis of erythrocytes. Purified cells
were suspended at 2 X 10%ml in RPMI 1640 containing 10% FBS, 100 U of
penicillin per ml, and 100 wg of streptomycin per ml and then seeded into six-well
tissue culture plates. Following a 1-h incubation at 39°C with 5% CO,, the cells
were stimulated with 0.1 wg of LPS per ml for various times before being
harvested for RNA extraction. For isolation of alveolar macrophages, 400 to 500
ml of sterile HBSS per lung was infused into caudal lung lobes in 50-ml aliquots.
Lavage fluid was pooled and subjected to hypotonic lysis if erythrocytes were
visible. Cells were suspended at 3 X 10° to 5 X 10%ml in Dulbecco’s modified
Eagle’s medium containing 10% FBS, 100 U of penicillin per ml, and 100 ug of
streptomycin per ml and cultured at 39°C under 5% CO, in six-well tissue culture
plates. Following a 2-h incubation, nonadherent cells were removed by gently
washing twice with HBSS. Adherent cells were cultured in fresh medium and
used in subsequent stimulation studies by using the methods outlined in the
respective figure legends.

S. enterica serovar Typhimurium infection. Infection studies began 1 week
after pigs were acclimated to the isolation facility. Pigs were gavaged with 10°
CFU of S. enterica serovar Typhimurium suspended in growth medium. The
bacterial strain was a primary isolate from a clinical case of salmonellosis in pigs
and was confirmed to be a pure culture of S. enterica serovar Typhimurium by the
National Veterinary Services Laboratory (Ames, Iowa). Clinical signs for bacte-
rial infections were monitored throughout the experiment. Three to four pigs
were euthanized at 6, 12, 24, and 48 h postinfection. Four control pigs were
gavaged with growth medium alone and euthanized at 6 h. Samples of liver and
spleen, collected from control and infected pigs, were homogenized in Trizol
reagent and subjected to RNA isolation. All experiments were performed in
accordance with guidelines of the Institutional Animal Care and Use and Bio-
safety Committees of Kansas State University.

3’-RACE. The full-length cDNA sequence of porcine NRAMPI was obtained
using a 3'-rapid amplification of cDNA ends (RACE) kit (Life Technologies) as
specified by the manufacturer. Briefly, 2 g of total RNA from porcine alveolar
macrophages was heat denatured for 10 min at 70°C and subjected to reverse
transcription using the adapter primer 5'-GGC CAC GCG TCG ACT AGT AC
(T),7-3". The reaction was performed for 1 h at 42°C followed by 20 min at 50°C
in a total volume of 20 pl containing 200 U of SuperScript II reverse transcrip-
tase (RT), 0.5 uM adapter primer, 20 mM Tris-HCI (pH 8.4), 50 mM KCl, 2.5
mM MgCl,, 10 mM dithiothreitol DTT, and 0.5 mM each deoxynucleoside
triphosphate. After degradation of RNA template with RNase H, 1/10 of the
resulting first-strand cDNA was used in a PCR with a degenerate gene-specific
primer, 5'-GC(G/A) GT(C/T) C(T/A)C ATG (A/T)CA GGT GAC A-3’, and an
abridged adapter primer, 5'-GGC CAC GCG TCG ACT AGT AC-3'. The
gene-specific primer was designed based on the conserved NRAMPI cDNA
sequences around the start codon from humans, mice, cattle, and sheep. The
PCR conditions were 94°C for 30 s, followed by 35 cycles of 94°C for 30 s, 65°C
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for 30 s, and 72°C for 4 min, and the final extension was at 72°C for 15 min. The
reaction was performed in a 50-ul volume with 2 U of Platinum Taq polymerase,
20 mM Tris-HCI (pH 8.4), 50 mM KCI, 2 mM MgCl,, 0.2 mM each deoxynucleo-
side triphosphate, and 0.2 uM each of the gene-specific primers and the abridged
adapter primer. The subsequent PCR product was isolated and cloned into the
pGEM-T Easy vector (Promega, Madison, Wis.). Two independent clones with
the correct size of insert were sequenced using a Thermo Sequenase **P-labeled
dideoxynucleotide terminator cycle-sequencing kit (Amersham Pharmacia Bio-
tech, Piscataway, N.J.).

RNA isolation and semiquantitative RT-PCR. Tissues and cells collected from
two healthy pigs aged 6 to 8 weeks included lung, ileum, colon, thymus, spleen,
lymph node, kidney, liver, muscle, heart, brain, testis, skin, alveolar macrophages,
bone marrow, PMNs, and PBMCs. Total RNAs from porcine tissues and cells
were isolated using Trizol reagent as specified by the manufacturer. A 1-pg
portion of each RNA sample was used to perform first-strand cDNA synthesis
under the conditions described above, except that 25 U of Moloney murine
leukemia virus RT (Perkin-Elmer, Foster City, Calif.) and 10 U of RNase
inhibitor (Perkin-Elmer) were used. A portion (1/10) of each resulting cDNA
was used in the subsequent PCR in a 25 pl-reaction volume containing 0.1 pM
each sense and antisense primer and 1.25 U of Platinum Tag polymerase as
described previously (50). Primers for amplification of porcine NRAMPI, induc-
ible nitric oxide synthase (iNOS), and B-actin were 5'-TCT GCC ATC TCT ACT
ACC CTA AGG-3' (sense) and 5'-CTA AGA AGT GCT CCC TGA GCA G-3'
(antisense), 5'-ATG TTC GAG CAC ATC TGC A-3’ (sense) and 5'-ACA TTG
ATC TCC ACG ACA GCG-3' (antisense), and 5'-GGA CTT CGA GCA GGA
GAT GG-3' (sense) and 5'-GCA CCG TGT TGG CGT AGA GG-3' (anti-
sense), respectively. The PCR profile was 2 min at 94°C followed by 22 cycles (for
NRAMPI amplification in PBMCs and PMNs), 26 cycles (for NRAMPI and
iNOS in livers and spleens), or 16 cycles (for B-actin) of 30 s at 94°C, 30 s at 60°C,
and 1 min at 72°C. The PCR products for NRAMPI, iNOS, and B-actin were 593,
307, and 233 bp, respectively.

