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Abstract

Nucleotide sequences containing CpG-motifs are geiced as
immunomodulators in pigs among other species. RiumBpster
oligodeoxynucleotides (ODNs), such as ODN H, haveenb
demonstrated to be potent inducers of interferphal (INFe) in
porcine blood mononuclear cells (poPBMC) provideeyt are pre-
treated with Lipofectifi. In the present study the IFd-inducing
activity of ODN H was demonstrated to be alterekrabddition of
poly-G sequences at the 5" and/or 3’ end and breasing the number
of nucleotides (nt) in the base-pairing sequence tttg ODN.
Alterations that facilitated the formation of sedary structures
reduced the need for pre-treatment with Lipoféttifrurthermore,
deliberate destruction of secondary structures bgt-treatment of
ODN 2216 reduced the IFN-inducing capacity of that ODN. Thus,
results suggest that the stimulatory activity & tbhDNs is dependent
on secondary structure formation. Other ODNs aregeized as potent
inhibitors of the INFa production in poPBMCThe ODN PCV2/1
corresponding to a 20 nt long sequence from themgenof PCV2, has
been identified as such an inhibitory ODN. Furthetr, was
demonstrated that the inhibitory capacity of ODNVR{ not depend
on the presence of a central CpG-motif. Furthesulte from thein
vitro studies show a significant difference between GBINV2/1 found
in the genome of PCV2 from healthy pigs in Swedew ®©DN
PCV2/1S1, which predominates in pigs from farmshwiMWS in
Sweden. However, the biological significance ofsthéndings remain
to be elucidated.



Sammanfattning

Nukleotidsekvenser i mikrobiellt DNA som innehallépG-motiv kan
fungera som immumodulatorer hos bl.a. gris. Foeférlikna dettan
vitro kan man anvanda sig av oligodeoxynukleotider (ODWXissa
fosfodiester ODN, sasom ODN H, har visat sig kuakévera vita
blodkroppar sa att de producerar interferon-alfeN¢h) forutsatt att
oligodeoxynukleotiderna férbehandlats med LipofektiDenna studie
visar att den IFNx inducerande formagan hos ODN H kan férandras
genom tillsats av poly-G sekvenser till 5 och/ell® anden samt
genom en 6kning av antalet nukleotider i den basyie strackan. For
att undersoka hur den stimulatoriska aktivitetenvepéas av
denaturering utfordes studier pa ODN 2216, som fienagan att
baspara med sig sjalv. Resultaten visade pa erkmimggav den IFNa
inducerande aktiviteten efter denaturering vilkgtler pa att den
stimulatoriska aktiviteten hos en ODN ar beroendefamation av
sekundarstrukturer. Andra ODN har visat sig kunmaberar IFNe
produktionen fran vita blodkroppar, till dessa I@DN PCV2/1 som
motsvarar en 20 nt lang sekvens som aterfinns omgeh hos porcint
circovirus typ 2 (PCV2) hos friska grisar i Sveride vitro gudien
visar att det centrala CpG-motivet inte ar nodvgndior den
inhiberande formagan hos ODN PCV2/1. Studien vidack pa en
signifikant skillnad mellan den IFM-inhiberande kapaciten hos ODN
PCV2/1 och ODN PCV2/1S1, som dominerar bland gfisar svenska
beséttningar med PMWS och saknar det centrala CpB«eh Det
kvarstar dock att klarlagga den bilogiska relevarsedessa fynd.



Introduction

Porcine circoviruses (PCV) are small, nonenvelopedses (Allanet
al., 2000) that were first identified as a contaminainthe continuous
pig kidney cell line PK/15 in 1974 (Tischet al., 1974). The virus
(PCV PK/15) was shown to have a single-strandediuleir DNA
genome of 1.76 kb and was classified into the ahwiras family,
Circoviridae The viron DNA has four conserved open readinghésa
(ORFs) and is encapsulated by a single viral pmotded for by ORF
2 (Meeharet al.,1998; Mankertzt al.,2004).

Today two genotypes of PCV have been isolated fopaga, PCV1 that
corresponds to the circovirus first described inlBKells (Tischeet
al., 1974), and PCV2 (Meehaet al., 1998). Isolates of PCV2 are
highly homologous (> 96%) while the homology betwdeCV1 and
PCV2 isolates is roughly 62% (Allagt al., 1999b). PCV1 does not
produce clinical disease at experimental infectionpigs and is
considered apathogenic (Krakowks al., 2000). PCV2 on the other
hand is now recognised as a porcine pathogen agehisrally accepted
as the causal agent of postweaning multisystemstimga syndrome
(PMWS). The clinical signs of PMWS include wastmgunthriftiness,
enlarged lymph nodes, dyspnea, diarrhea and pailaterus (Elliset
al., 1998). At necropsy, lesions in liver, kidneys dyiehph nodes are
common findings and a criteria for the diagnose PMM/that PCV2 is
demonstrated in the leisons (Allat al., 1998; Ellis et al., 1998;
Kennedyet al.,2000; Krakowkeet al.,2000, 2001).

Although PCV2 is the infectious agent that alway/priesent at PMWS,
also other factors i.e. other infectious agentxamspecific immune
modulators appear to be essential for full develemmof clinical
disease (Allaret al., 1999a; Kennedt al., 2000; Krakowkaet al.,
2001). PMWS was first recognised in a Canadian hefd®91 and has
since then been described in several countriesirwiimd outside
Europe. PMWS was reported for the first time in 8arein December
2003 and is now spreading rather slowly throughdstepig herds. A
pilot study in Sweden has shown that 96% of rangos#lected
porcine sera contained antibodies to PCV2 (Liahal, 2000), which
confirms that the virus infection is widespread amd&wedish pigs.
PCV2 has also been associated with several othveresaliseases in
pigs such as porcine dermatitis and nephropathgreyme (PDNS)
(Allan et al., 2000) and during the last years four cases of PDai&
occurred in Sweden.



