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Cathelicidins constitute a family of mammalian antimicrobial peptides that are synthesized in the bone
marrow as prepropeptides, stored in neutrophil granules as propeptides, and released as active, mature
peptides upon neutrophil degranulation. We investigated the developmental expression of two porcine cathe-
licidins, PR-39 and protegrin. Both cathelicidins were expressed constitutively in the bone marrow of all pigs
at all of the ages tested. Peripheral blood neutrophils from young pigs expressed PR-39 and protegrin mRNA,
which were not detectable at 42 days of age. At earlier ages, expression of PR-39 mRNA was detected in the
kidney and liver and several lymphoid organs, including the thymus, spleen, and mesenteric lymph nodes, but
disappeared at 4 weeks of age. These data provide the first evidence of cathelicidin gene expression in
peripheral leukocytes and may indicate a role for these antimicrobial peptides in the development of host

defense mechanisms.

Biological organisms have evolved many strategies to defend
against pathogens, but clearly one of the oldest and most
conserved mechanism of host defense is the elaboration of
antimicrobial peptides (4, 9). These natural antibiotics are
produced by a diverse array of cells and species in both the
plant and animal kingdoms (5, 6, 15, 18, 19, 24, 33). Molecular
cloning of mammalian bone marrow cDNA has revealed a
family of antimicrobial peptides that share a highly conserved
preprosequence followed by structurally variable mature pep-
tide sequences (36). Because the prosequence is very similar to
that of cathelin, a 96-amino-acid peptide originally isolated
from porcine neutrophils, these antimicrobial peptides are
called cathelicidins (36). Members of this family of antimicro-
bial peptides have been found in several mammalian species,
including humans, mice, pigs, cattle, sheep, and rabbits (1, 2, 7,
11-14, 17, 20, 23, 26, 29, 30, 38, 39).

In general, cathelicidins are synthesized by bone marrow
progenitor cells (36), stored as proforms in neutrophil granules
(34), and processed to mature peptides by enzyme cleavage
(25, 28, 35). Although cathelicidin gene expression or protein
synthesis by circulating neutrophils has not been reported,
human FALL-39/LL-37 mRNA was detected in the testis (2);
LL-37 mRNA was found in human keratinocytes (8); immu-
noreactivity for the proline-arginine-rich 39-amino-acid pep-
tide PR-39 was reported in human colon adenocarcinoma cells
(3); and expression of PR-39 mRNA was observed in rat mac-
rophages (21). Here we report the developmental gene expres-
sion of two porcine cathelicidins, PR-39 and protegrin, in pe-
ripheral blood neutrophils and detection of PR-39 protein in
secondary lymphoid organs.

To investigate the developmental gene expression of porcine
cathelicidins, total RNA was obtained from bone marrow pro-
genitor cells and peripheral blood neutrophils from littermate
pigs at 2, 7, 14, 28, 35, and 42 days of age. Neutrophils were
obtained from peripheral blood by venipuncture of the ante-
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rior vena cava by using heparinized blood collection tubes,
followed by density gradient centrifugation and hypotonic lysis
as previously described (31). Pigs then were euthanized by
electrocution, femurs were dissected, and bone marrow cells
were aspirated and separated into low-density mononuclear
cells and granulocytic-lineage cells by density gradient centrif-
ugation as previously described (31). Total RNA was extracted
from bone marrow cells and peripheral blood neutrophils by
using TRIzol (GIBCO-BRL, Gaithersburg, Md.). First-strand
cDNA synthesis was performed by using 1.0 pg of each RNA
sample primed with antisense primers (described below) in a
20-wl reaction volume containing 1 mM deoxynucleoside
triphosphates, 10 U of RNasin (Perkin Elmer, Foster City,
Calif.), and 25 U of Moloney murine leukemia virus reverse
transcriptase (Perkin Elmer). All PCRs were performed with
half of each resulting cDNA in a 50-ul reaction volume con-
taining 0.2 mM deoxynucleoside triphosphates, 2 mM Mg>*,
0.5 uM each sense and antisense primer, and 1.25 U of Jump-
Start Tag DNA polymerase (Sigma). The PCR profile included
94°C denaturation for 2 min, followed by 35 cycles of denatur-
ation at 94°C for 1 min, annealing at 55°C for 1 min, extension
at 72°C for 1 min, and a final extension at 72°C for 7 min.
Primer sequences for PR-39, protegrin, and the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) housekeeping gene
were designed by using the Prime program of the Wisconsin
Sequence Analysis Package (Genetics Computer Group, Inc.,
Madison, Wis.) based on known sequences deposited in Gen-
Bank. Cathelicidin primers were designed to specifically am-
plify the mature peptides, rather than the conserved prepro-
sequence. The primers used and the resultant cDNA sizes were
as follows: PR-39 sense, 5'-ACC CAT CCA TTC ACT CAC-
3’; PR-39 antisense, 5'-AGC CAC AAC AAT AAG ATC C-3’
(262 bp); protegrin sense, 5'-TGG ATC AGA TCA AGG
ACC-3'; protegrin antisense, 5'-ACA CAG ACG CAG AAC
CTA C-3’ (100 bp); GAPDH sense, 5'-ACC ACA GTC CAT
GCC ATC AC-3'; GAPDH antisense, 5'-TCC ACC ACC
CTG TTG CTG TA-3' (452 bp). Specific PCR products for
PR-39, protegrin, and GAPDH were obtained by using these
primers and confirmed by direct sequencing.

