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Granulysin and NK-lysin are antimicrobial proteins found in the granules of human and swine cytotoxic lymphocytes. A murine
counterpart to granulysin has not been identified to date, indicating the importance of additional models to fully characterize the
role of granulysin-like molecules in the immune response to infectious disease. Two partial nucleotide sequences corresponding to
the complete functional domain of granulysin and NK-lysin were amplified from bovine PBMC mRNA. Following stimulation with
phorbol ester and calcium ionophore, expression of the bovine gene was detected in CDB cells, CD4" T cells, CD8" T cells,
WC1* 8 T cells, and PBMC depleted of CD3 T cells, but was absent in CD21 cells and CD14" cells. Intracellular flow
cytometry and immunoblotting confirmed the presence of protein corresponding to the bovine granulysin homologue in activated
T lymphocytes and PBMC. Synthetic human, bovine, and swine peptides corresponding to the C terminus of helix 2 through helix
3 region of granulysin displayed potent antimicrobial activity against Escherichia coli, Salmonella enteritidis, Staphylococcus
aureus, and Mycobacterium bovis bacillus Calmette-Guain. Human and bovine peptides corresponding to helix 2 displayed
antimycobacterial activity against M. bovis bacillus Calmette-Guein. Expression of the bovine gene was detected in laser mi-
croscopy-dissected lymph node lesions from all. bovis-infected animal. The identification of a biologically active bovine homo-
logue to granulysin demonstrates the potential of the bovine model in characterizing the role of granulysin in the immune response
to a variety of infectious agents. The Journal of Immunology, 2004, 173: 2607-2614.

ranulysin and NK-lysin are antimicrobial proteins found date. Perforin appears to be required for granulysin to enter in-

in the granules of human and swine T lymphocytes andfected cells and lyse intracellular organisms (1). Despite the cyto-

NK cells. These effector cell lysin molecules colocalize plasmic association in granules and cooperative mechanism of ac-
with perforin in cytotoxic granules and are present in NK cells andtion, the levels of protein expressed in infected tissue and mMRNA
in T lymphocytes expressing CD4, CD8, and h® TCR (1-3).  detected after Ag-specific recall indicate that granulysin expres-
Killing activity by granulysin and NK-lysin has been reported sion may be regulated separately from perforin upon T cell acti-
against tumors and a growing list of microorganisms includingvation (16, 17).
Gram-positive and Gram-negative bacteria, fungi, protozoa, para- Currently, one of the most interesting antimicrobial activities
sites, and possibly viruses (1, 4—11). Granulysin expression is inassociated with granulysin is the ability to directly kill mycobac-
duced following mitogenic or antigenic activation of T lympho- teria (18). Mycobacteria are particularly resistant to intracellular
cytes and increases in NK cells following exposure to IL-2 (8, killing mechanisms and succumb, in vitro, to the effects of granu-
12-14). Expression of granulysin by peripheral blood CDB lysin or activation of the infected cell through the R2purinergic
cells requires CD%4 T cells and an accessory cell population (8). receptor (1, 5, 19, 20Mycobacterium tuberculosis can be lysed
In the absence of Th cells or accessory cells, granulysin expressiaxtracellularly by granulysin or NK-lysin (1, 5, 7), and lysed in-
in purified cytotoxic CD8 T cells can be induced by addition of tracellularly by granulysin following permeation of the cellular
exogenous IL-15 or in the presence of monocytes activated with amembrane by perforin (1). Granulysin-dependent killindvoftu-
CD40L trimer (8, 15). The regulatory requirements for expressionberculosis-infected targets by CD4, CD8", andyd T cells has
of granulysin in CD4 andvy38 T cells have not been described to been inferred from in vitro studies in which granule-dependent
killing occurred despite blocking perforin and/or granzyme activ-
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pathogens as part of a cell-mediated immune response. Once re-
leased by the effector cell during degranulation, granulysin mole-
cules appear to directly disrupt microbial membranes by electro-
static charge disruption (23, 24). The biologically active core of
the molecule has been attributed to amino acid residues contained
within the C terminus of helix 2 through helix 3 (57, 9). Anti-
bacterial activity of granulysin against Salmonella can be repro-
duced with peptides from helix 2 and 3, but is greatest when the
loop 2 region between helix 2 and 3 is present in combination with
either helix (9). Activity of NK-lysin against M. tuberculosis also
requires the core region provided by the C terminus of helix 2
through helix 3 (6, 7, 9). Maximal killing of tumor cells by granu-
lysin requires the core region, an intact disulfide bridge between
the two helices, and the presence of arginine residues in the loop
region between helix 2 and 3 (9). Adherence of granulysin to Esch-
erichia coli or M. tuberculosis membranes is similarly arginine
dependent (5). In comparison with bacterial and tumor targets, the
direct effect of granulysin against viral targets has not yet been
demonstrated. Varicella zoster levels decreased following granu-
lysin exposure (11), but it is unclear whether this occurs via a
direct action against the virus or induction of apoptosis of the
virally infected cell.

Characterization of the role of granulysin in the T cell arsenal
against infectious disease has mostly been inferred from in vitro
studies of human PBMC populations. A clinical association be-
tween successful chemotherapy in pediatric tuberculosis patients
with increased levels of granulysin is consistent with the proposed
importance of granulysin in the cytotoxic T cell repertoire used to
control myobacteria growth (25). In human leprosy lesions,
granulysin protein levelsin CD4™ T cells correlate with controlled
lesion development compared with the more disseminated form of
the disease (17). Determination of tissue-specific expression of
granulysin during a cell-mediated immune response, and the ef-
fects of therapeutics and vaccination will require a suitable animal
model. A murine homologue to granulysin has not been identified
to date, precluding the study of clinical effects of gene deletion in
a mouse model of disease (26). This series of studies identifies a
bovine homologue (Bo-lysin) to granulysin and NK-lysin that is
expressed in CD4", CD8™, and y8 T lymphocytes. Derived bo-
vine peptides corresponding to the biologically active core region
of granulysin are active against E. coli, Salmonella enteritidis,
Saphylococcus aureus, and M. bovis BCG.