The majority of pigs are however persistently indelc with PCV2
without showing any signs of clinical disease, anglitro studies have
identified cells of the monocyte/macrophage lingagecluding
dendritic cells, as the primary targets for PCVi2ation (Gilpinet al.,
2003; Vincentet al.,2003). Although large amounts of infectious virus
can accumulate in these cells the virus does reah e be replicating
(Gilpin et al., 2003). The fact that PCV2 lacks its own DNA
polymerase forces the virus to depend on the hedt for its
replication. Thus, cells that regularly undergoislon and therefore
have an active polymerase are most likely to beodeable for
replication of the virus. Nevertheless, monocytesiraphages and
histiocytes, sometimes in the form of multinuclelaggant cells, are the
predominant cell types that accumulate in the lymptdes when these
become depleted of lymphocytes at the late staQE8MVS (Rosellet
al., 1999, Segalést al., 2004). It is therefore intriguing to speculate
that PCV2 in one way or another modulates the nbati@vity of the
cells that harbours the virus. In that contextsitnotable that PCV2
antigen also seems to be acquired by the subpapulat dendritic
cells, referred to as natural interferon produaals.

Natural interferon producing cells (NIPCs) represér2%-0.8% of
peripheral blood mononuclear cells in human ancenmitese cells are
specialised in rapid (within 24 h) secretion of si@s amounts of type
| IFNs (IFN-a and B) following a viral infection. NIPC produce 100-
1000 times more type | IFN than for instance motesynacrophages
following exposure to Herpes simplex virus (Liu, 03). A
corresponding celltype that respond with IBNproduction at exposure
to a porcine herpes virus, Aujeszky’s Disease V{aBV) has been
identified in the pig (Arturssoret al., 1995). This porcine NIPC
constitute approximately 0.3% of poPBMC and as lisman
counterpart it also responds with IENproduction at exposure to DNA
containing immunostimulating sequences (Dome#da al., 2004,
Guzylack-Piriouet al., 2004) The immunostimulatory effect of e.g.
bacterial DNA is ascribed to the relatively high ntent of
unmethylated CpG dinucelotides in certain baseesast(Satcet al.,
1996; Krieg, 2002). To characterise immunostimulatbNA motifs
(IS-DNA), plasmid DNA (Nelsoret al., 1999; for review see Pisetsky,
1996) or synthetic oligodeoxynucleotides (ODNs) dawbeen
extensively used (for review see Agrawahl.,2002).



Plasmid DNA and ODN 2216 are both believed to atewia their
CpG motifs with Toll-like receptor 9 (TLR 9). Thiateraction results
in an induction of cytokine production, prolife@t and/or
immunoglobulin secretion and an enhanced NK-cdilvidg (Sato et
al., 1996; Krieg, 2002). The importance of TLR 9 for @& @®NA-
mediated effects is supported by studies on TLRf@&iint (TLRI")
mice, that are resistant to the lethal effect of ADNontaining
unmethylated CpG dinucleotides (Hematial, 2000). It has also been
suggested that both stimulatory and inhibitory Qp@&tfs exist and act
on the same cells (Yamadaal, 2002). Analysis of the PCV2 genome
in search for potentially immunoregulatory sequencevealed a
nucleotide sequence (PCV2/1) that inhibited the -tFNbroduction
induced by stimulatory ODNs selected from the P@éRome and by
some other well-known IFN inducers i.e. ADV, pcDNABd ODN
2216, respectively (Hasslungt al., 2003). Comparison of the
sequence coding for ORF 2 of PCV2 in material olgdifrom pigs
raised in healthy and diseased farms in Sweden blewn that the
corresponding sequence appears in two differentava; here
designated PCV2/1 and PCV2/1S1. PCV2/1 has oniy lbeend in
samples from healthy pigs whereas PCV2/1S1 predaesnin pigs
from farms with PMWS.

The present study was undertaken to further tesintiportance of CpG
motifs, and formation of secondary structure fog thN-a inducing

capacity of short DNA sequences using poBMC. Furttiee effect of
natural occurring alterations in the regions of tA€V2 genome
containing the IFN-inhibitory sequence was testeditro.

Materials and methods

Purification of poPBMC and induction of IFN-a

Conventionally reared pigs housed at the Reseatalio® Funbo,
Lovsta, Uppsala, Sweden and specific pathogen(8B&) pigs housed
at Hagalund, Sala, Sweden were used. Serum sarmptasall pigs
were tested and found negative for presence ofdFReripheral blood
mononuclear cells (PBMC) were purified from hepaed blood by
Ficoll-Paque (Amersham Biosciences AB, Uppsala, d&ng density
gradient centrifugation. The PBMC were suspendegiawth medium
i.e. RPMI 1640 medium (Biowhitaker, Verviers, Belgi) with 20 mM
HEPES buffer, supplemented with L-glutamine (2 mpBnicillin (200
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U/ml), streptomycin (10Qug/ml), 2-mercaptoethanol (5x2™ ), with
10% foetal calf serum (FCS, MyoclaRe Invitrogen Life
Technologies). The cells were seeded in flat-botthr@6 well plates
(F96 Cert, Nunc, Roskilde, Denmark) or in tissudtura flasks
(Nunclon™Sureface, Nunc, Roskilde, Denmark). For inductibto!-

a production various ODNSs as specified below wergeddn triplicate
cultures with 5x10poPBMC per ml in a total volume of 0.2 ml. After
20h incubation at 3T, 7% CQ in air, culture supernatants were
pooled and stored at -ZD until further analysis. As a control,
lipofected plasmid DNA (pcDNA3; Invitrogen, San Q& CA) was
used at a final concentration of 21§ per ml.