Hybridization probes. The cDNA probes for NRAMPI, iNOS, and B-actin
each were prepared by ligating the respective PCR product generated with the
above primers into the pPGEM-T Easy vector. A 452-bp glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) cDNA, obtained by PCR amplification with the
sense primer 5'-ACC ACA GTC CAT GCC ATC AC-3' and antisense primer
5'-TCC ACC ACC CTG TTG CTG-3', also was ligated into the pGEM-T Easy
vector. Plasmid DNA was purified, partially sequenced to confirm the correct
insert, and then digested with EcoRI. The insert was isolated, randomly labeled
with 3?P, and used as a hybridization probe in Southern and Northern analyses.

Southern and Northern blot analyses. Southern and Northern analyses were
performed as previously described with slight modifications (51). For Southern
analysis, 10 pul of RT-PCR product was separated on 1.5% agarose gels and
subjected to denaturation and overnight capillary transfer onto positively
charged nylon membranes (Boehringer Mannheim, Indianapolis, Ind.). For
Northern analysis, 20 pg of total RNA from tissues or 5 ng of total RNA from
alveolar macrophages was heat denatured, fractionated on 1.2% agarose—form-
aldehyde gels, and blotted onto positively charged nylon membranes (Boehringer
Mannheim). Southern and Northern blots were prehybridized for 40 min at 60°C
in ExpressHyb hybridization solution (Clontech, Palo Alto, Calif.) and hybrid-
ized for 2 h under the same conditions with 3*P-labeled cDNA probes. Posthy-
bridization washes were performed twice for 10 min at 42°C with 2X SSC (1X
SSC s 0.15 M NaCl plus 0.015 sodium citrate) and then twice for 20 min at 50°C
with 0.1 X SSC-0.5% sodium dodecyl sulfate. Blots were exposed to Kodak
X-OMAT films (Eastman Kodak, Rochester, N.Y.) with intensifying screens at
—70°C. In some cases, Northern blots were stripped of the NRAMPI cDNA
probe after exposure and then probed with the 3?P-labeled GAPDH cDNA. The
intensity of the hybridization signal was quantified from autoradiographs by
using UN-SCAN-IT Gel Automated Digitizing System (Silk Scientific Corp.,
Orem, Utah). Pixel values of each specific band were recorded from digitized
images. In some cases, expression levels of NRAMPI were normalized to the
expression of GAPDH or B-actin the housekeeping gene by calculating the ratios
of pixel values of NRAMPI over those of the housekeeping gene.

Nucleotide sequence accession number. The porcine NRAMPI cDNA has
been deposited under GenBank accession no. AF132037.