Materials and Methods
Detection of a bovine granulysin homologue

PBMC were isolated from a healthy bovine donor and cultured at 10°
cells/ml complete RPMI 1640 supplemented with 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and
penicillin-streptomycin (Life Technologies, Grand Island, NY). Total RNA
was extracted (RNeasy; Qiagen, Valencia, CA) following 5 days of stim-
ulation with 10 ng/ml PMA and 1 pg/ml ionomycin. The extracted RNA
was treated with DNase (Ambion, Austin, TX) to remove potentialy con-
taminating DNA. RT-PCR (Titan One Tube; Roche Biomedical Labora-
tories, Indianapolis, IN) was performed, according to manufacturer’s in-
structions, using degenerate primers designed from conserved segquences of
NK-lysin and granulysin, as follows: forward, 5-GAGGRCCCCC
AGGGTGAC-3', and reverse, 5'-ATTCYCSTGAGAGGGGAGG-3'.
The resulting Bo-lysin amplicons were cloned into the pCR2.1 TA
sequencing vector (Invitrogen Life Technologies, Carlsbad, CA) and
sequenced by the dye termination method (DNA Core Facility, Univer-
sity of Missouri). Bovine-specific primers, forward, 5'- CTGCTGCTC
CAAGGAGAAGA-3', and reverse, 5'-GCAGTGGAGGGAGTTTGGT-3',
were generated to confirm the nucleotide sequence in three additiona bovine
donors. Nucleotide identity, amino acid identity, and amino acid residue
alignment were determined using Clustal W (European Bioinformatics Insti-
tute, Cambridge, U.K.; http://www.ebi.ac.uk/services).

EXPRESSION AND ANTIMICROBIAL ACTIVITY OF BO-LYSIN

Expression of Bo-lysin in purified cell populations

Purified leukocyte populations were obtained by magnetic separation from
PBMC of healthy bovine donors. Primary Abs used to label leukocyte
subpopulations for magnetic separation were as follows. CD3 (MM1A),
CD4 (CACT138A), CD8 (BAQ111lA), y8 TCR (GB21A), B cells
(GB25A, CD21), and monocytes (MM61A, CD14) (Veterinary Medical
Research Development (VMRD), Pullman, WA). Magnetically labeled rat
Abs to mouse 1gG1, IgM, and 1gG2b isotypes were used to positively sort
labeled cells using an AutoMACS (Miltenyi Biotec, Bergisch Gladbach,
Germany). Purity of the positively selected population was assessed by
flow cytometry using additional Abs to cell surface markers: CD4 FITC
(MCA 1653; Serotec, Oxford, U.K.), CD8 (MCA1654; Serotec), and WC1
(ILA-29; VMRD), and isotype-matched control mouse Abs (Sigma-Al-
drich, St. Louis, MO). Primary Ab was detected on the CD8 and WC1
populations with FITC-labeled rat Ab to mouse 1gG1 (BD Pharmingen,
San Diego, CA). Purity of CD3 and CD14 populations was determined
using biotinylated MM1A and MMG61A, respectively. Primary Abs
(VMRD) were affinity purified using immobilized protein G (Pierce, Rock-
ford, IL) and biotinylated using sulfo-NH-biotin EZ link (Pierce). Biotin-
ylated Ab was detected using a streptavidin-PE conjugate (BD Immuno-
cytometry Systems, San Jose, CA). Nonspecific binding was assessed using
a biotinylated, isotype-matched, mouse Ab (VMRD), as described above.
Purity of CD21-sorted cells was assessed using FITC-conjugated Ab to
bovine IgG (H + L) and bovine IgM (Jackson ImmunoResearch Labora-
tories, West Grove, PA).

The PBMC population was depleted of T lymphocytes using Ab to
bovine CD3 (MM1A; VMRD) and magnetic bead-conjugated rat anti-
mouse 1gG1 by AutoMACS sorting (Miltenyi Biotec). After depletion of
the magnetically labeled cells, the remaining negative fraction was further
depleted with a mixture of primary Abs (VMRD) to known T lymphocyte
surface markers: CD3 (MM1A), CD4 (CACT138A), CD8 (CACTS80C),
and WC1 (ILA29), and magnetic bead-conjugated rat Ab to mouse 1gG1
(Miltenyi Biotec). Purity of the doubly depleted population was assessed
using primary Abs MM1A (CD3), 1653F (CD4), BAQ111A (CD8), and
GB21A (y8 TCR), as described above. Primary Ab was detected using
FITC-labeled rat Ab to mouse 1gG2b, 1gG1, and IgM (BD Pharmingen).

Purified cell populations were cultured at 10° cells/ml complete RPMI
1640 for 48 h in the presence of 10 ng/ml PMA and 1 ug/ml ionomycin.
Monocytes were al so stimulated with 100 ng/ml LPS from E. coli (serotype
055:B5; Sigma-Aldrich). Following 48 h of stimulation, total RNA was
extracted (RNeasy; Qiagen) and treated with DNase (Ambion, Austin, TX)
to remove potentially contaminating DNA. RT-PCR (Titan One Tube;
Roche Biomedical Laboratories) was performed on the extracted RNA
using bovine-specific primers: forward, 5'-CTGCTGCTCCAAG
GAGAAGA-3', and reverse, 5'-GCAGTGGAGGGAGTTTGGT-3'.
Equivalent RNA template was assessed by amplification of the G3PDH
gene using bovine-specific primers: forward, 5-GGAGAAACCT
GCCA-3’, and reverse, 5'-GTGTCGCGTGTTGA-3'. Bovine perforin
was amplified from purified CD3" cells and PBMC depleted of CD3™
cells using bovine-specific primers: forward, 5-GATGCCAACTT
CGCCGCCCA-3', and reverse, 5'-TGTCAGTCACGTACTTGCTC-3'.
The resulting perforin amplicons were cloned into pCR2.1-Topo clon-
ing vector (Invitrogen Life Technologies) and sequenced by the dye
termination method (DNA Core Facility, University of Missouri).