ODNs

Ten oligodeoxynucleotides (ODNs) were purchasedhfl@ybergene
AB (Stockholm, Sweden), desalted and dissolvedatew The ODNs
were synthesised in various scales and deliverstbek concentrations
given in Table 1. The nucleotide sequences of tb&©are given in
Table 1 and their theoretical ability to form doaibs$trands (IDT
Scitools, Oligo Analyzer 3.0) is depicted in Figdre

Table 1.Sequence of ODNs used for inhibition/induction 4o in poPBMC and
stock concentration for each ODN

Stock Final

conc. conc.
ODN Sequence (5" 3°)* (Hg/ml)° (ug/mi)°
PCVv2/1 CCC CCC TCC CG GGG AAC AA 2430;2171;1907 25
PCV2/1S GCC CCC TCCGG GGG AAG AA 2148 25
PCV2/1S1 GCC CCC TCC TGG GGG AAG AA 2422 25
HB1G5’ GGG GGG TAT TTC BA ATA GG 2574 25
HB1G3 GGT ATT TCGAAA TAG GGG GG 2716;640;634 25
HB1G5'3" GGG GGG TAT TTC @A ATA GGG GGG 1980 25
HB4G5’ GGG GGG TTC BA GG 2960 25
HB4G3’ GGT TCGAAG GGG GG 3039 25
HB4G5'3 GGG GGG TTC BA GGG GGG 2317 25
2216 09G GGACB TCG TCgggg gG 4171; 3268 5

2All ODNSs are built up by a phosphodiester backbexeept from the chimeric ODN
2216 which has phosphorotioate backbone at nudientin lower case. Underlined
sequences correspond to CpG-mofifStock concentration, the concentration that the
ODNSs was delivered at. Several different stockObNs PCV2/1, HB1G3’ and 2216
were used: Final concentration used per ml culture medium



When indicated, one of the ODNs (2216) was diluteda final
concentration of jug per ml growth medium and denatured by heating
to approximately 108C for 5 min in a heating block followed by rapid
cooling of the sample on ice water. Denaturatiors veatimated by
measurement of the A260 values by spectrofotomeamalysis
(Nanodrof ND-1000 Spectrophotometer) prior to and after heat
treatment of the ODN. All ODNs were tested for prese of endotoxin

using the Limulus Amebocyte

Lysate (LAL) QCL-100Qest kit

(Cambrex Bio Science Walkersville, Inc, Walkersjland were found
to contain less than 0.2 EU per ml.

HB1G5’
dG: -19.41 kcal/mole

5-GGGGGGTATTTCGAAATAGG-3'

[T
3-GGATAAAGCTTTATGGGGGG-5'

HB1G5'3’
dG: -19.41 kcal/mole

5'-GGGGGGTATTTCGAAATAGGGGGG-3'

[T
3-GGGGGGATAAAGCTTTATGGGGGG-5'

HB4G3’
dG: -10,65 kcal/mole

5' GGTTCGAAGGGGGG 3

11111
3' GGGGGGAAGCTTGG 5'

2216
dG: -17.68 kcal/mole

5'-ggGGGACGATCGTCgggggG-3'

[
3'-GgggggCTGCTAGCAGGGgg-5'

HB1G3’
dG: -19.41 kcal/mole

5-GGTATTTCGAAATAGGGGGG-3'
[T
3-GGGGGGATAAAGCTTTATGG-5'

HB4G5’
dG: -10,65 kcal/mole

5-GGGGGGTTCGAAGG-3'
Il
3-GGAAGCTTGGGGGG-5'

HB4G5'3’
dG: -10,65 kcal/mole

5-GGGGGGTTCGAAGGGGGG-3'

1L
3-GGGGGGAAGCTTGGGGGG-5'

Figure 1. Predicted self-dimer structures of ODNs HB1G5’, @31, HB1G5'3,
HB4G5’, HB4G3’, HB4G5'3’ and 2216, showing the alither formation with the
lowest dG value. The predicted secondary structuree determined using the IDT
SciTools Oligo Analyzer 3.0 software (http://wwedith.com/SciTools.sapx).

Pre-incubation with Lipofectin®

The effect of pre-treatment of the ODNs with Lipztfa® was tested as
previously described (Magnusseh al., 2001a). In brief, the inducers
were diluted in growth medium and when indicatedubmated with
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Lipofectin® (Lipofectin® Reagent, Invitrogen Life Technologies,
Carlsbad, CA) for 15min before addition of PBMCthe wells. When
PBMC were co-cultured with two inducers these waoeibated with
Lipofectin® together before addition of cells to the culturéghen
present, the final concentration of Lipofeétiwas in all cases 2.fg
per ml.

Detection of polFN-a

For quantification of INFa a dissociation-enchanced lanthanide
fluoroimmunoassay (DELFIA), which is based on twalm (F17 and
K9-Eu) directed to polFNr (Arturssonet al., 1995) was used. The
IFN-a concentration was determined by comparison wikabaratory
standard consisting of natural polNF-Results from the experiments
are given as percentage of IlENinduction by ODN 2216 or lipofected
pcDNAS.

Isolation of RNA and cytokine PCR

To study the expression of cytokines genes, RNA isakted from

cells by Trizol extraction following the manual fnothe manufacturer
(Invitrogen, Carlsbad, CA, USA). The sample RNA wesuspended in
25ul diethylpyrocarbonate treated water (DEP@DHand the quantity
and purity (OD ratio 260/280 nm) of RNA were detered by

spectrophotometric  analysis  (NanoDfop ND-1000  Spectro-
photometer). Quality of the RNA was tested by agarogel

electrophoresis on a 1% TAE-agarose gel beforegusia RNA for

cDNA production.

Complementary DNA (cDNA) was produced from the skEniRNA by
Reverse Transcriptase PCR (RT-PCR) according t@tbicol from
Invitrogen (Stockholm, Sweden) with minor modificaus. In short, 1
pg of sample RNA was mixed withp#h 10mM deoxynucleotide
triphosphate-mix (dNTP)(TaKaRa Bio Inc., Shiga,algp DEPC HO
and Zu of a specially designed oligo (dT) primer (58@/ml). The
mixture was incubated at 86 for 5 min and cooled for 2 min at’C.
During cooling of the mixture a second mixture e@mming gu 5 x first
strand buffer, gl 0.1 M DTT and l RNAse Out (Invitrogen,
Carlsbad, CA, USA) was added. After 2 min incubatat 42C, to
allow primer binding, Superscript Il reverse tramsase was added
and the samples were incubated for 50 min 8C4Zhe enzymes were
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deactivated by heating for 5 min at % and the samples were then
quickly chilled to 4C. To control for detection of genomic DNA in the
analysis of IFNe and IFNB, which lack introns, a mixture without the
Superscript Il reverse transcriptase was run ialfgrto those with the
enzyme included. All the products were stored &t°@ until further
use.