RESULTS

Cloning of the cDNA for porcine NRAMPI. To determine
the possible expression of NRAMPI homologue(s) in pigs, we
synthesized a degenerate gene-specific primer based on the
conserved region around the start codon of NRAMPI cDNA
sequences from humans, mice, cattle, and sheep. As expected,
a 2.0-kb product was obtained by 3'-RACE and cloned into a
T/A vector. Two independent clones were sequenced and gave
identical sequences (shown in Fig. 1A). This porcine NRAMPI
c¢DNA is 2,077 bp in size. It contains an entire open reading
frame encoding a 538-amino-acid protein with a glycine resi-
due at position 169, similar to the resistant allele of mouse
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GCGGTCCTCATGTCAGGTGACACAGGCCCCCCAAAGCAGAGCAGAACCCAATATGGCTCCATCTCCAGCTCACCGAGTCCAGGGCCACCACAAGTACCTCCCGGA 105
M S G DT GZPZPZEKUOQSRTOGQYGSTISSSsSPSZPGPPOQV P PG
GGAACCTACCTGAGTGAGAAGATCCCCATCCCGARTGCAGAACCGGGCACATTCAGTCTCCGARAGCTGTGGGCCTTCACCGGGCCCGGCTTCCTCATGAGCATT 210
G T Y L S E K I PI PNAEU PGTT FSILRIEKTILUWATFTSG?PGTFULMSI
GCTTACCTGGACCCGGGAAACATCCAGT CGGATCTTCAGGCTGGCGCTGTGGCTGGATTCARRCTGCTCTGGGTGCTGCTGTGGGCCACGGTGTTGGGATTGCTC 315
A YL DZPGNTIZGQSDULOQAGA AVYVA AGTFIEKTULTILWWVLLWATVTLSGTULTL
TGCCAGCGACTTGCTGCCCGGCTGGGCGTGGTGACAGGCAAGGACT TGGGTGAGATCTGCCATCTCTACTACCCTAAGGTACCCCGCACCCTCCTCTGGCTGACC 420
C Q R LAARTLTGVYVVYVTGI KT DTULSGETITGCHLYY®PI KV ?PRTTILILWILT
ATGGAGCTAGCCATCGTGGGCTCGGACATGCAGGAAGTCATCGGCACGGCTATTGCCTTCAATCTGCTCTCAGCTGGAGGAATCCCACTCTGGGGTGGTGTCCTC 525
M E L AI V GS DMOQEVTIGTA ATILIH® AMTFNILLSA-AGS GTIUZPTILW G V L
ATCACCGTCGTGGACACTTTCTTCTTCCTCTACCTAGATAACTACGGGCTGCGGAAGCTGGAAGCCTTTTTTGCAT TCCTTATTGCCATTATGGCCTTCACCTTC 630
I T VVDTT FTFT FULYULDNZYGLZRIEKTLEA ATFTFATFTLTIATIMATFTF
GGATACGAGTACGTGGTGGCGAGGCCTGCTCAGGGAGCACTTCTTAGGGGCCTGTTCCTGCCCTCCTGTTCTGGCTGCGGCCAGCCCGAGCTGCTCCAGGCCGTG 735
G Y E Y VVARUPAGOQGALTLZ RTGTLTEFLZPSTCSGT CGAOQEZPETLLOGQHA AWV
GGCATCGTTGGCGCCATCATCATGCCCCACARCATCTACCTGCACTCGGCCCTGGTCAAGTCTCGAGAGGTAGACCGGACCCGCCGGGAGGACATCCGAGARGCC 840
G I V 6GA I I M P HNTI Y LHSALVI KSR RETV VDR RTRIR REDTITRTEA
AACATGTACTTCCTGATTGARTCCACCATCGCCCTGTTTGTCTCCTTCTTCATCAACCTCTTTGTCATGGCTGTCTTTGGGCAAGCCTTCTACCAGCARACCARC 945
N MY FL I ESTTIA ALTFV S FFTINLTFVMAV FG QATFYQOQOTN
CAGGCTGCGTTCAACATCTGTGCCAACAGCAGCCT CCACGACTACGCCAAGATC TTCCCCAGGAACAACCTCACGGTGGCTGTGGACTTTTACCAAGGCGGCGTG 1050
Q AAFNTIOCANSSULUHDTYA AZEKTITFZPRINNILTVAVDTFYOQGGV
ATCCTGGGCTGCCTCTTTGGCCCCGCCGCCCTCTACATTTGGGCGGTGGGTCTTCTGGCTGCGGGACAARGTTCCACCATGACCGGCACCTACGCGGGACAATTT 1155
I L G C L F GPAA ALTZYTIWAV GLILAAGO QSSTMTSGTYASGU QTF
GTGATGGAGGGCTTCCTGAAGCTGCGGTGGTCACGCTTTGCCCGCCTCCTGCTCACTCGCTCCTGCGCCATCCTGCCCGCCCTGCTGGTGGCTGTCTTCAAGGAG 1260
V M E G F L KL RWSRTFARILILILTW RS CATIULZPATLTLUVAVTFKE
CTGCAGGACCTGTCAAGCCTCAATGATCTGCTCAACGTGCTGCAGAGCCTGCTGCTTCCCTTTGCGGTGCTGCCCATCCTCACGT TCACCAGCATGCCCGCCCTC 1365
L QDL S SLNUDTZILTLNVILSOQSLLLZPFAVLZPTIULTT FTSMEPATL
ATGCAGGAGTTTGCCAGTGGCCGGGTGAACAAGGTCATCACTTCCTCCATCATGCTGCTGGTCTGTGCCATCAACT TTTACTTTCTGGTCAGCTACCTGCCCAGC 1470
M Q E FASGRUYVNIE KT YTITSSIMLLVYVCATINTFYTFTLVSYTULP S