Ab production

Bo-lysin 62 was cloned into the expression vector pcDNA3.1 (Invitrogen
Life Technologies). Four C57BL6 mice (The Jackson Laboratory) were
immunized i.m. with three doses of 100 ug of Bo-lysin pcDNA3.1 plasmid
DNA and boosted i.p. with one dose of peptide mixture (peptides corre-
sponding to residues 3-21, 19-38, 34-55, and 52—71) mixed equally with
IFA. Sera from immunized mice were obtained by ocular bleed and
screened for specificity to Bo-lysin peptides by ELISA. Splenocytes from
sacrificed mice were fused with FO myeloma cells (CRL-1646; American
Type Culture Collection, Manassas, VA) using polyethylene glycol and
fusions selected by growth in hypoxanthine/aminopterin/thymidine me-
dium (Sigma-Aldrich). Hybridoma populations were screened for Ig pro-
duction by ELISA. Supernatant from polyclona hybridomas was purified
by column chromatography using protein G (Pierce). Purified |g was an-
ayzed for Bo-lysin specificity by ELISA and immunoblot using lysates
from PBMC.

Immunoblot and immunoprecipitation

Lysates were prepared from PBMC using 107 cells/200 wl M-Per mam-
malian lysis reagent (Pierce). Proteins were separated by SDS-PAGE with
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10 and 15% acrylamide (10% perforin, 15% Bo-lysin), transferred to ni-
trocellulose (Bio-Rad, Hercules, CA), and blocked overnight in 5% nonfat
milk. Perforin protein was detected using Ab to human perforin (BD
Pharmingen) that is cross-reactive to the bovine homologue. Bo-lysin pro-
tein was detected using protein G-purified Ig from polyclonal hybridoma
supernatant. Bound Ab was detected using human-adsorbed, HRP-conju-
gated, goat Ab to mouse Ig (1/5000; Santa Cruz Biotechnology, Santa
Cruz, CA). Immunoblots were developed using ECL plus chemilumines-
cence reagent (Amersham Biosciences, Uppsala, Sweden) and visualized
on autoradiography film (BioMax XAR; Eastman Kodak, Rochester, NY).
Relative protein size was determined by reference to Kaliedescope
Prestained Standards (Bio-Rad). Bo-lysin protein was a so immunoprecipi-
tated from PBMC lysates using the Seize Classic Mammalian Immuno-
precipitation kit (Pierce), according to the protocol supplied by the man-
ufacturer. The precipitated immune complex was separated by SDS-PAGE
with 15% acrylamide and visualized by silver stain (Silver Stain PLUS;
Bio-Rad).

Intracellular staining

CD3* T lymphocytes were positively selected from PBMC by AutoMACS
with magnetic particle-conjugated Abs and stimulated for 6 days with 10
ng/ml PMA and 1 pg/ml ionomycin. Lymphocytes were restimulated with
PMA and ionomycin in the presence of brefeldin A (BD Pharmingen)
during the last 5 h of culture before intracellular staining. Protein G-puri-
fied Ab to Bo-lysin was conjugated to FITC (Sigma-Aldrich). Staining was
performed using Cytofix/Cytoperm intracellular staining reagents (BD
Pharmingen), according to the protocol supplied by the manufacturer. In-
tracellular proteins were detected using PE-conjugated mAb to human per-
forin (BD Pharmingen), and FITC-conjugated polyclonal Ab to Bo-lysin.
Samples were fixed using 2% buffered paraformaldehyde before analysis
by flow cytometry.

Laser capture microdissection

Tracheobronchia lymph node tissue from M. bovis strain 95-1315 (viru-
lent M. bovis, white-tailed deer isolate)-infected animals was collected 100
days postinfection and flash frozen with dry ice in a 2-ml cryovia and
stored at —80°C. Tissue was embedded in OCT freezing compound, and 5
M sections were cut for laser capture analysis. Tissue sections were
stained with H& E and dehydrated, as described (27). Approximately 1.5 X
10* cells were captured on high sensitivity caps from the periphery of a
granulomatous area using a Pixcell |l laser capture microscope system
(Arcturus, Mountain View, CA). Total RNA was isolated using the Pico-
Pure RNA isolation kit (Arcturus) and treated with DNase (Ambion) to
remove any contaminating DNA. Additional sections from the tracheo-
bronchial lymph node tissue were used to capture tissue adjacent (center of
the granulomatous area) to the tissue analyzed for Bo-lysin expression.
Approximately 2 X 10* cells captured by laser capture microdissection
(LCM) on regular nylon polymer caps were used to extract DNA, as pre-
viously described (28), and confirm the presence of mycobacteriain tissue
adjacent to the captured cells analyzed for Bo-lysin expression. M. tuber-
culosis complex 156110 sequences were amplified from DNA using pre-
vioudy described primers: forward, 5'-GCTGAGGGCATCGAGGTGGC-3',
and reverse, 5'-GCGTAGGCGTCGGTGACAAA-3' (29).