PCR amplifications of expressed cytokine genes weréormed with
primers designed using published porcine nucleid aequences
selected from GenBank (Table 2). To minimise tls& of amplifying
genomic DNA, the primers (Technology A/S, Aarhugnihark) were
chosen to be located on different exons of the geitk the exceptions
of IFN-a and IFN$, which lacks introns (Andersson Mt al., 2006,
Wattrang E.et al., 2005, Zhu Z.et al., 2006). PCR products were
synthesized for the following cytokines: II3,11L-6, IL-8, IL-10, IL-12
p35, IL-12 p40, IL-18, IFNa, IFN-3, IFN-y, TNF-a, TGF{f, MIF and
GM-CSF. GAPDH and HPRT were used as housekeepingsgd he
amplification of cDNAs was performed in two stejps the cytokines
IFN-a, IFN-, TNF-a and in one step for the rest of the cytokines and
for the two housekeeping genes. The PCR amplifinatiith two steps
was in the case with IFN-and IFNf carried out using a specific
forward primer (No. 3) and a common back prime3@gpwhile in the
case of TNFa specific forward (Fwl) and specific backward (Bw1l)
primers were used. In the second step primersdl 2amere used
together at a concentration of 10 prmbl/The samples were heated to
95°C followed by a cycle consisting of denaturation 36 s at 95C,
annealing for 30 s and extension for 30 s atZWith a final extension
for 5 min at 72°C. Annealing temperature and number of cycles used
in the different amplifications are given in TaldeThe PCR products
were analysed by agarose gel electrophoresis o%o & AE-agarose
gel.
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Table 2.0ligodeoxynucleotide primers used to amplify pagcaytokine and house
keeping genes. Primers designhated 1 and 2 were usdtie single step PCR
amplification as well as in the second step oftthe step PCR amplification. In the
multi-PCR primers designated 3 and p23A were usearhplification of IFN& and
IFN-B and primers designated Fwl and Bwl were usedrfmlification of TNFe

PCR pro- GenBank

Gene duct (bp) Oligonucleotide sequences (5'-3’) acces. no.

IL-1p* 378 (1) TGG ACCTTG GTT CTC TGA GA M86725
(2) CAT CTC CTT GCACAA AGC TC

IL-4* 296 (1) TGAACATTC TCA CAG CGA GA L12991
(2) TCAGCT TCAACACTT TGAGT

IL-6* 666 (1) ATG AAC TCC CTC TCC ACA AG M80258
(2) CTA CAT TAT CCG AAT GGC CC

IL-8* 304 (1) GACTTC CAAACT GGC TGT TG AB057440
(2) GCT GTT GTT GTT GCT TCT CA

IL-10" 345 (1) GGC CCAGTG AAG AGTTTCTT L20001
(2) GAT GTC AAA CTC ACC CAT GG

IL-12 502 (1) CGT CAG CAA CAC ACT TCAGA L35765

p35" (2) GCT CAT CAT TCT GTC GAT GG

IL-12p 529 (1) TCCTGGTTTTCC CTG GTT TG u08317

40" (2) ACT TCT TAT ACT CCC CGA GG

IL-18" 323 (1) ACT TTG GCA AGC TTG AAC CT U68701
(2) TCC AGG AAC ACT TCT CTG AA

IFN-o* 303 (1) CAG GAA GAA GGA GTG ACA GA M28623

(2) TAG GCA GCA AGG GCA TCT AT
(3) CAG AAA CCT GCA AGA CAG AC
IFN-BY 291 (1) TGG ATG ACC TGG AGA CAATC  M86762
(2) AAA GAG CTT CCC CTG CTT GA
(3) CTT GTG GAA CTT GAT GGG CA

IFN-yt 392 (1) GAC ATG TTT CAG AGG TTC CT AY188090
(2) AGT CAC AGG ATA CAG GAA TC

TNF-0> 286 (Fwl) ACT GAG AGC ATG ATC CGA GA  X57321
(Bwl) CGG CTT TGA CAT TGG CTA CA

156 (1) GTG CCT CAG CCT CTT CTC CT

(2) GTT TGA GAC GAT GAT CTG AG

TGF* 399 (1) GAG CCAGGA CCT TGC TGTAC  Y00111
(2) GAC CCG CAG AGA GGC TAT AG

MIF? 251 (1) TGG TGC AGG CCATGG GCAAG AF176246
(2) GTT CCA GCC CAC ATT GGC CG

GM-CSF 301 (1) CAA GCACTATGAGCAGCACT  AY116504
(2) GCC TGT ATC AGG GTC AAC AT

GAPDH! 520 (1) ATG GTG AAG GTC GGA GTG AA  AF017079
(2) TCA TGA GTC CTT CCA CGA TG

HPRT 365 (1) TGC CGA GGATTT GGA AAA GG AF143818
(2) CCA AGG AAA GCA AGG TTT GC

cDNA- CCT GAC CCA ACC AGT AGA CCATTT

primer TTTTTTTTIT TTTTTT TN

p23A TGA CCC AAC CAG TAG ACC A  (Bergt al, 1999)

YFrom Anderssoet al.,2006,” From Zhuet al.,2006° Verfaillie et al.,2005,* From
Wattranget al.,2005
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Table 3. Annealing temperature and number of cyades! in the PCR reactions

Nested PCR Multi PCR
Annealing No. of Annealing No. of

Cytokine temperature®C) cycles temperature®C) cycles
IL-1B 58 30

IL-4 55 30

IL-6 55 25

IL-8 60 26

IL-10 60 30

IL-12 p35 55 35

IL-12 p40 60 35

IL-18 58 35

IFN-o 60 20 55 35
IFN-B 60 20 60 35
IFN-y 55 35

TNF-a 60 20 60 30
TGFB 60 35

MIF 65 35

GM-CSF 55 30

GAPDH 55 30

HPRT 55 30

Data and statistical analysis

All data are expressed as mean valHe&3EM. Statistically significant
differences, in IFNa induction (units per ml) by various ODNs were
determined using the Wilcoxon rank-sum test (Stetvv512, version
1.01, Abacus Concepts, Calabas, USA). A value aof p.05 was
considered as significant.