Bone marrow granulocytic cells showed abundant expression
of PR-39 and protegrin in pigs at all of the ages that were
studied (Fig. 1). Similarly, during the first month of age, ex-
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FIG. 1. Developmental gene expression of PR-39 and protegrin in peripheral
blood neutrophils. RT-PCR, using primers for PR-39, protegrin, and the
GAPDH housekeeping gene, was conducted on bone marrow cells and periph-
eral blood neutrophils obtained from littermate pigs on 2, 7, 14, 28, 35, and 42
days of age.

pression of mRNA for both cathelicidins in peripheral blood
neutrophils was unequivocal (Fig. 1). To our knowledge, this is
the first evidence of cathelicidin gene expression in circulating
leukocytes and, specifically, peripheral blood neutrophils.
However, expression of PR-39 and protegrin mRNAs disap-
peared at 35 and 42 days of age, respectively (Fig. 1). This
expression pattern may reflect the maturation process of gran-
ulocytic cells in the young pig. Furthermore, these findings
suggest the existence of regulatory elements controlling cathe-
licidin expression in newborns and raise the possibility of al-
tering these control elements to modulate cathelicidin expres-
sion.

Because of the novel finding of cathelicidin gene expression
in peripheral blood neutrophils, we wondered if various organs
also expressed mRNA for PR-39 and protegrin. Northern anal-
ysis, reverse transcription (RT)-PCR, and Southern analysis of
RT-PCR products were conducted on bone marrow cells, pe-
ripheral blood neutrophils, and tissue samples from the thy-
mus, mesenteric lymph nodes, spleen, liver, kidney, jejunum,
and colon. For Southern analysis, PCR products from various
porcine tissues were subjected to electrophoresis on 1.5% aga-
rose gels and then capillary transferred overnight onto nitro-
cellulose membranes (Micro Separations, Westboro, Mass.)
with 20X standard saline citrate (SSC; 1X SSCis 0.15 M NacCl
plus 0.015 M sodium citrate). For Northern analysis, total
RNA (15 pg) was denatured and separated on 1.2% agarose—
formaldehyde gels and then blotted onto nitrocellulose mem-
branes (Micro Separations). Southern and Northern blots were
prehybridized for 2 h in 5X SSC-50% formamide-0.1% so-
dium dodecyl sulfate (Ambion, Austin, Tex.) at 42°C and hy-
bridized overnight under the same conditions with a **P-la-
beled cDNA probe for PR-39. Posthybridization washes were
2 X 10 min at 42°C with 2X SSC, followed by 2 X 20 min at
50°C with 0.1X 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. The PR-39 cDNA
probe was generated by cloning the 262-bp c¢cDNA into
pGEM-T vectors (Promega, Madison, Wis.). Positive clones
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FIG. 2. Tissue distribution of PR-39 and protegrin in 7-day-old pigs. (A)
Northern analysis of PR-39 mRNA expression in porcine cells and tissues. Total
RNA (15 pg per sample) was separated on a 1.2% agarose—formamide gel,
blotted onto nitrocellulose membranes, and hybridized to a 32p_labeled PR-39
c¢DNA probe. (B) RT-PCR, using primers for PR-39, protegrin, and GAPDH,
was conducted on the same samples that were used for Northern analysis.