CTCCCCCACCCCGCCTACTTCGGCCTTGTAGCACTACTGGCTGTCATCTACCTGGGCCTCACCACCTACCTGGTCTGGACCTGTCTTATCGCCCATGGAGCTACC 1575
L PHPAYFGLVALTLAVTIZYULGLTTT YU LV WT CLTIA AHSGHA AT
CTTCTGGTCCACAGTTCCCATCAACACTTTCTGTATGGGCTTCTGGAATAGGAGCAGGTGTTGGAARAGACCTCGGGATGAGCTCCCCGGCAGGGCTTGGCTGAG 1680
L L VHS S HQHFULYGTUL L E *
GGTGGAATGCGTGGGGCAGATTGGCCTGCTGGACAGGTGGGCATGGCGGGGGACCCGTGTGTGGARGCAGCAAGAT GGAGCGCAGGTTTTTGGAAGCAGGCCAAC 1785
CTGAGTTCCTTAGGGACCTGCAGTTTCCTAGCTTGGACAAGT TACTCAACCTCTGGATCTCAGTGTCTTCATCTATARART GGGACAACACCAATCTTGCAACGG 1890
ATGTAARGCAATTTAACACAGAGACTGGCACCTGAGACAAAAAAAAAARARARAAATCGARARGTATTTAT TGAGCACCTATAGGACTGAGCTGACAGGACCAGT 1995
TAGGAGTGGAACACAGGCTCCAAACAGGTATTTAAAATAGAGTCTGAAGACTGCTAAATAAATGCTTATTAATTTTTTATCC (A)n 2077
Por MSGDTGPPKQSRTQYGSISSSPS---PGPPQOVPH WAFTGPGFLMSIAYLDPGNIQSDLOAGAVAGFKLLWVLLWAT 97
Hum MTGDKGPQRLSGSSYGSISSPTSPTSPGPQQAPH WAFTGPGFLMSIAFLDPGNIESDLQAGAVAGFKLLWVLLWAT 100
Mos MISDKSPPRLSRPSYGSISSLPG---PAPQPAR( WAFTGPGFLMSIAFLDPGNIESDLQAGAVAGFKLLWVLLWAT 97
Bov MSGDTGPPKQGGTRYGSISSPPS---PEPQQAP WAFTGPGFLMSIAFLDPGNIESDLQAGAVAGFKLLWVLLWAT 97
SH3-binding Domain PKC PKC ™1 T TM2
Por VLGLLCQRLAARL LGEICHLYYPKVPRT LLWLTMELAIVGSDMQEVIGTAIAFNLLSAGGIPLWGGVLITVVDTFFFLYLDNYGLRKLEAFFA 197
Hum VLGLLCQRLAARL LGEVCHLYYPKVPRTVLWLTIELAIVGSDMQEVIGTAIAFNLLSAGRIPLWGGVLITIVDTFFFLFLDNYGLRKLEAFFG 200
Mos VLGLLCQRLAARL LGEVCHLYYPKVPRI LLWLTIELAIVGSDMQEVIGTAI SFNLLSAGRIPLWGGVLITIVDTFFFLFLDNYGLRKLEAFFG 197
Bov VLGLLCQRLAARL LGEVCHLYYPKVPRI LLWLT I ELAIVGSDMQEVIGTAIAFSLLSAGRIPLWGGVLI TVVDTFFFLFLDNYGLRKLEAFFG 197
PKC ™3
Por FLIAIMAFTFGYEYVVARPAQGALLRGLFLPSCSGCGQPELLOAVGIVGAI ImmlIYLHSALVKSREVD@g:‘)?REMFLIESTIALEVSFFINL 297
Hum LLITIMALTFGYEYVVARPEQGALLRGLFLPSCPGCGHPELLQAVGIVGAIIMPHNIYLHSALVKSREIDRARRAD IREANMYFLIEATIALSVSFIINL 300
Mos LLITIMALTFGYEYVVAHPSQGALLKGLVLPTCPGCGQPELLQAVGIVGAIIMPHNIYLHSALVKSREVD! VREANMYFLIEATIALSVSFIINL 297
Bov FLITIMALTFGYEYVVAQPAQGALLQOGLFLPSCPGCGQPELLQAVGIIGAIIMPHNIYLHSSLVKSREVD! IREANMYFLIEATIALSVSFLINL 297
TMS T™6 PKC
Por FVMAVFGQAFYQQTNQAAFNI HDYAKIFPR AVDFYQGGVILGCLFGPAALY IWAVGLLAAGQSS TMTGTY AGQFVMEGF. KLR.I‘;'gF-,{FAR 397
Hum FVMAVFGQAFYQKTNQAAFNI HDYAKIFPM VDIYQGGVILGCLFGPAALY IWAIGLLAAGQSSTMTGTYAGQFVMEGFIRLRWSRFAR 400
Mos FVMAVFGQAFYQQTNEEAFNI QNYAKIFPR SVDIYQGGVILGCLFGPAALY IWAVGLLAAGOSSTMTGTYAGQFVMEGFIKLRWSRFAR 397
Bov FVMAVFGQAFYKQTNQAAFNICADSSLHDYAPIFPRI VDIYQGGVILGCLFGPPALY IWAVGLLAAGQSSTMTGTYAGQFVMEGFIKLRWSRFAR 397
Glycosylation  Glycosylation ™S Transport Motif
Por LLLTRSCAILPALLVAVFKELQDLSSLNDLLNVLQSLLLPFAVLPILTFTSMPALMQEFASGRVNKVITSSIMLLVCAINFYFLVSYLPSLPHPAYFGLY 497
Hum VLLTRSCAILPTVLVAVFRDLRDLSGLNDLLNVLOSLLLPFAVLPILTFTSMPT LMQEFANGLLNKVVTSSIMVLVCAINLYFVVSYLPSLPHPAYFGLA 500
Mos VLLTRSCAILPTVLVAVFRDLKDLSGLNDLLNVLQSLLLPFAVLPILTFTSMPAVMQEFANGRMSKAITSCIMALVCAINLYFVISYLPSLPHPAYFGLY 497
Bov VLLTRSCAILPTVLLAVFRDLRDLSGLNDLLNVLQSLLLPFAVLPILTFTSMPAIMQEFANGLVSKVITSS IMVLVCAVNLYFVISYLPSLPHPAYFSLY 497
TMS TM10 ™11
Por ALLAVIYLGLTTYLVWTCLIAHGATLLVESSHQHFLYGLLE---------- 338
Hum ALLAAAYLGLSTYLVWTCCLAHGATFLABSSEHHFLYGLLEEDQ-KGETSG 550
Mos ALFAIGYLGLTAYLAWTCCIAHGATFLTHSSEKHFLYGLPNEEQGGVQGSG 548