Results

IFN-a production induced by various phosphodiester ODNs

To test the effect of poly-G-sequences at the B8/@n3’ ends of ODNs
with various lengths of base-pairing sequences (@ntl2 nt), six
different ODNs with the same central hexamer (5EEFAA-3),
HB1G5’, HB1G3', HB1G5'3’, HB4G5', HB4G3’, HB4G5'3'were
tested for their ability to induce IFd-production by poPBMC. All six
ODNs were able to induce IF-production after pre-incubation with
Lipofectin® but at various levels. Three ODNs (ODN HB1G5’, ODN
HB1G3' and ODN HB4G3’) consistently induced higterels of IFN-

o (621+399, 695+457, 7441432 units per ml respebtve
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meanvaluexSEM, n=6), than the other three ODNs #1895, 46+63
and 209+299 units per ml; mean valuexSEM, n=6),ibwall cases the
magnitude of responses varied considerably betwign To adjust for
this individual variation in IFNa producing capacity (Edfors-Liljat
al., 1998), the plasmid pcDNA3 was included at all testasions, and
the levels of IFNa induced by an ODN was expressed as percentage of
the corresponding value induced by pcDNA3. This panson
revealed that three of the ODNs induced as muchyen more, IFNx
than plasmid DNA3 when pre-incubated with LipofaCti(Fig. 2).
Only one of the ODNs (HB1G5’), induced IFN-without pre-
incubation with Lipofectifi and these levels were consistently lower
than those induced in the presence of LipofécdDNs HB4G3' and
HB4G5'3" were only able to induce trace amounts I6IN-a
(corresponding to 0.2% and 3.0% of the amountsdediby pcDNAS3
respectively) when not pre-incubated with Lipofe@ti

0
HB1G5'
145

f

e N, 5
HB4G5' -_|
12

O .

3
HB4G5'3"
h— s

0 20 40 60 80 100 120 140 160 180 200
IFN-alpha % of lipofected pcDNA3

Figure 2. The IFNg inducing capacity of the ODNs HB1G3’, HB1G5', HEL&,
HB4G5'3’, HB4G3', HB4G5', used at a concentratioh 2big/ml. The results are
given as mean values SEM, n=6, expressed as percentage of the dFNvels
(U/ml) induced by lipofected pcDNA3. The IEeNproduction induced by pcDNA3
varied between 188-723 units IRXNper ml for the experimental pigs. Open bars
correspond to cultures induced with ODNs in theealn® of Lipofectify and filled
bars to cultures where ODNs were pre-treated wigrofectirt.

Thus, addition of a poly-G sequence to the 3"erftheoed the IFNx
inducing capacity of the ODN, irrespectively of thength of the
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central base-pairing sequence. Addition of a polge@uence to the 5’
end also enhanced the IFkNinducing capacity of the longer ODN but
had no enhancing effect on the ODN with a short)(6ase-pairing
sequence. Addition of a poly-G sequence to bothaimd 3’ ends
reduced the IFNx inducing capacity of both the 6nt and 12nt long
basepairing ODNs

IFN-a production induced by ODN HB1G3' synthesised at
different stock concentrations

The fact that HB1G3’ was unable to induce IBENsroduction without
pre-incubation with Lipofectin® was contradictory previous results
using a lower stock concentration (approximatel@-B80 g per ml)
of the ODN (Hasslunget al., 2006). Therefore two different stock
solutions (concentrations approximately 600 and02pg per ml
respectively) of ODN HB1G3’ were tested for theliNFa inducing
capacity, both at a final concentration of 25ug péiculture medium.
Results from this comparison are summarised inrBi§uand show that
ODN prepared from the lower stock concentrationugetl higher
levels of IFNa than ODN kept at a higher stock concentrationsThi
difference was most clearcut when the ODN was uséuk absence of
Lipofectin®. When not lipofected, IFNr level of 43100 units per ml
was induced by ODN HB1G3’ at the stock concentratd 2716ug
per ml, which corresponds to 4% of the IeNnduction obtained with
lipofected pcDNA3. HB1G3' at the stock concentrataf 250-640ug
per ml not pre-incubated with Lipofectiinduced 13541317 units per
ml, which equals 184% of the IF&induction obtained with lipofected
pcDNA3. This difference in results by the variousgarations of ODN
indicates that the physical form of the ODN wasrad when the ODN
was kept at various stock concentrations in a wat affected its
ability to induce IFNe production.
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Figure 3. Production of IFN¥ by porcine peripheral blood mononuclear cells
(PBMC) stimulated with ODN HB1G3' (2bhg/ml), delivered at different stock
concentrations (600 or 2700g per ml). Results are given as mean val#eSEM,
n=17, expressed as percentage of IBNAduced by lipofected pcDNA3 (2856
units IFN-a per ml). Open bars correspond to cultures indugéth ODNSs in the
absence of Lipofecffhand filled bars to cultures were ODNs where prsated with
Lipofectirf.

IFN-a inducing capacity of denatured ODN 2216

To study whether self-complementary single strand@DNs
spontaneously form double strands or other mulignfrms during
storage, a well-known IFN- inducing CpG-ODN, ODN 2216, was
used. This ODN has a chimeric backbone with phodigisters and
phosphorothioates, a polyG-tail at the 3’ end, artdeoretical capacity
to form double strand allowing a 10 nucleotide lobgse-pairing
sequence as depicted in Figure 1.

ODN 2216 was used for in vitro IFdN-induction un-treated or after
heat-treatment/denaturation for 5 min at AM0The denaturation was
estimated by measurements of the A260 values, whimeased with
approximately 20% after heat treatment. Both pragans of ODN
2216 were tested neat or pre-incubated with Lipofcand the
response was compared to that induced by pcDNABiensame pig

(Fig. 4).
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Figure 4. Alterations in the IFN¥inducing capacity of ODN 2216 before and after
heat treatment. The ODN was used at a concentratfdsg/ml and the results are
given as mean valuesSEM, n=16, expressed as percentage of the dfihduced by
lipofected pcDNA3. Open bars correspond to culturetuced with ODNSs in the
absence of Lipofectinand filled bars to cultures where ODNs were prated with
Lipofectirf.

The heat treatment/denaturation of ODN 2216 reduited IFN-a
inducing capacity of the ODN from 151% (native) 38% (heat-
treated) of the IFNx production induced by pcDNAS. Interestingly,
the IFN-a inducing capacity of ODN 2216 could be restoretkraf
denaturation through pre-incubation of the headtae preparation with
Lipofectin® (1837930 units per ml), which corresponds well to the
levels of IFNa induced by the native ODN 2216 pre-incubated with
Lipofectin® (170868 units per ml). Thus, the IFN-induction by ODN
2216 was clearly reduced by heat-treatment but deaatured
preparation regained the IFN-inducing capacity by pre-incubation
with Lipofectin®. These results indicate that the IBNinducing
capacity of the ODN is dependent on formation of ltimeric
structures.