were selected and sequenced. The correct cDNA fragment was
cut, randomly labeled with [a-**P]dCTP using Ready-To-Go
DNA Labeling Beads (Pharmacia Biotech, Piscataway, N.J.),
purified of unincorporated nucleotide using ProbeQuant G-50
Micro Columns (Pharmacia Biotech), and used as probes.

As expected, the PR-39 ¢cDNA probe hybridized strongly
with bone marrow mRNA from 7-day-old pigs (Fig. 2A). How-
ever, thymus, spleen, and liver samples from 7-day-old pigs
also showed intense Northern blot signals. Fainter but positive
bands also were observed in the Northern analysis of mesen-
teric lymph node and neutrophil samples. Expression of PR-39
mRNA was not found in the jejunum and kidney in 7-day-old
pigs. RT-PCR of the same RNA samples confirmed our North-
ern analysis findings of PR-39 gene expression in bone marrow,
neutrophils, thymus, mesenteric lymph nodes, and liver and
also indicated its expression in the kidneys of 7-day-old pigs
(Fig. 2B). Moreover, gene expression for a different cathelici-
din, protegrin, also was observed in all of the same tissues,
except kidney tissue (Fig. 2B).

We then investigated whether these antimicrobial peptides
in other tissues also were expressed developmentally in young
pigs as was observed in peripheral blood neutrophils. Indeed,
Southern analysis of RT-PCR products showed that this was
the case for PR-39. As previously shown, expression of PR-39
mRNA was always observed in bone marrow cells and also
peripheral blood neutrophils until 35 days of age (Fig. 3).
However, the liver and kidney and other lymphoid organs,
including the thymus, mesenteric lymph nodes, and spleen,
showed clear gene expression of PR-39 at 2, 7, and 14 days of
age but not at 28 days of age or older (Fig. 3). PR-39 gene
expression was not detected in the gastrointestinal tract (jeju-
num and colon; Fig. 3), the tissue from which this cathelicidin
was isolated originally (1).

We were intrigued by the finding of PR-39 mRNA expres-
sion in primary and secondary lymphoid tissues and wondered
if these tissues might have been the source of PR-39 described
in the original report (1). To address this question, we probed
immunoblots of mesenteric lymph node, neutrophil, and
spleen proteins and synthetic PR-39 with a monoclonal anti-
body to PR-39 and a polyclonal antibody to the cathelin do-
main of PR-39 as previously described (37). Western blot anal-
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FIG. 3. Developmental gene expression of PR-39 in bone marrow cells, pe-
ripheral blood neutrophils, and various other lymphoid tissues. For Southern
analysis, the RT-PCR-amplified cDNA fragments were blotted onto nitrocellu-
lose membranes, hybridized with the specific PR-39 cDNA probe, and exposed
to autoradiography.

ysis showed that PR-39 was indeed present in mesenteric
lymph nodes (Fig. 4). It was present in both the propeptide and
mature forms in lymph nodes; the neutrophil preparation used
in this blot contained only the propeptide (PMN lane). As
reported previously, the polyclonal antibody to cathelin recog-
nized only the propeptide forms of the neutrophil cathelicidins
and did not recognize synthetic PR-39 (37). We have consid-
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FIG. 4. Western blot analysis of synthetic and native PR-39. Mesenteric
lymph node (1-mg tissue equivalent/lane), synthetic PR-39 (1 ng/lane), polymor-
phonuclear neutrophil (PMN) granule extracts (0.5 X 10° cell equivalents/lane),
and spleen (1-mg tissue equivalent/lane) samples were subjected to acid-urea
polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride
membrane. The immunoblot was developed with a mouse anti-PR-39 monoclo-
nal antibody (Ab) (1 pg/ml) or rabbit anti-cathelin serum (1:5,000). A chemilu-
minescent peroxidase substrate (SuperSignal; Pierce) was used to visualize an-
tibody-specific binding.
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ered the possibility that the source of PR-39 in mesenteric
lymph nodes may be resident tissue neutrophils or peripheral
blood neutrophils. However, we have not observed this signal
in other highly vascularized tissues (e.g., kidney and gastroin-
testinal tract tissues), and therefore, the PR-39 signal in mes-
enteric lymph nodes probably was not caused by neutrophils.