Bov ALLAAAYLGLTTYLVWTCLITOGATLLAHSSHQRFLYGLPEEDQEKGRTSG
TM12

548

FIG. 1. Nucleotide sequence of the cDNA for porcine NRAMPI and a comparison of its predicted amino acid sequence with those of other NRAMP1 proteins.
(A) cDNA and predicted 538-amino-acid sequences of porcine NRAMPI. The polyadenylation signal is underlined. The glycine-to-aspartic-acid substitution at position
169, associated with susceptibility of mice, is circled. (B) Comparison of deduced porcine NRAMP1 with its congeners from humans, mice, and cattle. Identical residues
throughout the four species are shown in bold type, and the 12 conservative putative transmembrane domains are underlined. The conserved consensus transport motif,
proline- and serine-rich putative SH3-binding domain, PKC phosphorylation sites (S/T-X-R/K), and N-linked glycosylation sites (N-X-S/T) are boxed.

NRAMPI (46). The predicted porcine homologue is a typical
NRAMP1, which is composed of 12 TM domains as revealed
by its hydrophobicity profile (data not shown). In addition, a
putative N-terminal proline- and serine-rich Src homology 3
(SH3)-binding domain, four phosphorylation sites for protein

kinase C (PKC), and two N-linked glycosylation sites were
observed in this protein (Fig. 1B). The consensus transport
motif also was highly conserved in the intercellular loop be-
tween TMS8 and TM9. Comparison of the sequence of porcine
NRAMP1 protein showed over 85% identity to each of its
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FIG. 2. Tissue- and cell-specific expression of porcine NRAMPI mRNA. (A)
Northern analysis of porcine NRAMPI expression. Total RNA was extracted
from various tissues and cells, and 20 pg/sample was blotted onto nylon mem-
branes. The blots were hybridized with 3°P-labeled NRAMPI cDNA probes and
then washed at high stringency. Two mRNA species of ~2.2 and 1.5 kb were
revealed. (B) RT-PCR of porcine NRAMPI expression. A 1-pg sample of total
RNA from each sample was subjected to RT-PCR, and 1/10 of each of the
35-cycle-amplified products was separated by electrophoresis on 1.5% agarose
gels stained with ethidium bromide. The expected product was 307 bp. Data are
representative of two independent experiments with similar results.

congeners from humans, mice, cattle, and sheep, suggesting
that they belong to the same family of highly homologous
membrane transport proteins and probably serve similar func-
tions (Fig. 1B). Another cDNA for porcine NRAMPI was
isolated by screening a porcine spleen cDNA library (44).
However, it showed a total of 12 nucleotide differences com-
pared to our sequence. Five nonconservative mutations also
were observed in the coding region, including substitutions of
serine, glycine, threonine, glycine, and aspartic acid for threo-
nine, aspartic acid, asparagine, arginine, and asparagine at
positions 2, 6, 137, 164, and 185, respectively, in the previously
reported sequence (44).

Cell- and tissue-specific expression of porcine NRAMPI.
Northern blot analysis revealed a highly cell- and tissue-spe-
cific expression pattern of porcine NRAMPI; the mRNA was
expressed most abundantly in alveolar macrophages and to a
lesser extent in lung, spleen, bone marrow, and PMNs (Fig.
2A). More sensitive RT-PCR demonstrated that NRAMP] also
was expressed in PBMCs, liver, lymph node, heart, and mus-
cle (Fig. 2B). Normalization of the hybridization signals to
GAPDH (data not shown) indicated that the abundance of
NRAMPI expression in porcine tissues is in the following or-
der: alveolar macrophages > PBMCs > lung > spleen > bone
marrow > PMNs > liver > lymph node, heart, and muscle.
The results confirmed that NRAMPI was indeed a phagocyte-
specific gene and that its expression appeared to be associated
with tissues that have substantial populations of phagocytes.
Interestingly, two NRAMPI mRNA species, of ~2.2 and 1.5
kb, were coexpressed in these tissues. The size of the larger
species (2.2 kb) was consistent with the 2,077-bp size of our
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cloned cDNA, suggesting that the cDNA reported here is near
full length. The origin of the shorter species is not clear, but it
could be derived from alternate mRNA splicing.

Induction of NRAMPI expression by LPS. To investigate the
inducibility of the porcine NRAMPI gene, we treated alveolar
macrophages, PBMCs, and PMNs with several proinflamma-
tory mediators including LPS, TNF-«, and IL-1B. Cells were
harvested after treatment, and total RNA was isolated and
analyzed by Northern blotting (for alveolar macrophages) or
semiquantitative RT-PCR (For PBMCs and PMNs) for the
level of NRAMPI expression. In these experiments, we observed
a clear time- and dose-dependent induction of NRAMPI. Up-
regulation of NRAMPI occurred after stimulation for 6 h with
0.1 pg of LPS per ml and peaked at more than 10-fold at 9 h;
expression was reduced upon further incubation with LPS for
24 h (Fig. 3A). The induction of NRAMPI also was highly
sensitive to LPS; as little as 10 ng of LPS per ml induced a level
of expression near the maximum induced by 1 pg of LPS per
ml (Fig. 3B). LPS-induced NRAMP]I expression also occurred
in two other NRAMPI-producing phagocytes, namely, PBMCs
and PMNs. As shown in Fig. 4, PBMCs and PMNs treated with
0.1 g of LPS per ml dramatically increased NRAMP1I expres-
sion, with peak induction occurring at 9 h.