Effects of minor modifications in the sequence of DN PCV2/1 on
the inhibition of IFN- a production

An ODN corresponding to a 20 nucleotide long seqaefiom the
genome of PCV2 (Imp. 1010 Stoon) has previouslynbglgown to
inhibit the IFN-@t production induced by some other ODNSs including
ODN 2216 (Hasslunet al.,2003). Preliminary data demonstrated that
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this inhibitory effect was dependent on the secong&ructure of the
ODN PCV2/1 (Hasslungt al.,2006). To further study the influence of
exchanging nucleotides within ODN PCV2/1 that néfeced the
hairpin formation but modified the CpG motif, twew variants of the
ODN where synthesised, PCV2/1S and PCV2/1S1 (Fig. 5

c =
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\C. \
G
\c. \G
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\C. \
/
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\
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Figure 5. Predicted hairpin formation of the ODNEW2/1, dG: -5.7 kcal/mol (a),
PCV2/1S, dG: -6.3 kcal/mol (b) and PCV2/1S1, d& #&al/mol (c). The predicted
secondary structures were determined using the 8g2iTools Oligo Analyzer 3.0
software (http://www.idtdna.com/SciTools.sapx).

When tested in cultures of poPBMC, none of thegeh®®Ns (ODN
PCV2/1, ODN PCV2/1S, ODN PCV2/1S1) were able tauge IFN«
production regardless of whether the ODNs wereimprabated with
Lipofectin® or not. The ability of the various PCV2-ODNs tdnitoit
IFN-a production induced by ODN 2216 was tested in cafuof
poPBMC in the presence of ODN 2216 and one of {G¥2ODNSs.
The IFN-a production induced by ODN 2216 without pre-incudnat
with Lipofectin® varied from 187 to 2084 U IFN/ml (950+806 units
IFN-a per ml; mean valuetSEM, n=6) but was decreasedllityree
ODN:s tested (ODN PCV2/1: range <0 to 253; ODN PQ®2/range
3.8 to 497; ODN PCV2/1S1: range 5.5 — 468 units-tFder ml). A
similar variation between individuals was found wiipofected ODN
2216 alone (from 334 to 1868 units IFNper ml; 1093+643 units IFN-
o per ml; mean valuexSEM n=6) and in combinatiorhwipofected
ODN PCV2/1 (0.8 — 352 units IFN-per ml), ODN PCV2/1S(16 — 718
units IFN-a per ml) or ODN PCV2/1S1 (17 — 814 units IleNper ml)
as shown in Figure 6.
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Figure 6. Inhibitory effect of ODNs PCV2/1, PCV2/di&l PCV2/1S1 on the IFN-
production induced by ODN 2216. The IENsroduction is expressed as units per ml
and the results are given as mean valteSEM, n=6. Open bars correspond to
cultures induced by ODNSs in the absence of Lipofeand filled bars to cultures
where ODNSs were pre-treated with Lipofe€tin

Statistical analysis showed that the concentratdnIFN-a was
significantly lower (p<0.05, Wilcoxon rank-sum tfegh supernatants
collected from cultures of poPBMC incubated witle tombination of
ODN PCV2/1 and ODN 2216 than in those incubatedh vilte
combination of ODN 2216 and ODN PCV2/1S or ODN PINAA,
regardless of pre-incubation of the ODNs with Lifri® or not.
Thus, the CpG-motif is not vital for the ODNs IFEN-inhibitory
capacity since no significant difference could leers between the
inhibitory effect of ODN PCV2/1, containing a CpGoti, and
PCV2/1S1, lacking a CpG-motif. The inhibitory cappaof lipofected
ODN PCV2/1S1 was consistently greater than th&@bN PCV2/1S1
not pre-incubated with Lipofectir(p< 0.03).

To correct for the variation in IFM-producing capacity between pigs
the inhibitory effect was expressed as percentagleecamount IFNx
induced by ODN 2216. These results illustrated that unmodified
ODN PCV2/1 had the best inhibitory capacity comgate ODN
PCV2/1S and ODN PCV2/1S1, both in the presence aosgnce of
Lipofectin®. As can be seen in Figure 7, ODN PCV2/1 was able t
inhibit 95% of the IFNe production induced by ODN 2216 both when
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pre-incubated with Lipofectfhand not, while neat ODN PCV2/1S and
ODN PCV2/1S1 inhibited 87% and 90% of the IBNmnduced by
ODN 2216 respectively. When lipofected, the intubytaction of ODN
PCV2/1S and ODN PCV2/1S1 on IFN-induction obtained from
ODN 2216 was slightly less than 80% and 77%, rdspdyg. Analysis
of the correlation between the concentration of-tekhduced by ODN
2216 and the inhibitory capacity of ODN PCV2/1 raeel that the two
parameters were related to each other (r = -0O@8elation coefficient)
although in all cases the inhibitory capacity of BCV2/1 was more
than 75% (Fig. 8).

95

PCV2/1+2216
95

PCV2/1S+221
80

PCV2/1S1+221
7

0 10 20 30 40 50 60 70 80 90 100
% inhibition of IFN-alpha induced by ODN 22

— 90

Figure 7. The effect of the ODNs PCV2/1, PCV2/18 BGV2/1S1 on the IFN-
production induced by ODN 2216 at co-culture. TRblHa production is expressed
as percent inhibition in co-cultures compared tdNHe production induced by ODN
2216 alone, which varied between 187-2084 unitsrper The results are given as
mean values SEM, n=6. Open bars correspond to cultures induadti ODNSs in
the absence of Lipofecfirand filled bars to cultures where ODNs were peated
with Lipofectir?.
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Figure 8. Correlation between the amount of IENU/ml) induced by ODN 2216
and the inhibitory capacity of ODN PCV2/1 in pertcéoorrelation coefficient =
-0.93).

