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Abstract

Salmonid alphavirus (SAV) is the causative agent of pancreas disease (PD) in farmed Atlan-
tic salmon. A previous study showed that vaccination of pre-smolt salmon with a plasmid
encoding the structural polypeptide of SAV gave protection against infection and develop-
ment of PD accompanied by production of antibodies against the virus. In the present work
we analyzed transcript responses in the muscle to vaccination with this plasmid (here
named pSAV). The purpose was to shed light on how pSAV might initiate adaptive immune
responses in the fish. The work was based on microarray and reverse transcription quantita-
tive PCR analyses of muscle at the injection site 7 days after vaccination. The results
showed that pSAV and pcDNAS3.3 had similar abilities to up-regulate type | IFN stimulated
genes. In contrast, pSAV caused higher up-regulation of IFNy and several IFNy inducible
genes. Compared to pcDNA3.3, pSAV also gave larger increase in transcripts of marker
genes for B-cells, T-cells and antigen presenting cells (APCs), which suggest attraction and
role of these cells in the adaptive immune responses elicited by pSAV. Moreover, pSAV
caused a stronger up-regulation of the chemokine CXCL10 and the proinflammatory cyto-
kines IL-183 and TNFa, which may explain attraction of lymphocytes and APCs. The present
work shows that the expression profile of genes resulting from vaccination with pSAYV is dif-
ferent from the expression profiles obtained previously by vaccination of salmonids with
DNA vaccines against infectious salmon anemia virus and infectious hematopoietic necrosis
virus.

Introduction

Virus diseases cause major problems in fish farming due to economic losses and suffering of
infected fish. Traditional vaccines based on inactivated virus have so far been unable to provide
sufficient protection against virus diseases of fish. DNA vaccination against virus has received
high expectations due to the high level of protection obtained with the DNA vaccine against
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infectious hematopoietic necrosis virus (IHN) in salmonids [1-3]. More recently, a DNA vac-
cine against infectious salmon anemia virus (ISAV) has shown a high level of protection when
injected together with a plasmid encoding type I IFN from Atlantic salmon [4]. The vaccine was a
plasmid expressing the virus surface protein hemagglutininesterase (HE) and the IFN plasmid
was shown to function as an adjuvant. A transcriptome analysis of genes induced at the muscle
injection site by a plasmid encoding HE, plasmid vector without insert, and plasmid encoding
IFNa was recently carried out [5]. The work showed that plasmid DNA induced a similar set of
genes as the IFNa plasmid, but at a lower level. In contrast, the HE-plasmid induced lower levels
of IFN-induced genes compared to plasmid without insert. This suggested that HE expressed by
the plasmid, inhibited expression of IFN-induced genes thus explaining the need for IFNa plasmid
as adjuvant. Salmonid alphavirus (SAV) is the causative agent of pancreas disease (PD) in farmed
Atlantic salmon. A DNA vaccine against SAV was recently shown to give significantly higher pro-
tection of Atlantic salmon against pancreas disease (PD) than a commercial vaccine based on
inactivated virus [6]. This vaccine is a plasmid encoding the structural polyprotein C-E3-E2-
6K-E2 of SAV3 (here named pSAV), which upon uptake in cells results in expression of E2 on the
surface of the cells. In contrast to the ISAV DNA vaccine, the SAV3 DNA vaccine did not need
addition of IFN plasmid to achieve protection. In the present study we did transcriptome analyses
of muscle at the injection site of pSAV, pcDNA3.3 and PBS 7 days after injection. This was per-
formed by microarray analysis and reverse transcription quantitative PCR (RT-qPCR).

The purpose of the study was to find out whether expression of the structural proteins of SAV3
have unique effects on gene transcription that might shed light on how this DNA vaccine influ-
ences the immune system. It is likely that the adaptive immune system reacts to antigens as soon
as they are expressed. Day 7 post injection was thus chosen as time point for harvest of mRNA
since it represents early high level expression of plasmid encoded genes in the muscle [5, 7, 8].

The data showed that vaccination with pSAV and the vector plasmid pcDNA3.3 gave simi-
lar up-regulation of type I IFN stimulated genes (ISGs), which is different from the HE-plas-
mid of SAV. In contrast, pSAV caused higher up-regulation of IFNy and several IFNy
inducible genes compared to pcDNA3.3. Moreover, pSAV gave increase in transcripts of B-
cells, T-cells and antigen-presenting cells (APCs) presumably due to attraction of these cells by
up-regulation of inflammatory chemokines and cytokines.