NRAMPI is upregulated during infection with S. enterica
serovar Typhimurium. Because NRAMPI expression could be
modulated in vitro by proinflammatory mediators, we sought
to determine the possible induction of NRAMP]I in vivo during
the onset of disease. Healthy 6- to 8-week-old pigs were in-
fected experimentally with 10° CFU of S. enterica serovar Ty-
phimurium. Typical clinical signs of salmonellosis, including
fever and diarrhea, were observed by 12 h following oral chal-
lenge, but they were not observed in control pigs. As shown
in Fig. 5, §. enterica serovar Typhimurium infection robustly
enhanced NRAMP]I expression in both liver and spleen, with
a gradual increase over 2 days. A prominent increase of
NRAMP] expression occurred at 12 h, and expression peaked
at 48 h postinfection.

Mycobacterium-resistant mice have a greater capacity to pro-
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FIG. 3. Time- and dose-dependent induction of porcine NRAMP]I in alveolar
macrophages in response to LPS stimulation. Alveolar macrophages were incu-
bated for 2 h at 39°C under 5% CO,, and nonadherent cells were removed by
gently washing twice with HBSS. Adherent cells were cultured in the medium
stimulated with 100 ng of LPS per ml before being harvested at the time points
indicated (A) or stimulated with increasing concentrations of LPS (10, 100, and
1,000 ng/ml) for 16 h before being harvested (B). Total RNA was isolated, and
5 ng/sample was subjected to Northern analysis. The right-hand lane in panel A
represents cells that were incubated for 24 h in medium without LPS. Af-
ter detection with NRAMP]I, blots were stripped of the probe and then hybrid-
ized with the GAPDH cDNA probe. The intensity of hybridization signals was
quantified from autoradiographs, and then pixel values of NRAMPI were nor-
malized to those of GAPDH. Data are representative of two independent ex-
periments with similar results.
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FIG. 4. Time-dependent induction of porcine NRAMPI in PBMCs (A) and
PMNs (B) in response to LPS stimulation. Cells were stimulated with 0.1 g of
LPS per ml in medium at 39°C under 5% CO, and then harvested for RNA
isolation at the times indicated. A 1-pg portion of total RNA from each sample
was subjected to semiquantitative RT-PCR followed by Southern analysis as
described in Materials and Methods. The intensity of hybridization signals was
quantified from autoradiographs, and then pixel values of NRAMPI were nor-
malized to those of B-actin. Data are representative of two independent exper-
iments with similar results.

duce nitric oxide (NO) than do susceptible mice following
macrophage activation (36, 37), and transfection of the resis-
tant allele into susceptible macrophages results in enhanced
NO generation and L-arginine uptake (1). To evaluate the
interplay between porcine NRAMPI and iNOS, we analyzed
the expression of both mediators following infection with
S. enterica serovar Typhimurium. Interestingly, the kinetics
of iNOS induction were distinct from those detected for
NRAMPI. In both liver and spleen, expression of iNOS had
two peaks postinfection; the first occurred between 6 and
12 h, and the second occurred between 24 and 48 h (Fig. 5).
The first peak of iNOS expression preceded and the second
peak followed a substantial increase of NRAMPI, which oc-
curred between 12 and 24 h postinfection. These findings sug-
gest that the first peak of iNOS gene expression was induced
independent of NRAMP1 expression; however, the enhanced
NRAMP] synthesis might have given rise to the second wave of
iNOS expression. We also investigated the expression of vari-
ous cytokines, including IL-1p3, IL-6, IL-10, IL-12p40, IL-18,
TNF-«, and IFN-vy, in liver and spleen following infection.
However, none of these cytokines resembled NRAMP! in ki-
netics of induction (G. Zhang, C. R. Ross, and F. Blecha, un-
published data), suggesting that distinct transcriptional activa-
tion mechanisms are involved in the induction of NRAMPI
gene in response to infection.

LPS-induced expression of NRAMPI is dependent upon
CD14. To study the involvement of CD14 in the upregulation
of NRAMPI by LPS, alveolar macrophages were incubated for
16 h with LPS in the presence of different concentrations of
PMB and an anti-CD14 MAb, My4. Northern analysis revealed
that LPS-induced expression of NRAMPI was dose-depen-
dently inhibited by increasing concentrations of PMB and My4
(Fig. 6). PMB at 10 pg/ml suppressed NRAMPI expression
by 95%, and My4 at 10 pg/ml diminished the expression of
NRAMPI to basal levels. This inhibition was specific, because
the isotype control had only a minimal effect on NRAMPI
expression (Fig. 6). Interestingly, dexamethasone completely
abolished the basal expression of NRAMP]I, and this effect was
reversed partially by coincubation of cells with LPS and dexa-
methasone (Fig. 6).

To determine if LPS could lead directly to the transcrip-
tional activation of NRAMPI, we preincubated macrophages
for 30 min in medium supplemented with a protein synthesis
inhibitor, cycloheximide, at 10 pwg/ml and then stimulated the
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cells for 16 h with 0.1 pg of LPS per ml. The results showed
that cycloheximide abrogated the NRAMPI expression in re-
sponse to LPS (data not shown), suggesting that LPS does not
lead directly to NRAMPI gene transcription but that de novo
protein synthesis is required.