Peptide synthesis

Peptides were synthesized by standard fluorenylmethyloxycarbonyl chem-
istry on an Applied Biosystems 432A peptide synthesizer (Foster City,

Table 1.
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CA). Lyophilized peptide was stored in desiccant at —20°C and dissolved
at 5 mM concentration in sterile Hanks' buffered saline solution before use.
The predicted amino acid sequence from common base usage in the poly-
morphic bovine sequences was used to design peptides corresponding to
residues 3-21, 19-38, 34-55, and 5271 of the predicted bovine protein
homologous to 9-kDa granulysin, as shown in Table |. After initial screen-
ing for antimicrobial activity, peptide eguivalents in human granulysin and
NK-lysin were synthesized for comparison with their bovine counterparts
that had significant levels of antimicrobial activity. Peptides corresponding
to aa residues 19-38 were synthesized for human (VDKPTQRSVS
NAATRVCRTG) and bovine (GDQPDENTVIEEASKVCSKM). The cor-
responding peptides for aa residues 34-55 were also synthesized for hu-
man (CRTGRSRWRDV CRNFMRRY QSR), swine (CDKMKILRGVCKK
IMRTFLRR), and bovine (CSKMRLLKGLCKSIMKKFLRR). A longer
bovine peptide corresponding to aa residues 26-55 (TVIEEAASKVCSK
MRLLKGLCKSIMKKFLRR) was aso synthesized.

Antimicrobial activity

Log phase cultures of human clinical isolates (School of Medicine Clinical
Bacteriology Laboratory, University of Missouri) of urinary tract E. coli, E.
coli 0157:H7, S enteritidis, and S aureus were diluted 1/2000 in Luria-
Bertani (LB) medium. Average CFU of bacterial organisms diluted 1/2000
after overnight growth were 2 X 10° CFU/ml. Cultures of urinary tract E.
coli, E. coli 0157:H7, and S enteritidis were grown to log phase in LB
medium, and S. aureus was grown to log phase in brain-heart infusion
medium (Difco, Detroit, MI). A 50-ul aliquot of diluted microorganism
was preincubated with 50 wl of LB medium and PBS or 50 ul of individual
granulysin peptides serially diluted in LB medium to final concentrations of
0.1, 1, and 10 uM. After 3 h of incubation at 37°C, 100-ul aiquots of peptide
and urinary tract E. coli, E. coli 0157:H7, and S enteritidis were plated on LB
agar plates, and 100-ul diquots of peptide and S aureus were plated on Muel-
ler-Hinton agar plates (REMEL, Lenexa, KS). CFU were counted after over-
night incubation at 37°C. Results were verified by three independent experi-
ments, each plated in triplicate. Antimycobacterial activity against M. bovis
BCG Pasteur was assessed using afrozen stock of 1.2 X 107 CFU/m obtained
from the U.S. Department of Agriculture Nationa Anima Disease Center
(Ames, 1A). The antimycobacteria protocol was optimized in the absence of
peptides before onset of the trid to ensure that clumping of mycobacteria
organisms was controlled via vortexing and addition of Tween to the dilution
medium. Frozen stocks of mycobacteria were thawed, vortexed for 30 min at
high speed, and diluted to 2 X 10* CFU/100 wl Middlebrook 7H9 (REMEL)
liquid medium containing 0.1% Tween in 0.5-ml polypropylene microcentri-
fuge tubes. Peptides were diluted in Middlebrook 7H9 liquid medium and
added to mycobacteria cultures at afind concentration of 0.1, 1, 10, and 100
M in 100 ul final volume. A mock culture of M. bovisand 7H9 medium with
PBS in the absence of peptide was included as a negative control. Following
72 h of incubation at 37°C, samples were vortexed, 10-fold dilutionsin PBS-
Tween (0.1% Tween 20) were plated on Middlebrook 7H11 (REMEL) agar
plates, and CFU were determined at 3 wk. Antimycobacterid activity was
assessed for each experiment as the percentage of M. bovis BCG colonies
following peptide exposure compared with M. bovis BCG exposed to PBS
control. Antimycobacterid results were verified by three (bovine peptide
26-55 and human 19-38) to four (bovine peptide 1938, and bovine, human,
and swine peptide 34-55) independent experiments.

Comparison of the predicted bovine gene product and synthetic peptides with granulysin and NK-lysin in the biologically active region of

I [ Helix 1 | [

Felix 2|

[ Helix 3] [Helix 4] [Hel'i x5

Granulysin
NK-lysin 1
NK-lysin 2
Bo-lysin 89
Bo-lysin 62

EGPQGDLL TKTQELGRDYRTCLTI VQKLKKMW- DKPTQRSVSNAATRVCRT GRSRWRDVCRNFVRRYQSRVI QGLVAGETAQQ CEDLRLCI PSTGPL
EDPQDGQL L QREEL GLECESCRKI | QKL EDMWGPQPNEDTVTQAASRVCDKNK- | LRGVCKKI MRTFLRRI SKDI LTGKKPQAI CVDI KI CKEK- TGLI
GYFCESCRKI | QKL EDMVGPQPNEDTVTQAASQVCDKLK- | LRGLCKKI MRSFLRRI SWDI L TGKKPQAI CVDI KI CKE
EGPQGDLLLQGEELGLLCGSCQRI | QHL VDKL GDQPDENTVI EAASKVOGKMG- PLKGLCKSI TKRFLRRI AADI TAGKTSRVWCED! KMCKSKPVGF
EDPQGDLLLQGEEL SLRCGSCRRI | QHL VDKL GDQPDENTVI EEASKVCSKVR- LLKGLCKSI MKKFLRTI AEDI VAGKTSQVI CVDI KMCKSKPVGF

[ Peptides 19-38 |

| Peptides 34-55 |

Bovi ne peptides 26-55 |

2 Alignment was determined by Clustal W analysis, (European Bioinformatics Institute, http://www ebi.ac.uk/services). Amino acid residue locations conserved among
human, porcine, and bovine are shown in bold. Predicted helical regions are based on protein modeling of granulysin and NK-lysin. NK-lysin 2 is an amino acid sequence of
a protein isolated from porcine small intestine and spleen. Arrow indicates the amino terminus of posttranslationally modified 9-kDa human granulysin. Peptides are numbered

starting with 1 from GRDYR of granulysin.
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GenBank submission of bovine nucleotide sequences

The nucleotide sequence for Bo-lysin clones 62 and 89 corresponds to
GenBank accession numbers AY 245799 and AY 245798, respectively. A
bovine perforin sequence of 929 nucleotides has been submitted to Gen-
Bank, with an accession number of AY313172.