Materials and methods
Ethics statement

All fish experiments were approved by the Norwegian Animal Research Authority (NARA)
and Norwegian “Regulation on Animal Experimentation” was observed during fish handling.

Fish

Atlantic salmon (Salmo salar L.) presmolts (30-40 g), Aquagen standard (Aquagen, Kyrksze-
tergra, Norway), were kept at 10°C in 300 L tanks supplied with fresh water and were fed com-
mercial dry food in Tromse Aquaculture Research Station, Norway. For vaccination, fish were
anesthetized with 0.005% benzocaine (ACD Pharmaceuticals, Norway). Different groups of
fish were labeled by tattooing (2% alcian blue, Panjet inoculator). For harvest of muscle sam-
ples, fish were euthanized by an overdose of benzocaine (0.01%).

Treatment of fish with plasmids

pcDNA3.3 encoding the open reading frame (ORF) for SAV3 complete structural polyprotein C-
E3-E2-6K-E1 (pSAV) is based on the genome sequence of the SAV3 H10 isolate (GenBank

PLOS ONE | https://doi.org/10.1371/journal.pone.0204924  October 1, 2018

2/16


https://doi.org/10.1371/journal.pone.0204924

iggl’L‘)S;|ONE

Transcriptome analyses of salmon muscle injected with a DNA vaccine against salmonid alphavirus

Accession number: JQ799139) and has previously been named pCSP [6]. pcDNA3.3 without insert
was used as control. The plasmids were purified by EndoFree plasmid purification kit from Qiagen.
Presmolt salmon were injected intramuscularly (i.m.) approximately 1 cm below the dorsal fin with
15 pg of plasmid in 50  sterile PBS pH 7.4 or with 50 pl PBS only. Fish groups (N = 5) were
injected with PBS (Group 1), pcDNA3.3 (Group 2) and pSAV (Group 3). Muscle samples from the
injection site were harvested one week post injection and used for RNA isolation.

Reverse transcription quantitative PCR (RT-qPCR)

Muscle samples from the injection site were homogenized using TissueLyser II (QIAGEN) (30
sec, 30 1/s) and total RNA was extracted using the RNeasy®) Mini Kit (Qiagen). cDNA was pro-
duced using high capacity cDNA Reverse Transcription kit (Applied Biosystems) (500 ng RNA in
a 20 pl reaction). cDNA was diluted 10 times and 5 pl of cDNA was used per 20 pl PCR reaction,
which also included primers for target gene (0.25 uM) and Fast SYBR®) Green Master Mix
(Applied Biosystems). The samples were applied in duplicates and the measurement was done
using ABI Prism 7500 FAST Cycler from Applied Biosystems (initial denaturation 95°C: 20s and
40 cycles of 95°C: 3s, and 60°C: 30s). Primer sequences are included in S1 Table. Expression val-
ues were normalized against the levels of EF10 and fold change in expression of different genes
was calculated against that of PBS group using the method described by Pfaffl [9]. Unpaired t-test
with two-tail distribution was used for statistical analysis, p < 0.05.

Microarray analysis

The analyses were carried out essentially as described earlier [5]. Nofima’s Atlantic salmon oli-
gonucleotide microarray SIQ-6 (GEO Accession no. GPL16555) was produced by Agilent
Technologies in the 15 K x 8 format, all reagents and equipment were from the same source
[10]. Analyses included three groups, four individuals per group at one time-point; totally
twelve arrays were used. RNA was isolated as described for RT-qPCR. Total RNA (200 ng per
reaction) was labelled with Cy3 using Low Input Quick Amp Labeling Kit and fragmented
with Gene Expression Hybridization Kit. Hybridization was performed for 17 hours in an
oven at 65°C at rotation speed of 10 rounds per minute. Arrays were washed for one minute
with Gene Expression Wash Buffer I at room temperature, and one minute with Gene Expres-
sion Wash Buffer IT at 37°C and scanned. Data analyses were carried out with Nofima’s bioin-
formatics package [10]. Global Normalization was performed by equalizing the mean
intensities of all microarrays. Next, the individual values for each feature were divided to the
mean value of all samples producing expression ratios (ER). The log,-ER were calculated and
normalized with the locally weighted non-linear regression (Lowess). The data are presented
as ratios of plasmid injected groups to PBS injected control. Differentially expressed genes
were selected by criteria: p < 0.05 and log,-ER > |0.8| (1.74-fold). The microarray data pre-
sented in this publication has been deposited in the NCBI's Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) and is available under the accession number GSE115689.