To our knowledge, these data provide the first evidence of
cathelicidin gene expression in peripheral blood neutrophils.
Others have reported the presence of PR-39 mRNA in rat
macrophages and infarcted rat hearts (21) and PR-39 immu-
noreactivity in fully differentiated human colon cells (3). How-
ever, we have not been able to repeat those findings (data not
shown) and have found PR-39 mRNA and protein only in
porcine tissues. The repression of gene expression of these
antimicrobial peptides as the animal ages may be a reflection
of increased numbers of immature neutrophils in the neonatal
pig. However, the presence of PR-39 in primary and secondary
lymphoid tissues in the neonate also suggests other functions
for this peptide. Studies have shown that PR-39 is a multifunc-
tional peptide, with activities that include involvement in
wound healing through the induction of syndecan expression
(10), anti-inflammatory properties through the specific inhibi-
tion of NADPH oxidase production of superoxide anion (32),
and chemoattractant activity for neutrophils (16). It is unclear
how cathelicidins might function in the developmental matu-
ration of the porcine immune system. However, considering
the critical early events involved in neonatal tolerance or im-
munization (27) and the finding that other antimicrobial pep-
tides have been shown to influence T-cell immunity (22), it is
possible that cathelicidins could participate in this critical stage
of immune development. We are continuing to explore this
hypothesis.

We thank Tomas Ganz and Jishu Shi of the Department of Medi-
cine at the University of California, Los Angeles, for kindly providing
the rabbit anticathelin antiserum and Danielle Goodband for her ex-
cellent technical assistance.

This work was supported in part by USDA NRI Competitive Grant
95-37204-2141 (F.B. and C.R.R.).

REFERENCES

1. Agerberth, B., J. Y. Lee, T. Bergman, H. G. Boman, V. Mutt, and H. Tornvall.
1991. Amino acid sequence of PR-39: isolation from pig intestine of a new
member of the family of proline-arginine-rich antibacterial peptides. Eur.
J. Biochem. 216:623-629.

2. Agerberth, B., H. Gunne, H. Odeberg, P. Kogner, H. G. Boman, and G. H.
Gudmundsson. 1995. FALL-39, a putative human peptide antibiotic, is cys-
tein-free and expressed in bone marrow and testis. Proc. Natl. Acad. Sci.
USA 92:195-199.

3. Bernet-Camard, M. F., M. H. Coconnier, S. Hudault, and A. L. Servin. 1996.
Differentiation-associated antimicrobial functions in human colon adenocar-
cinoma cell lines. Exp. Cell Res. 226:80-89.

4. Boman, H. G. 1991. Antibacterial peptides: key components needed in im-
munity. Cell 65:205-207.

5. Boman, H. G. 1995. Peptide antibiotics and their role in innate immunity.

Annu. Rev. Immunol. 13:61-92.

Broekaert, W. F., F. R. Terras, B. P. Cammue, and R. W. Osborn. 1995. Plant

defensins: novel antimicrobial peptides as components of the host defense

system. Plant Physiol. 108:1353-1358.

7. Frank, R. W., R. Gennaro, K. Schneider, M. Przybylski, and D. Romeo. 1990.
Amino acid sequences of two proline-rich bactenecins. Antimicrobial pep-
tides of bovine neutrophils. J. Biol. Chem. 265:18871-18874.