Results
Detection of a polymorphic gene homologue of granulysin and
NK-lysin

Using degenerate primers, a polymorphic bovine nucleotide se-
quence 441 bases in length was cloned from stimulated PBMC
isolated from an individual blood donor (Table I1). Bovine-specific
primers were used to confirm the expression of the genein PBMC
of the original donor and determine expression of the gene in
PBMC of three additional donors. Ten clones were sequenced
from each blood donor to determine the expression profile of the
polymorphic genes. Bo-lysin clones 89 and 62 were detected in all
four donors. These amplicons were 405 bases in length and shared
94% nucleotide identity. Predicted amino acid sequence of the
amplified bovine genes shared 84% identity (Table I). Nucleotide
identity of the bovine sequence to human granulysin and porcine
NK-lysin was 56.6-57.3% and 74.6—74.8%, respectively. The
identity of the bovine amino acid sequences to granulysin and
NK-lysin was 36.4—-36.5% and 56.1-59.2%, respectively.

Expression of Bo-lysin in leukocyte populations

Bo-lysin transcription in PBMC increased for 24 h following ex-
posure to PMA and calcium ionophore, and thereafter remained
constant through 72 h (Fig. 1A). Stimulation of PBMC with PMA
and calcium ionophore for 96 and 120 h did not result in a detect-
able increase in Bo-lysin expression compared with levels ob-
served at 72 h (data not shown). Expression of the Bo-lysin gene
was detected in CD3*", CD4*, CD8™, and WC1™ v8 T cells, but
was absent in CD21™ cells and CD14™ cells (Fig. 1B) following
48 h of stimulation with PMA and calcium ionophore. Bo-lysin
expression was aso absent in monocytes stimulated with LPS
(data not shown). AutoMACS-sorted peripheral blood |leukocyte

Table 1.

EXPRESSION AND ANTIMICROBIAL ACTIVITY OF BO-LYSIN
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FIGURE 1. Bovine granulysin gene homologue transcription in periph-
erd blood CD4", CD8", and y8 T lymphocyte populations. RT-PCR with
bovine-specific primers was performed on RNA from A, PBMC following
0, 4, 12, 24, 48, and 72 h of stimulation with 10 ng/ml PMA and 1 pg/ml
ionomycin, and B, purified leukocyte populations following 48 h of stim-
ulation with 10 ng/ml PMA and 1 pg/ml ionomycin. A negative control
(NC) consisting of RT-PCR reagents and primers in the absence of tem-
plate was included with each reaction. Equivalent RNA template was as-
sessed by amplification of the G3PDH gene using bovine-specific primers.

popul ations were >98% pure by flow cytometric analysis. Expres-
sion of the bovine granulysin molecule was detected by intracel-
lular flow cytometry in purified CD3™ T lymphocytes following 6
days of culture with PMA and calcium ionophore (Fig. 2A). In-
tracellular perforin was also detected in activated T lymphocytes
after 6 days of culture (Fig. 2A). Preliminary investigation in our

Polymorphic nucleotide sequences of a bovine effector lysin molecule homologous to the biologically active site of granulysin and NK-lysin®

Granulysin
NK-lysin

ctgttgacca aaacacagga gctgggccgt

Bo-lysin 62 a ¢]
Granulysin - at aagccc
NK-lysin

cagctgctcc aaagagagga gctgggectc atct gt gagt
Bo-lysin 89 ctgctgctcc aaggagaaga gctgggccta ctctgtggtt

gactacagga cctgtctgac gatagtccaa aaactgaaga agatggtgg-

cttgtcggaa gataatccag aagctggagg acatggtggg
cttgtcagag gataatacaa catctgatgg acaagttggg
g a

acccagagaa gtgtttccaa tgctgcgacc cgggtgtgta ggacggggag gtcacgatgg cgcgacgt ct
accacaaccc aacgaggaca ctgtcaccca ggcagcctcc cgggtgtgtg acaagatgaa gatactgaga ---ggtgtgt

Bo-lysin 89 agat cagccc gat gagaata ccgtcatcga ggcagcctcc aaggtgtgcg gcaagatggg gccgctgaaa ---ggtctgt
t

Bo-lysin 62 t ag
Granulysin gcagaaattt
NK-lysin gcaagaagat
Bo-lysin 89 gcaagt caat
Bo-lysin 62 t a a c
Granulysin gacct caggt
NK-lysin

Bo-lysin 62
Granulysin
NK-lysin

Bo-lysin 62
Granulysin tcccctgactcc-------------
NK-lysin t cacct aact cct gccaccgcecctc
Bo-lysin 89 tcaccaaactccctccactge----
Bo-lysin 62

tgtgtatacc ttctac---a ggtcccctct
gacat caaga tctgtaaaga gaagac---a ggtctcatct
Bo-lysin 89 gacat caaga tgtgcaaaag caagccagta ggtttcattt

tgtcctcaga tcccgggaac gtcagcaacc tctgccgget
t ggagaagaa gcacagaaac tccagcaccc tcggccggtt
Bo-lysin 89 tggggaaaaa gcacagaaac tccagcatcc tcggccggcet

a

cat gaggagg tatcagtcta gagttatcca aggcctcgtg gccggagaaa ctgcccagca gatctgtgag
catgaggacc tttctccgtc gcatctccaa ggacatcctg actgggaaga aaccccaggc tatctgtgtg
cacgaagaga tttctccgtc gcatcgctgc agacatcaca gctggaaaaa cctctcgggt

tgtctgtgag
ag gt a a t

gagccctctc accttgtcct gtggaagaag cacaggctcc
gagccc---- -ccgegtcec ctg----- ac ccca---cca
gattcc---- -ctgggtcct ctt----- ac ccca---tcc

cctcgettce tcgatccaga -atccactct
ccttgectcc taaatccagg -gtctgecct
ccttccttcc tgaatccagg agtcttctct