Cytokine expression at mRNA-level in poPBMC culturd with
ODNSs 2216, PCV2/1 or in combination of the two ODNs

It is unknown at which level ODN PCV2/1 inhibits ethIFN-a
induction of other CpG ODNs. To further elaborake tinhibitory
function of ODN PCV2/1, the effect of ODN PCV2/1 thre expression
of cytokines at messenger RNA-level was studie®@DyPCR.

The mRNA expression of the cytokines, 13;1L-6, IL-8, IL-10, IL-12
p35, IL-12 p40, IL-18, IFNa, IFN-3, IFN-y, TNF-a, TGF{f, MIF and
GM-CSF, was determined by PCR analysis of RNA isolafrom
poPBMC cultured in the presence of ODN 2216 or/@mN PCV2/1
or in plain growth medium. Parallel cultures wergiated and cells for
MRNA analysis were collected after 6 hours whereasdture
supernatants for detection of secreted bENvere collected after 24
hours of incubation. The inductions were repeatét wells obtained
from different pigs and in many cases mRNA for saveof the
cytokines were detected at PCR analysis of unstitadl PBMC.
Therefore, it only became clear that transcriptbfor IFN-a and IFN-
3 were induced in cultures with ODN 2216 alone othi@ combination
with ODN PCV2/1. As shown in Figure 9, the level§ IEN-a
determined in culture supernatants after 24 howreseveonsiderably
reduced when the cells were cultured in a mixtfr©®DN 2216 and
ODN PCV2/1 compared to when cultured with only ORRILG. It is
notable that in one case mMRNA for IfNwas detectable in a culture
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with unstimulated cells, while this signal was atisa the culture with
cells from the same pig induced with ODN PCV2/ihaligh it is still
unknown how PCV2/1 inhibits the production of IFeN-

a.
IFN-a RT+ IFNa RT- IFN$ RT+ IFNB RT-
1. 2. 3. 4 1. 2. 3. 4
1. culture with ODN 22186, 2. culture with ODN PC¥28. co-culture with ODN
2216 and ODN PCV2/1, 4. culture in plain medium
b.
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Figure 9. The IFNg induction in parallel cultures incubated at%&7in the presence
of ODN 2216 and/or ODN PCV2/1 or in plain growthdiam. Products for mRNA
analysis were run on 1% agarose gel (a) and as iatrob a mixture without the
Superscript Il reverse transcriptase (RT-) was iuparallel to those with the enzyme
included (RT+) for IFNa and IFN/. Supernatants from the corresponding 24 hours
cultures were collected and analysed for presericecreted IFNg (b).
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Discussion

In the present study, synthetic ODNs were testedHeir ability to
induce or inhibit IFNe production by poPBMC in vitro. Studies of
ODN H (5-TTTTCAATTCGAAGATGAAT-3’), originally idertified

in serum from a patient with systemic lupus erytawsaus (SLE), have
shown that the ODN after pre-treatment with Lipdfet is able to
induce IFNe in human (Magnussoret al., 2001b) and porcine
(Domeikaet al.,2004) PBMC. Further, in vitro studies have shohat t
the IFN-a inducing capacity of ODN H can be increased byhieu
strand formation and/or addition of repeated guimass (poly-G)
sequences, although none of the modifications sibdiie need for pre-
treatment with Lipofectifi (Domeika et al., 2004; Hasslunet al.,
2006), which also have been indicated for otherpplbdiester ODNs
(Pisetsky, 1999a; Dalpket al.,2002). To further study the importance
of double strand formation and poly-G sequencesnsiw variant of
ODN H, designated ODN HB1G5’, HB1G3’, HB1G5'3’, HB%',
HB4G3' and HB4G5'3’, were constructed and testedtfeir IFN-a
inducing capacity in porcine PBMC. All six of theD®s contained the
central hexamer motif present in ODN H (5-TTCGAA-&nd in
addition to this the total number of possible bpags in a self-dimer
structure was varied as well as the position ofpthlg-G sequences.

According to the present study neither additioa @oly-G sequence at
the 5 or the 3’ end of the ODNs nor increasing tb&al number of
possible base pairs in a self-dimer structure omeented the need for
pre-treatment with Lipofectfhin order to induce IFNx production.
After pre-treatment with Lipofectfhthree out of the six ODNs ODN
HB1G5’, ODN HB1G3 and ODN HB4G3' readily inducedN-a,
while HB1G5'3’, HB4G5' and HB4G5'3’ only were abl® induce
small amounts of IFM+. This suggest that for the ODNs with a
basepairing sequence of 12 nucleotide an additigpoky-G sequence
at either the 5" or 3' end can enhance its &NRducing capacity,
while addition of poly-G sequences at both 5 ancerds decreased
the amount of IFN® induced. Although when the base pairing
sequence was shorter, 6 nucleotides, additionpdlyaG sequence at
the 3’ end is the only modification that enhancee IFN-a inducing
capacity. The importance of an addition of a polg&guence to the 3’
end of the ODN was in common for ODNs with bothati2l 6 nt base-
pairing sequences. This enhancing effect could kelamed by
protection of the 3’ end of the ODN from 3’ exorems$e activity in cell
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cultures (Cluselet al., 1993). Furthermore, the increase in IBN-
production could be ascribed to the possible spmaias formation of
nanoparticels since ODNs with at least four guaressin their poly-G
sequences are known to self-associate via Hoog$tase pairing to
form quadruplex structures i.e. G-tetrads (Willimmset al., 1989)
which has been suggested to enhance cellular uptakscavenger
receptors and thereby contribute to the immune haboly activity of
the ODNs (Dalpkeet al.,2002). On the other hand, addition of a poly-
G sequence at the 5" end of the ODN has been gedgés be
unfavourable since the cellular recognition of theleotide sequence
is performed in a 5’ — 3’ direction (Yamadaal.,2002; Kandimallaet
al., 2002). Nevertheless, addition of a poly-G sequexicbe 5’ end of
the HB1G5’ enhanced the IFtl-inducing capacity of this particular
ODN.