Both p38 and p42/44 MAPK pathways are involved in
NRAMP1 induction by LPS, TNF-«, and IL-1f. Similar to the
inducing effect of LPS, stimulation of alveolar macrophages
with 10 ng of TNF-a or IL-1B per ml also robustly enhanced
the expression of NRAMP]I (Fig. 7). In addition, the induction
of NRAMPI by TNF-« and IL-1 was additive, because simul-
taneous treatment of cells with both cytokines resulted in fur-
ther increased levels of NRAMPI mRNA (data not shown). To
investigate the potential involvement of MAPK pathways in
the induction of NRAMPI expression, alveolar macrophages
were pretreated for 30 min with PD98059 and SB203580, spe-
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FIG. 5. NRAMPI is upregulated in liver (A) and spleen (B) of pigs during
infection with S. enterica serovar Typhimurium. Pigs were gavaged with 10° CFU
of S. enterica serovar Typhimurium, and then livers and spleens of three to four
pigs were sampled for RNA isolation at 6, 12, 24, and 48 h postinfection. Control
pigs were mock challenged with sterile growth medium at 0 h. Semiquantitative
RT-PCR and Southern analysis were performed to detect the expression of
NRAMPI, iNOS, and B-actin. The intensity of hybridization signals was quanti-
fied from autoradiographs, and then pixel values of NRAMPI and iNOS were
normalized to those of B-actin. Values are means and standard errors of the
mean of three to four pigs for each time point (x, P < 0.05; #x, P < 0.01), and
blots are representative of two replicates of three to four pigs for each time point.
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FIG. 6. LPS-induced expression of NRAMPI is CD14 dependent. Adherent
alveolar macrophages were incubated for 16 h at 37°C with 5% CO, in medium
supplemented with different stimuli as indicated. LPS was used at 0.1 pg/ml, and
polymyxin B (PMB) (0.1, 1, and 10 pg/ml) or My4 (0.2, 2, 10 pg/ml) was added
simultaneously with LPS. Dexamethasone (Dex) was used at 10 ug/ml and added
at the same time as LPS. Total RNA was isolated, and 5 pwg/sample was subjected
to Northern analysis. After detection with NRAMP]I, blots were stripped of the
probe and then hybridized with the GAPDH cDNA probe. The intensity of
hybridization signals was quantified from autoradiographs, and then pixel values
of NRAMPI were normalized to those of GAPDH. Results are expressed as a
percentage of NRAMPI expression according to the formula (pixels of each
sample — pixels of the sample without LPS treatment) X 100%/(pixels of the
sample treated only with LPS — pixels of the sample without LPS treatment).
Data are representative of two independent experiments with similar results.

cific inhibitors of p42/44 and p38 MAPK pathways (8, 10, 29),
respectively, before stimulation for 16 h with LPS, TNF-qa, and
IL-1B. As shown in Fig. 7, both PD98059 and SB203580 inhib-
ited NRAMP]I expression in a dose-dependent fashion, with 50
pwM being sufficient to reduce LPS-induced NRAMPI expres-
sion to basal levels. NRAMPI expression induced by TNF-a or
IL-1B was sensitive to PD98059 and SB203580 treatments be-
cause both drugs completely abolished the background expres-
sion of NRAMPI (Fig. 7). These results suggest that both p42/
44 and p38 MAPK-mediated pathways are critical in the in-
duction of NRAMPI by inflammatory agents. The viability of
alveolar macrophages was not affected by 100 uM PD98059 or
50 pM SD203580 during 16 h of incubation as measured by
trypan blue dye exclusion.

DISCUSSION

In the present study, we have cloned the full-length cDNA
for porcine NRAMP1, taking advantage of conserved regions in
its mammalian congeners. The encoded 538-amino-acid pro-
tein is a typical member of the NRAMP1 family, having over
85% identity to its homologues from humans, mice, cattle, and
sheep. The consensus transport motif, N-terminal putative SH3-
binding domain, and PKC phosphorylation sites are all highly
conserved in the porcine NRAMP1 protein (Fig. 1). Subse-
quent studies of the tissue expression pattern of porcine
NRAMPI revealed an interspecies variation in tissue specific-
ity. Although expression of NRAMP] is restricted to profes-
sional phagocytes among mammalian species, the abundance
of expression varies among cell types. For instance, NRAMPI
is produced most abundantly in tissue macrophages and blood
monocytes in mice (46), cattle (11), and pigs (Fig. 2), whereas
the human congener is expressed at the highest level in PMNs
and to a lesser extent in macrophages and monocytes (5).
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Sequence analysis of promoter regions of the NRAMPI gene
in mice (17), cattle (11), and humans (5) revealed the presence
of consensus binding sites for NF-kB and NF-IL-6, as well as
response elements for IFN-vy and granulocyte-macrophage col-
ony-stimulating factor, indicating that NRAMPI might be reg-
ulated in response to phagocyte activation signals such as LPS,
IFN-v, and granulocyte-macrophage colony-stimulating fac-
tor. Induction of NRAMPI expression was indeed observed
in mouse macrophages treated with these agents (3, 4, 17, 18).
Here we also confirmed a clear time- and dose-dependent
induction of NRAMP]! in porcine alveolar macrophages (Fig.
3), as well as in PBMCs and PMNs (Fig. 4), stimulated with
LPS. In addition, a robust induction of NRAMP1 occurred in
alveolar macrophages when they were treated with the proin-
flammatory cytokines TNF-o and IL-1B (Fig. 7) and during
infection with S. enterica serovar Typhimurium. Because some
porcine viruses, such as porcine reproductive and respiratory
syndrome virus, cause altered molecular responses in alveolar
macrophages (52) and because we did not test our experimen-
tal animals for the presence of viruses, it is possible that these
viruses influenced the expression of NRAMPI. However, be-
cause control macrophage cultures, which were not stimulated
with LPS, did not exhibit increased expression of NRAMPI
(Fig. 3A), the likelihood of porcine viruses influencing our
findings appears minimal.