ccagtctcce
cttgtttctc
ccagtttctc

2 Nucleotide sequence is shown in frame starting with ctg and corresponds to nt 395-799 of granulysin 519 mRNA and nt 335-740 of NK-lysin mRNA. Nucleotides shown
for Bo-lysin 62 indicate positions in which the sequence differed from Bo-lysin 89. Alignment was determined by Clustal W analysis (European Bioinformatics Institute,
http://www.ebi.ac.uk/services). A stop codon (tga) conserved among the three species is shown in bold.
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FIGURE 2. Expression of Bo-lysin and perforin protein in T lympho-
cytes and PBMC. A, Intracellular expression of Bo-lysin and perforin by
AutoMACS-purified CD3" T lymphocytes following 6 days of stimulation
with PMA and ionomycin. B, Detection of Bo-lysin in PMBC lysates by
silver stain following immunoprecipitation with specific Ab and by immu-
noblot of lysates with specific Ab. C, Detection of perforin by immunoblot
of PBMC lysates with specific Ab. Lysates from PBMC stimulated for 5
days with 10 ng/ml PMA and 1 pwg/ml ionomycin were used for immuno-
precipitation. Immunoblots were performed using lysates from nonstimu-
lated PBMC.

laboratory indicates that peak perforin expression in bovine T lym-
phocytes occurs at ~3 days following activation (data not shown).
A molecule ~9-15 kDa in size was immunoprecipitated from ly-
sates of activated PBMC by polyclonal Ab to Bo-lysin (Fig. 2B).
Immunoblotting of PBMC lysates demonstrated the presence of a
9- to 15-kDa molecule detected with Ab to Bo-lysin (Fig. 2B) and
a molecule ~70—75 kDa detected with Ab to perforin (Fig. 2C).
The Bo-lysin gene was also expressed in PBMC rigorously de-
pleted of CD3", CD4", CD8™, and WC1" 8 T cells (Fig. 3B).
Forward scatter and side scatter patterns assessed by flow cytom-
etry indicated that the T lymphocyte-depl eted popul ation was com-
prised of both lymphoid and myeloid lineage cells (Fig. 3A). The
T lymphocyte-depleted PBMC population and CD3* lymphocytes
also expressed a bovine homologue of perforin (Fig. 3B) with 72%
nucleotide identity to murine and 80% nucleotide identity to hu-
man perforin. Transcription of Bo-lyin wasinduced in CD3* lym-
phocytes following stimulation with PMA and calcium ionophore
(Fig. 3C). The decrease in expression of Bo-lysin by CD3™ lym-
phocytes between 12 and 48 h was consistently observed in three
independent experiments using PBMC from two blood donors
(data not shown). Constitutive expression of Bo-lysin was evident
in PBMC depleted of CD3™ lymphocytes (Fig. 3C). An additional
amplicon of ~500 bases was occasionally amplified with the Bo-
lysin primers. Sequencing revealed this product to be the result of
nonspecific PCR amplification and not amplification of splice vari-
ants of Bo-lysin.

Antibacterial activity against representative Gram-positive and
Gram-negative bacteria

Bovine peptides corresponding to aa residues 3-21 (helix 1) and
5271 (helices 4 and 5) did not display any antimicrobial activity
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FIGURE 3. Transcription of Bo-lysin and perforin in T lymphocytes
and PBMC depleted of T lymphocytes. A, Forward scatter and side scatter
characteristics of the PBMC depleted of CD3", CD4*, CD8", and y6 T
cells. Inset, Shows lack of surface expression of T lymphocyte phenotype
markers CD3, CD4, CD8, and v TCR on T lymphocyte-depleted PBMC.
B, Expression of Bo-lysin and perforin in T lymphocyte-depleted PBMC
by RT-PCR following 48 h of stimulation with 10 ng/ml PMA and 1 pwg/ml
ionomycin. C, Kinetics of Bo-lysin expressionin CD3" T lymphocytes and
PBMC depleted of T lymphocytes following O, 4, 12, 24, and 48 h of
stimulation with 10 ng/ml PMA and 1 wg/ml ionomycin.