Results
IFN response

Because type I IFNs (IFN-I) enhance adaptive immune responses and function as adjuvants in
the DNA vaccine against ISAV [4], we wanted to study whether pSAV had any effect on IFN-I
induced genes (ISGs) during DNA vaccination. The microarray data showed that pcDNA3.3 and
PSAV had similar ability to up-regulate typical ISGs such as ISG15, Mx and viperin (Fig 1), which
was confirmed by RT-qPCR (Fig 2A). A similar pattern of response was seen for a several other
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Accession Antiviral genes pcDNA3.3| pSAV
EG836160 ISG15 H
BT044881 Mx s 24.38| s 43.77
BT043723 MxI $ 23.46| $ 34.75
U66477 Mx3 5 9.90] $ 13.50
BT047610 Viperin $ 29.22] s 31.43
DW569595 Gigl $ 7.62 $ 828
BT072201 Gig2 $ 2594 s 37.93
DY718635 GBP1/ Chr: ssal9 S 2.35| s« 4.38
EG842249 GBP1/ Chr: ssa21 ? 2.64] S+ 572
DW571876 PARP14 S 4071 s 597
EG841455 VLIG $ 21.54] ¢ 34.26

Accession IRFs pcDNA3.3| pSAV

BT048538 |IRF1 $ 6.37| ¢, 9.38
BT044804 IRF2 5 211 s 3.15
BT059292 IRF3 411 S 455
BT044767 IRF5 1.76] s+ 3.35
EG933143 IRF9 $ 1.90] ¢ 2.13

Accession Virus RNA sensors [pcDNA3.3] pSAV
EG820831 RIGI > 7.38] S 878
BT045378 DHX58 (LGP) > 9.45| s 10.81
DY700702 IFIT5 $ 3.67] s  5.19

Accession TRIMs pcDNA3.3| pSAV
XM_014176221| TRIM16/ Chr: ssa26 > 3971 $ 5.67
XM_014180798| TRIM16/Chr: ssa29 > 1035 S 1244
BT046206 TRIM21 > 215 s 451
XM_014170168| TRIM25 > 3.78] S 6.35
XM_014207267| TRIM39 ? 7.19] * 882
NM_ 001141434/ TRIM65 s 1.34) S 1.87

Accession Other ISGs pcDNA3.3| pSAV
EG869037 VHSV-induced protein |® 225 $ 3.44
XM 014208380 Nuclear factor 7 > 2.64) S 3.60
EG928694 IFI35 S 234 s 3.12
BT045795 IF144 ? 3.58] S+ 7.08
EF410001 Thymidylate kinase S 7791 $ 5.99

Fig 1. Expression of IFN stimulated genes (ISGs) in muscle in response to pcDNA3.3 and pSAV measured by

microarray analysis. The ISGs include the main antiviral genes, interferon regulatory factors (IRFs), virus RNA

sensors and tripartite motif-containing proteins (TRIMS). Groups of fish (N = 4) were injected with PBS, pcDNA3.3
and pSAV. RNA was isolated from muscle at the injection site 7 days post injection. Numbers represent fold changes

compared to the PBS group. Symbols $ and * denote significant difference (p < 0.05) between PBS and plasmid

groups, and between pcDNA3.3 and pSAV groups, respectively.
https://doi.org/10.1371/journal.pone.0204924.9001

ISGs (Fig 1). In contrast pSAV compared to pcDNA3.3 gave significantly higher up-regulation

of guanylate binding protein 1 (GBP1), interferon regulatory factor 1 (IRF1), IRF5 and IFN-

inducible protein IFI44 (Fig 1). This was confirmed by RT-qPCR for GBP1 and IRF1 (Fig 2B).
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Fig 2. Expression of type I IFN inducible genes (A), IFNYy inducible genes (B), and type I IFN (IFNa) and type II
IFN (IFNY) genes (C) in response to vaccination with plasmids. Groups of fish (N = 5) were injected with PBS,
pcDNA3.3 and pSAV. RNA was isolated from muscle at the injection site 7 days post injection and expression of
different IFNs and ISGs was measured by RT-qPCR. Expression value of each gene was normalized against the levels of
EF1of. Numbers represents fold increase in expression (mean + SD) compared to the PBS group. Bars not sharing
common letter indicate significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0204924.9002