8. Frohm, M., B. Agerberth, G. Ahangari, M. Stahle-Backdahl, S. Liden, H.
Wigzell, and G. H. Gudmundsson. 1997. The expression of the gene coding
for the antibacterial peptide LL-37 is induced in human keratinocytes during
inflammatory disorders. J. Biol. Chem. 272:15258-15263.

9. Gabay, J. E. 1994. Ubiquitous natural antibiotics. Science 264:373-374.

10. Gallo, R. L., M. Ono, T. Povsic, C. Page, E. Eriksson, M. Klagsbrun, and M.
Bernfield. 1994. Syndecans, cell surface heparan sulfate proteoglycans, are
induced by a proline-rich antimicrobial peptide from wounds. Proc. Natl.
Acad. Sci. USA 91:11035-11039.

11. Gallo, R. L., K. J. Kim, M. Bernfield, C. A. Kozak, M. Zanetti, L. Merluzzi,
and R. Gennaro. 1997. Identification of CRAMP, a cathelin-related antimi-

6.

=

6002 ‘T Jaqwiadaq uo Ag Hio wse el woiy papeojumoq


http://iai.asm.org

442

12.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

NOTES

crobial peptide expressed in the embryonic and adult mouse. J. Biol. Chem.
272:13088-13093.

Gudmundsson, G. H., K. P. Mag n, B. P. Chowdhary, M. Jol L.
Andersson, and H. G. Boman. 1995. Structure of the gene for porcine
peptide antibiotic PR-39, a cathelin gene family member: comparative map-
ping of the locus for the human peptide antibiotic FALL-39. Proc. Natl.
Acad. Sci. USA 92:7085-7089.

. Gudmundsson, G. H., B. Agerberth, J. Odebeg, T. Bergman, B. Olsson, and

R. Salcedo. 1996. The human gene FALL39 and processing of the cathelin
precursor to the antibacterial peptide LL-37 in granulocytes. Eur. J. Bio-
chem. 238:325-332.

Harwig, S. S. L., V. N. Kokryakov, K. M. Swiderek, G. M. Aleshina, C. Zhao,
and R. I. Lehrer. 1995. Prophenin-1, an exceptionally proline-rich antimi-
crobial peptide from porcine leukocytes. FEBS Lett. 362:65-69.

Hoffmann, J. A. 1995. Innate immunity of insects. Curr. Opin. Immunol.
7:4-10.

. Huang, H.-J., C. R. Ross, and F. Blecha. 1997. Chemoattractant properties

of PR-39, a neutrophil antibacterial peptide. J. Leukocyte Biol. 61:624-629.

. Larrick, J. W., M. Hirata, R. F. Balint, J. Lee, J. Zhong, and S. C. Wright.

1995. Human CAP18: a novel antimicrobial lipopolysaccharide-binding pro-
tein. Infect. Immun. 63:1291-1297.

Lehrer, R. I, T. Ganz, and M. E. Selsted. 1991. Defensins: endogenous
antibiotic peptides of animal cells. Cell 64:229-230.

Lehrer, R. L., A. K. Lichtenstein, and T. Ganz. 1993. Defensins: antimicrobial
and cytotoxic peptides of mammalian cells. Annu. Rev. Immunol. 11:105-
128.

Levy, O., J. Weiss, K. Zarember, C. E. Ooi, and P. Elsbach. 1993. Antibac-
terial 15-kDa protein isoforms (p15s) are members of a novel family of
leukocyte proteins. J. Biol. Chem. 268:6058-6063.

Li, J., L. F. Brown, R. J. Laham, R. Volk, and M. Simons. 1997. Macrophage-
dependent regulation of syndecan gene expression. Circ. Res. 81:785-796.
Lillard, J. W., Jr., P. N. Boyaka, M. Kweon, M. Yamamoto, S. Yamamoto, O.
Chertov, J. J. Oppenheim, and J. R. McGhee. 1998. Mucosal administration
of defensins with antigen induces TH1- and IL-4-independent TH2-type
responses. FASEB J. 12:A909. (Abstract)

Mahoney, M. M., A. Y. Lee, D. J. Brezinski-Caliguri, and K. M. Huttner.
1995. Molecular analysis of the sheep cathelin family reveals a novel anti-
microbial peptide. FEBS Lett. 377:519-522.