against urinary tract E. coli, E. coli 0157:H7, S aureus, S. enter-
itidis, or M. bovis BCG, under the conditions described (data not
shown). A bovine peptide corresponding to the C terminus of helix
2 through helix 3 (peptide 34-55) displayed potent killing activity
against E. coli, E. coli 0157:H7, S. aureus, S enteritidis, and M.
bovis BCG (Figs. 4 and 5). Human and swine counterparts to bo-
vine peptide 34-55 were synthesized to compare antimicrobial
activity of these peptides among species. Complete reduction of
urinary tract E. coli, E. coli 0157:H7, S aureus, and S. enteritidis
growth was achieved with 10 uM concentration of peptide 34-55
derived from human, bovine, and swine amino acid sequence (Fig.
4). The human 34-55 residue peptide appeared to have reduced
activity against ahuman urinary tract E. coli isolate compared with
bovine and swine, requiring alog increase in peptide concentration
to achieve a similar level of antimicrobial activity (Fig. 4B). The
swine peptide 34-55 was very active against S. aureus, reducing
CFU by half compared with human and bovine counterparts at 0.1
M concentration (Fig. 4D). Control experiments demonstrated
that there was no detectable change in the number of organisms
due to growth effects during the 0-3 h of incubation (data not
shown). Synthetic peptides corresponding to human, bovine, and
swine residues 34-55 inhibited growth of M. bovis in a dose-
dependent manner (Fig. 5B), reducing bacterial numbers by 74—
89% at 100 uM concentration. Surprisingly, a bovine peptide cor-
responding to helix 2 (residues 19—38) aso reduced growth of M.
bovis BCG (Fig. 5A), but was not active against E. coli, E. coli
0157:H7, S aureus, or S. enteritidis (data not shown). A human
granulysin counterpart to bovine peptide 19-38 was synthesized to
determine conservation of antimycobacterial activity by thisregion
of granulysin-like molecules. Peptides derived from human and
bovine aa residues 19-38 were not effective against urinary tract
E. coli, E. coli 0157:H7, S aureus, or S enteritidis under the
described conditions (data not shown). Human and bovine peptides
corresponding to aa 19—-38 reduced numbers of M. bovis by 60—
70% (Fig. 5A), athough a log increase in peptide concentration
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bacteria. Antimicrobial activity of bovine, hu- il T 600
man, and swine peptide 34-55 and bovine pep- E E
tide 26-55 against A, E. coli 0157:H7; B, E. coli 400 400
isolate from human urinary tract; C, S enter-
itidis; and D, S aureus. Bovine peptides corre- 0 0
sponding to aa residues 3-21 or 5271 did not 0.1 1 10 0.1 1 10
display any antimicrobial activity against E. coli, Peptide Concentration, pM Peptide Concentration, uM
E. coli 0157:H7, S. aureus, or S enteritidis when C D
tested at 100 uM concentration under the condi-
tions described (data not shown). Activity of pep-
tides 34-55 was similar to negative control at 0.1 1600 —e— Bovine 34-55 1200 —e— Bovine 34-55
uM concentration. Average CFU of bacterial or- _'_:“',”“ 3;;5:5 —#—Human 34-55
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were 2 X 10° CFU/mI. Peptides (0.1, 1, 10 uM) § §
were preincubated with bacteria for 3 h at 37°C, = 800 = 800
and antimicrobial activity was evaluated after over- z T
night growth on LB agar. Data are presented as © 400 O 400
mean CFU of a representative experiment per- \\
formed in triplicate. 0 0 -
0.1 1 10 0.1 1 10
Peptide Concentration, uM Peptide Concentration, uM
was required to achieve antimicrobia activity similar to peptides
A 34-55. A longer bovine peptide spanning the helix 2 and 3 region
(peptide 26-55) inhibited growth of E. cali, E. coli 0157:H7, S.
100 - TR aureus, and S. enteritidis at very similar levels to the bovine pep-
) 1M tide 34-55 (Fig. 4). The antimycobacterial activity of bovine pep-
%: 75 | § 10 M tide 2655 against M. bovis BCG was similar to the activity dem-
g § 03100 pM onstrated for bovine peptide 19-38 (Fig. 5, A and B).
% 30 1 § Expression of granulysin homologue in granulomatous tissue
~§ . Expression of the Bo-lysin gene was detected in LCM-enriched
£ B granulomatous tissue from a lymph node of a M. bovis-infect cow
(Fig. 6). DNA sequencing of the PCR product confirmed that the
T B _ nucleotide sequence was consistent with Bo-lysin clone 89. A con-
Bovine Human Bovine . . . . . " .
19-38 19-38 26-55 secutive tissue section (Fig. 6A), fixed and stained with H& E, dem-
B onstrated the presence of two large granulomas in the tracheobron-
chial lymph node tissue sections used for LCM. Amplification of
104 mO.1pM insertion sequences from M. tuberculosis complex indicated my-
. g1 cobacterial infection in the tissue analyzed by LCM (Fig. 6E).
s 75 |10 pM
5 _ i Discussion
% 50 Y § The broad spectrum antimicrobial activity of granulysin-like mol-
3 § § ecules suggests an important mechanism by which granule exocy-
;‘?; 25 | § § tosis of T lymphocytes and NK cells contributes to pathogen con-
§ § trol beyond killing cellular hosts. Antimicrobia activity of
o | N \ granulysin-like molecules is particularly important against patho-
Bovine Human Swine gens such as mycobacteria, in which killing of the cell does not
34-55 3455 3455

FIGURE 5. Bovine, human, and swine granulysin-like peptides inhibit
growth of M. bovis BCG. Antimycobacterial activity of 0.1, 1, 10, and 100
M concentrations of A, peptides corresponding to bovine and human aa
residues 19-38 and bovine aa residues 2655, and B, peptides correspond-
ing to bovine, human, and swine aa residues 34-55, against 2 X 10* CFU
M. bovis BCG following 72-h incubation and 3-wk growth on 7H11
Middlebrook agar plates. Bovine peptides corresponding to aa residues
3-21 or 5271 did not reduce growth of M. bovis BCG when tested at 0.1,
1, 10, or 100 uM concentration under the conditions described (data not
shown). Data are presented as the mean percentage reduction from M.
bovis BCG incubated with PBS aone.

necessarily result in killing of the pathogenic organism (21). My-
cobacteria are particularly resistant to intracellular killing mecha-
nisms, succumbing predominantly to the effects of granulysin or
activation of the infected cell through the P2X-, purinergic receptor
(1, 5, 19-21). In vitro experiments have alowed for structural
characterization, evidence for lytic mechanisms, cellular sources,
and basic killing activity of granulysin-like molecules. Full char-
acterization of the role of these molecules in the immune response
to infectious disease, however, requires an animal model. The ab-
sence of a homologue to granulysin in the mouse indicates that
additional animal models should be explored to characterize thein
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FIGURE 6. Expression of Bo-lysin in granulomatous area of a lymph node from an M. bovis-challenged animal at 100 days postinfection. A, H& E-
stained section showing lymphocytic cuffing at the periphery of a granuloma in the tracheobronchial lymph node, original magnification X40. B, Frozen
section of tracheobronchial lymph node before LCM, and C, following LCM capture, and D, captured cells on nylon polymer cap, original magnification
X 20. E, RT-PCR expression of Bo-lysin mRNA and PCR detection of M. tuberculosis complex insertion 6110 sequences in tracheobronchial lymph node
tissue captured by LCM. A negative control (NC) consisting of RT-PCR reagents and primers in the absence of template was included with each reaction.