GBP-1 is an antiviral and antibacterial GTP-ase while IRF1 activates transcription of IFN-I and
viperin [11-14]. IRF5 is involved in induction of IFN-I, chemokines and proinflammatory cyto-
kines [15-17]. IFI44 has anti-proliferative functions [18]. Notably, GBP1 and IRF1 are more
strongly induced by IFNy (type II IFN) than by IFN-I in both mammals and Atlantic salmon [19,
20]. Indeed, RT-qPCR showed that pSAV up-regulated IFNy more strongly than pcDNA3.3 (Fig
2C), which supports that GBP1 and IRF1 were induced by IFNy in the pSAV group. RT-qPCR
showed that the IFN-I IFNa was slightly up-regulated by pSAV, but not by pcDNA3.3 (Fig 2C).

Attraction of B- and T-cells

Protection of salmon against SAV by vaccination with pSAV, could be due to both increased anti-
body response and increased production of specific cytotoxic T cells. We thus wanted to find out
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Fig 3. B cell specific genes, microarray results. Markers correspond to probes representing constant regions of IgM,
IgT and IgD and segments of light and heavy chains (totally 34 probes). Data are log2-ER (expression ratio) to PBS
control. Difference between the groups is significant (p<0.0001, paired t test).
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if pPSAV vaccination was associated with increased attraction of B- and T-cells to the muscle injec-
tion site, which should be revealed by gene markers for these cells. The microarray data showed
that both pcDNA3.3 and pSAV enhanced transcripts encoding constant regions of IgD, IgM and
IgT and segments of the heavy and light chains, totally 34 probes (Fig 3), the increase in the pSAV
group was 1.95-fold greater compared to the pcDNA3.3 group. RT-qPCR analysis of membrane
bound IgM (mIgM) and soluble IgM (sIgM) confirmed up-regulation by both plasmids, but only
expression of sIgM was significantly higher in the pSAV group (Fig 4).

The microarray data showed that expression of T-cell receptor (TCR) alpha and beta chains
were increased by both plasmids, but were significantly higher up-regulated by pSAV than by
pcDNA3.3 (Fig 5). This was confirmed by RT-qPCR for TCRbeta (Fig 4). The microarray anal-
ysis also showed that compared to pcDNA3.3, pSAV caused significant higher increase in tran-
scripts for other typical T-cell markers (Fig 5). This was confirmed by RT-qPCR for CD4,
CD8a, CD3z and granzyme K (Fig 4). Taken together these data suggests that B- and T-cells
are attracted to the muscle injection site by plasmid DNA and that pSAV had a stronger attrac-
tive effect than pcDNA3.3, especially on T-cells.

MHC I antigen presentation pathway

Most cells have the ability to present antigen to cytotoxic T-cells through MHC I, which occurs
by digestion of antigen by the proteasome, transportation of peptides into ER by TAP followed
by loading of antigenic peptides onto MHC-I involving tapasin and other chaperone molecules
[21]. As shown in Fig 6, the microarray data showed that pcDNA3.3 and pSAV up-regulated
to a similar extent MHC I, beta-2-microglobulin and PSMBS8, which is a subunit of the protea-
some. This was confirmed by RT-qPCR for MHC I (Fig 7A). Other proteasome subunits
(PSMB6B and PSMB7) were significantly higher up-regulated by pSAV than by pcDNA3.3
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Fig 4. Expression of T- and B- cell marker genes in response to injection of plasmids measured by RT-qPCR. Treatment
groups and experimental details as described in Fig 2. Expression value of each gene was normalized against the levels of EF1a.
Numbers represents fold increase in expression (mean + SD) compared to the PBS group. Bars not sharing common letter indicate
significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0204924.9004

(Fig 6). Higher transcript values were also observed for TAP and tapasin in the pSAV group,
but the differences between pSAV and pcDNA3.3 were not significant for these genes. Inter-
estingly, PSMB6, PSMB7, TAP and tapasin are all IFNy -induced genes [22-25].