Unexpected results have been described previousignwtesting
various ODNs for biological effects. Indeed, theneaODN sequence
synthesized by various companies gave diverginglteesvhen tested
with poPBMC (Van der Stedet al., 2005). The ODNs used in the
present study have each time been ordered desaitbdlissolved in
water from the same company. Despite that when aomapto results
from previous studies of ODN HB1G3' (Hasslumeg al., 2006) a
remarkable difference was found. In the preserdystODN HB1G3’
seem to be dependent on pre-treatment with Lipiofétd be able to
induce IFNea production in poPBMC while the previous studieseéha
shown that addition of a poly-G sequence to ther®l of the ODN H
eliminated the need for Lipofecfipre-treatment. These discrepancies
lead us to believe that the properties of the OD#¥ewnfluenced by the
stock concentration in which the ODN was deliver@hmparison
between results from tests performed with ODN HB1@&S8ivered at
different stock concentrations further supporteds thssumption as
ODNs from the lower stock concentration (60§Yml) seemed to have
a better IFNa inducing capacity also in the absence of Lipofécti
Theoretically, ODN H can form nanopatrticle struetisimilar to what
has been described for ODN 2216 (Kerkmahal.,2005).

To test the importance of base-pairing between ODBMsondary
structures of ODN 2216 were denatured by heatnrest i.e. heating
to approximately 10 and rapid cooling. This treatment reduced the
IFN-a inducing capacity from ODN 2216, but this couldrbstored by
treatment of the denatured ODN 2216 with LipoféettiThus, the
incorporation of an ODN into a larger structure evhis provided by
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cationic lipids mimicking the spontaneously assexdbhanoparticles
present among untreated ODN 2216 seems to be iampofdr it's
ability to induce IFNea production. The importance of ODN
aggregation might also explain the differencesesults obtained using
preparations of ODN HB1G3’ delivered at variouscktooncentrations
because it has been shown that ODNs at a high straten form a
complex network of unspecific DNA structure ratliken assembled
nanoparticles (Costat al., 2004). Thus, addition of poly-Guanosine
sequences (poly-G sequences) to the ODNs can affleeir
immunostimulatory activity most likely due to fortran of secondary
structures. The formation of secondary structuggsear to facilitate
the uptake/internalisation of CpG DNA in the celisd thereby
increase the IFN¢ inducing capacity of the ODN (Kandimalé& al.,
2003; Domeikaet al.,2004).

ODNs have not only been described as potent dFMducers, but
certain ODNSs instead act inhibitory on the [BNgroduction induced
by other ODNSs, viral inducers or bacterial inducéfee genome of
PCV2 has been shown to contain several nucleodigeences with the
ability to modulate the porcine immune response ramthem an
inhibitory sequence, PCV2/1 (Hasslueg al., 2003). In the present
study three variants of the inhibitory sequence PQ\MWvere shown to
inhibit the IFN-a production by ODN 2216 to a variable degree. The
first variant, ODN PCV2/1, has only been found mmples from
healthy pigs in Sweden while the second varianthef ODN, ODN
PCV2/1S1, predominates in pigs from Swedish farnte ®RMWS. To
study the significance of the central CpG-motithe sequence a third
ODN, with a nucleotide-exchange in the CpG-moti§sweonstructed,
PCV2/1S. All three variants were used to measuggr thbility to
inhibit IFN-a production by ODN 2216. The result presented
demonstrate that the inhibitory capacity of ODN RXZNMwas retained
although minor modifications to the nucleotide sate of the ODN
were performed. Nevertheless, these modificatioits rdsult in a
difference (p<0.03) in the degree of inhibitiontbé& IFN-a production
by poPBMC. In accordance with previous studies gisiautralizing
phosphorothioate ODNs (Zhaet al., 2000) this study clearly
demonstrate that the inhibitory capacity of the OPRV2/1 is not
dependent on the presence of a central CpG-matiesno significant
difference between the inhibition obtained from BN PCV2/1S1,
lacking a CpG-motif, and PCV2/1S, with an introddic€pG-maotif,
were found.
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Theoretically the nucleotide sequence of ODN PCV@iles it the
possibility to spontaneously form secondary hairgtnuctures, as
depicted in Figure 6, which has been shown to heiakr to the
inhibitory action of the ODN (Hasslurgg al.,2006). This might in fact
be a way for the ODN to act in an inhibitory way tre IFN«
production induced by TLR9 agonists. Secondarycsires such as
hairpins in DNA can bind to transcription facto@hg et al.,1991) and
they also provide a protection, which make thememesistant against
degradation by endonucleases than ss DNA @fal., 1992), and this
could prolong the inhibitory activity of ODN PCV2/In addition, the
formation of higher-order structures might explaihy the inhibition
not was totally dependent on pre-treatment wittofaptin®.

To study if ODN PCV2/1 inhibited IFN+ production before or after
transcription of the gene the mRNA was determir@daf number of
cytokines. Even though the parallel inductions@and 24 hours were
repeated several times with cells obtained fronfeéht pigs no
conclusive results were obtained. In most caseskiyg MRNA was
detected in samples collected from PBMC grown iairplmedium.
Nevertheless it is clear that transcription of IENand IFNf were
induced in cultures with either ODN 2216 alonerocombination with
ODN PCV2/1. Analyses of supernatants collected fitbm 24 hours
incubations showed a considerably reduction ofetedrlFNe in co-
cultures with ODN 2216 and ODN PCV2/1 compareduhuces with
only ODN 2216. In other systems, competition betweibitory and
stimulatory ODNs has been suggested and one thedngat binding of
inhibitory ODNs to TLR9 results in a conformationgiange of the
MyD88 binding site which interrupts the further rsadfing through
TLR9 (Ashmanet al., 2005; Lenertet al., 2006), which would mean
that the inhibitory effect of the ODN is exerteddye transcription of
the mRNA. In the present study, the method useddfection of
cytokine mRNA was not quantitative and therefore #mount of
transcribed IFNa and IFN$ in co-cultures with ODN 2216 and ODN
PCV2/1 could not be compared to the amounts inusest with only
ODN 2216. Thus, additional studies using a quantégamethod is
needed to elaborate the mechanism behind the alFiNhibitory
capacity of the ODN PCV2/1. Further, results frdmain vitro studies
show a significant difference between ODN PCV2/unid in the
genome of PCV2 from healthy pigs in Sweden and GEIN/2/1S1,
which predominates in pigs from farms with PMWS Sweden.
However, the biological significance of these fimgs remain to be
elucidated.
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