Little is known about mechanisms and signal transduction
pathways by which the NRAMPI gene is induced in response to
inflammatory agents, particularly LPS, TNF-«, and IL-18. To
address these issues, we first investigated the involvement of
CD14 in LPS-induced NRAMPI expression. CD14 is the major
receptor on phagocytic cells for LPS-mediating signaling, al-
though several potential LPS receptors, including macrophage
scavenger receptors (21, 22), B, leukocyte integrins (CD11/
CD18) (24), L-selectin (30), and Toll-like receptors (27, 34, 35,
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FIG. 7. Involvement of p38 and p42/44 MAPK in the induction of NRAMPI
by LPS, TNF-q, and IL-1B. Adherent alveolar macrophages were pretreated for
30 min with PD98059 (1, 10, 50, or 100 pM) or SD203580 (0.5, 5, 20, or 50 uM)
before being stimulated with 0.1 pg of LPS per ml for another 16 h. For
inhibition of TNF-a- and IL-1B-induced NRAMPI expression, 50 pM PD98059
or 20 uM SD203580 was used to pretreat cells for 30 min before stimulation for
16 h with the two cytokines, each at 10 ng/ml. An equal volume (1:1,000) of
dimethyl sulfoxide, the solvent of MAPK inhibitors, was added to each well
during incubation. Total RNA then was isolated, and 5 pg/sample was subjected
to Northern analysis. After detection with NRAMP]I, blots were stripped of the
probe and then hybridized with the GAPDH c¢DNA probe. Results are expressed
as a percentage of NRAMP] expression according to the formula described in the
legend of Fig. 6. Data are representative of two independent experiments with
similar results.
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50), have been identified. Here, we demonstrate that My4, a
MAD against human CD14, inhibited LPS-induced expres-
sion of NRAMPI in a dose-dependent manner, with 10 pg/
ml being sufficient to suppress NRAMPI expression to basal
levels. These results indicate that LPS-induced upregulation
of NRAMP1 is mediated principally through CD14 rather than
other receptors. The fact that cycloheximide substantially ab-
rogated NRAMP] expression in response to LPS suggests that
LPS does not directly induce NRAMPI gene transcription but,
rather, that de novo protein synthesis is required. This is con-
sistent with studies of mouse NRAMP]I, for which induction of
expression was blocked by treatment of RAW264.7 macro-
phages with both LPS and cycloheximide (18). However, the
identity of the newly synthesized protein(s), which leads to the
direct transcriptional activation of the NRAMPI gene, remains
to be elucidated.

A number of intracellular signaling pathways are involved in
the activation of monocytic cells triggered by LPS, TNF-«, and
IL-1B, among which MAPK cascades are the best character-
ized. Therefore, we investigated the role of MAPKs in the
induction of NRAMP]I in response to LPS, TNF-«, and IL-1p.
PD98059 is a specific inhibitor of MEKI1, the kinase that acti-
vates the p42/44 MAPK pathway (8, 10). Inhibition of MEK1
by PD98059 prevents subsequent phosphorylation of MAPK
substrates for p42/44 (ERK1/2) MAPK. SB203580, a pyridinyl
imidazole, is a specific inhibitor of p38 MAPK via binding to
the kinase suppressing the phosphorylation of its substrates
(8, 29). Both inhibitors are capable of suppressing LPS-in-
duced production of TNF-qa, IL-1B, IL-6, and several other
pro- or anti-inflammatory cytokines in monocytes/macro-
phages (8, 29). Dose-dependent inhibition of LPS-, TNF-q,
and IL-1B-induced NRAMPI expression by PD95098 and
SB203580 provides clear evidence that upregulation of
NRAMPI is mediated intracellularly through both MAPK
pathways. Glucocorticoids are well known to selectively sup-
press activation of JNK/SAPK but not that of p38 and p42/44,
which in turn leads to the inhibition of c-Jun phosphorylation
and subsequent downregulation of AP-1 activity and gene
transcription (23, 25, 42). Strong inhibition of LPS-induced
NRAMPI expression by the synthetic glucocorticoid dexameth-
asone suggests that the third major MAPK pathway, JNK/
SAPK, also might be involved in transcription of the NRAMPI
gene.

In summary, we have cloned porcine NRAMPI cDNA and
characterized tissue expression patterns and molecular mech-
anisms of induction of NRAMPI by LPS, TNF-«, and IL-1.
We have shown that LPS-induced NRAMP]I induction in mac-
rophages is primarily dependent upon CD14 and also involves
newly synthesized protein(s). Furthermore, we provide evi-
dence that at least two MAPK-mediated signaling pathways,
namely, the p38 and p42/44 MAPK cascades, are involved in
the induction of NRAMPI expression in response to LPS,
TNF-«, and IL-1B. The relative significance of other protein
kinases, such as PKC, protein kinase A, G proteins, and cer-
amide-activated protein kinase, in NRAMP]I induction remains
to be elucidated.
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