Martin, E., T. Ganz, and R. I. Lehrer. 1995. Defensins and other endogenous
peptide antibiotics of vertebrates. J. Leukocyte Biol. 58:128-136.
Panyutich, A., J. Shi, P. L. Boutz, C. Zhao, and T. Ganz. 1997. Porcine
polymorphonuclear leukocytes generate extracellular microbicidal activity by

Editor: R. N. Moore

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

INFECT. IMMUN.

elastase-mediated activation of secreted proprotegrins. Infect. Immun. 65:
978-985.

Popsueva, A. E., M. V. Zinovjeva, J. W. M. Visser, M. J. J. Zijlman, W. E.
Fibbe, and A. V. Belyavsky. 1996. A novel murine cathelin-like protein
expressed in bone marrow. FEBS Lett. 391:5-8.

Ridge, J. P., J. Ephraim, and P. Matzinger. 1996. Neonatal tolerance revis-
ited: turning on newborn T cells with dendritic cells. Science 271:1723-1726.
Scocchi, M., B. Skerlavaj, D. Romeo, and R. Gennaro. 1992. Proteolytic
cleavage by neutrophil elastase converts inactive storage proforms to anti-
bacterial bactenecins. Eur. J. Biochem. 209:589-595.

Scocchi, M., D. Romeo, and M. Zanetti. 1994. Molecular cloning of Bac7, a
proline- and arginine-rich antimicrobial peptide from bovine neutrophils.
FEBS Lett. 352:197-200.

Selsted, M. E., M. J. Novotny, W. L. Morris, Y. Q. Tang, W. Smith, and J. S.
Cullor. 1992. Indolicidin, a novel bactericidal tridecapeptide amide from
neutrophils. J. Biol. Chem. 267:4292-4295.

Shi, J., C. R. Ross, M. M. Chengappa, and F. Blecha. 1994. Identification of
a proline-arginine-rich antibacterial peptide from neutrophils that is analo-
gous to PR-39, an antibacterial peptide from the small intestine. J. Leuko-
cyte Biol. 56:807-811.

Shi, J., C. R. Ross, T. L. Leto, and F. Blecha. 1996. PR-39, a proline-rich
antibacterial peptide that inhibits phagocyte NADPH oxidase activity by
binding to Src homology 3 domains of p477°*, Proc. Natl. Acad. Sci. USA
93:6014-6018.

Weiss, J. 1994. Leukocyte-derived antimicrobial proteins. Curr. Opin. He-
matol. 1:78-84.

Zanetti, M., L. Litteri, R. Gennaro, H. Horstmann, and D. Romeo. 1990.
Bactenecins, defense polypeptides of bovine neutrophils, are generated from
precursor molecules stored in the large granules. J. Cell Biol. 111:1363-1371.
Zanetti, M., L. Litteri, G. Griffiths, R. Gennaro, and D. Romeo. 1991.
Stimulus-induced maturation of probactenecins, precursors of neutrophil
antimicrobial polypeptides. J. Immunol. 146:4295-4300.

Zanetti, M., R. Gennaro, and D. Romeo. 1995. Cathelicidins: a novel protein
family with a common proregion and a variable C-terminal antimicrobial
domain. FEBS Lett. 374:1-5.

Zhang, G., C. R. Ross, S. S. Dritz, J. C. Nietfeld, and F. Blecha. 1997.
Salmonella infection increases porcine antibacterial peptide concentrations
in serum. Clin. Diagn. Lab. Immunol. 4:774-777.

Zhao, C., T. Ganz, and R. I. Lehrer. 1995. The structure of porcine protegrin
genes. FEBS Lett. 368:197-202.

Zhao, C., T. Ganz, and R. I. Lehrer. 1995. Structures of genes for two
cathelin-associated antimicrobial peptides: prophenin-2 and PR-39. FEBS
Lett. 376:130-134.

6002 ‘T Jaqwiadaq uo Ag Hio wse el woiy papeojumoq


http://iai.asm.org