vivo role of granulysin-like molecules in human disease. The re-
sults of the current trial identify and characterize a granulysin ho-
mologue in the cow, an important animal model for tuberculosis.
The nucleotide and amino acid identity of the bovine gene homol-
ogousto granulysin is similar to theidentity between NK-lysin and
granulysin (2). Consistent with human and porcine effector cell
lysin proteins, the bovine effector cell lysin was expressed in the
major subsets of T lymphocytes and a potential NK cell population
(1, 2). Antimicrobial activity of peptides derived from the pre-
dicted bovine sequence identifies the helix 2 through helix 3 region
as the Iytic site, also consistent with previous observations in granu-
lysin and NK-lysin (1, 5, 7, 9, 10). The bovine gene and the predicted
gene product are polymorphic in nature. Variation in the porcine se-
quence is aso evident from discrepancy between the reported gene
product and amino acid sequence of protein isolated from porcine
small intestine and spleen (2, 30). Sequence analysis of different hu-
man donors, to date, indicates a single polymorphic site in the bio-
logically active portion of the granulysin gene, resulting in a change
from an isoleucine to a threonine (31).

Granulysin and NK-lysin are expressed by NK cells as well as
T lymphocytes. In the current trial, a bovine homologue was ex-
pressed in al subsets of T lymphocytes and constitutively ex-
pressed in a population of cells rigorously depleted of T lympho-
cytes. This depleted population also expressed bovine perforin at
levels comparable to stimulated T lymphocytes. Among the mono-
nuclear cells remaining after T lymphocyte depletion, our results
indicate that B lymphocytes and monocytes would not contribute
to expression of the bovine effector cell lysin. Speculatively, the T
lymphocyte-depleted population expressing perforin and the bo-
vine granulysin homologue may represent a bovine cell population
with NK cell characteristics. The reagents necessary to identify
bovine NK cell surface markers are not currently available, and
reagents developed for other species have not been shown to be
cross-reactive to the bovine, to our knowledge. Definitive charac-
terization will require the development of reagents to detect NK

cell surface markers and subsequent demonstration of killing
activity.

Comparisons of the relative microbicidal activity among the dif-
ferent granulysin-like molecules may provide insight into the func-
tional significance of residues within the biologically active site of
effector cell lysin molecules. A mechanism for the antimicrobial
activity of granulysin was recently proposed following elucidation
of the crystal structure (24). Anderson et a. (24) propose that
disruption of the microbial membrane results when several mole-
cules accumulate at the microbial surface, with the lytic face of
molecule orientated toward the targeted membrane. Alignment of
amino acid residues among the human, porcine, and bovine lysin
molecules demonstrates structural and lytic motifs are conserved
among species. The placement of cysteine residues within the pre-
dicted helices 1, 2, 3, and 5 indicates that the bovine molecule is
saposin-like and would adopt a tertiary structure very similar to
granulysin and NK-lysin.

The cationic properties of granulysin, NK-lysin, and the pre-
dicted bovine effector lysin molecules result from an abundance of
arginine and lysine residues. Arginine is the predominant posi-
tively charged residue in granulysin, in contrast with a predomi-
nance of lysine in NK-lysin and the bovine molecule. The indi-
vidual contribution of arginine and lysine to lytic activity is not
well established. Substitutions of arginine with glutamine residues
in the loop 2 region eliminated antitumor activity of synthesized
granulysin peptides, while only moderately inhibiting activity
against Salmonella (9). Adherence of granulysin to E. coli or M.
tuberculosis membranes and subsequent killing of these organisms
are completely abrogated by general modification of arginine res-
idues in recombinant granulysin (5). In the same experiment, ly-
sine residues in recombinant granulysin were resistant to chemical
modification, aresult interpreted to indicate lack of involvement of
lysineresiduesin lytic activity. Despite differences in arginine and
lysine representation, peptides derived from the C terminus of he-
lix 2 through helix 3 regions of granulysin, NK-lysin, and the
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predicted bovine gene product all display potent killing activity
against several bacterial organisms and mycobacteria. The bovine
peptide corresponding to helix 2 has no arginine residues and yet
demonstrated similar activity against M. bovis BCG as the corre-
sponding human peptide that contains three arginine residues.
Comparisons among human, porcine, and bovine sequences indi-
cate the general location of positively charged residues is fre-
quently conserved, while substitutions of arginine with lysine at
these conserved sites are common. The functional effect of argi-
nineto lysine substitutions will need to be further explored through
residue substitution.

Thisis the first study to demonstrate antimycobacterial activity
by amino acid residues of the loop 1 through helix 2 region of
granulysin. A longer granulysin peptide spanning helix 1 through
helix 2 was previously demonstrated to be active against M. tu-
berculosis, and had activity comparable to a peptide corresponding
to the C terminus of helix 2 through helix 3 (5). In the same trial,
the antimycobacterial activity of ashorter peptide corresponding to
loop 1 through helix 2 apparently was not assessed after initial
experiments indicated lack of activity against E. coli. The results
of the current trial are consistent with the identification of residues
within the C terminus of helix 2 through helix 3 as the important
lytic site for general antimicrobial activity of granulysin-like mol-
ecules. The additional activity against M. bovis BCG observed for
peptides derived from human and bovine helix 2 may indicate the
importance of the residues contained within the overlapping seg-
ment (C terminus of helix 2) of the compared peptides for myco-
bacteria killing. Alternately, lytic activity by residues in loop 1
through helix 2 may indicate redundancy of granulysin’s antimy-
cobacterial mechanisms in species susceptible to tuberculosis.

The identification of the bovine gene homologue to granulysin
and the demonstration of antimycobacterial activity support the
use of the bovine model for characterizing the role of granulysinin
the immune response to tuberculosis and other diseases in which
granulysin may have a critical protective role. Experimental infec-
tion of cattle with mycobacteria will allow for a detailed in vivo
characterization of important cellular sources, kinetics of expres-
sion, and colocalization with mycobacteria, of effector cell lysin
molecules at sites of infection. The enhancement of protective
memory to mycobacteria via strategies that augment expression of
granulysin-like molecules can then be fully explored.
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