Antigen presenting cells (APCs) and the MHC II antigen presentation
pathway

Since attraction of APCs might indicate that antigen presentation to T-cells occurs at the mus-
cle injection site, we analysed expression of genes for surface markers of APCs. Extracellular
protein antigens are taken up by APCs and processed by endolysosomal proteases into pep-
tides, which are loaded onto MHC II molecules by displacing the peptide CLIP derived from
the class II-associated invariant chain, which is also known as MHC II gamma chain or CD74
when it is surface expressed [26]. The microarray data showed that compared to pcDNA3.3,
PSAV up-regulated more strongly MHC II alpha and beta chains and CD74 (Fig 8). RT-qPCR
confirmed stronger up-regulation of MHC II by pSAV (Fig 7A). One of the most prominent
genes that showed higher transcript levels with pSAV was high affinity Ig receptor I (FcyRI),
which is encoded by FCGRI (Figs 7B and 8). This protein is expressed on monocytes, macro-
phages and dendritic cells (DCs) and can be up-regulated by IFNy [27, 28].

Effector molecules of APCs/phagocytic cells

PSAV showed higher transcript levels of lysozyme G, cytochrome b-245 beta chain and neu-
trophil cytosol factor (NCF1), also known as p47phox (Fig 8). Lysozymes are responsible for
degradation of peptidoglycans in the cell wall of gram-positive and gram-negative bacteria.
NCEF1I is the cytoplasmic subunit of NADPH-oxidase complex in neutrophils and macro-
phages. NCF1 has a central role in oxidative burst, which leads to production of superoxide
anion and formation of antimicrobial reactive oxygen species [29]. Cytochrome b-245 is a
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Accession Genes pcDNA3.3] pSAV
AY 552002 TCR alpha 5 214] ¢ . 405
X97435 TCR beta 4.62
BT049194 TCR beta S 6.06
EG787832 TCR-gamma constant region 5 148] s 236
ACMO09262 |CD2 139 ¢ 191
BT047259 CD3 zeta 1.14] ¢+ 2.20
EF421416 CD3-gammadelta-A $ 295 s 5.63
EF421420 CD3 epsilon 1.52) S 231
BT056594 CD4 1.30] S 205
NM 0011235 |CDS alpha 1.32) s 220
AY 693394 CDS8 beta 1.28] s 2.05
BT045464 CD28 1.70] ¢ . 2.98
NP_001140007|CD40 L 145 ¢ 224
XP 013979041|CD45 1.14f s 175
XP_013988768|Granzyme K 1.40] ¢ 2.03
BT045113 SH2D2A > 178 s 3.1
XP 014014375|NLRC3 1.64] S 3.01
BT044873  |TAGAP > 129 s - 237

Fig 5. Microarray data of T cell marker genes. Data produced and presented as explained in Fig 1.

https://doi.org/10.1371/journal.pone.0204924.9005

membrane-bound component of the NADPH-oxidase complex [30]. RT-qPCR confirmed
that NCF1 was significantly higher expressed in response to pSAV compared to pcDNA3.3
and PBS (Fig 7B). Altogether the increase in transcripts of this group of genes suggests attrac-
tion of phagocytic cells like macrophages or neutrophils to the site of pSAV injection.

Other leukocyte markers

Several other genes, which are commonly expressed by lymphocytes and other leukocytes
were significantly higher up-regulated by pSAV than by pcDNA3.3 (S1 Fig). These included

plastin-2, Wiskott-Aldrich syndrome protein (WASP) and Src kinase-associated phosphopro-
tein 2 (Skap-2). Plastin-2 is specifically expressed in hematopoietic cell lineage and has impor-
tant roles in processes related to neutrophil biology and function, stabilization of immune
synapse (IS) between MHCII and TCR, T-cell activity as well as T-cell and B-cell motility and
macrophage activity [31]. WASP is necessary for many lymphoid immune cell functions like
phagocytosis, NK-cell cytotoxicity, TCR/BCR downstream signaling and monocyte chemo-
taxis [32, 33]. Skap-2 is involved in macrophage cytoskeletal rearrangement [34].
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Accession Genes pcDNA3.3| pSAV

DQO091795|MHC class I antigen $ 2331 ¢ 3.21
DW537096|MHC class I $ 3.46] s 3.17
BT046933 |Beta2 microglobulin $ 236 S 3.72
783329 |Tap 2B 1.02] 5 1.84
783327 |Tap 1A S 294 s 3.70]
DQ451008 | Tapasin S 2291 s 3.09
BT045997 | Tapasin related protein 1.49] ¢ 221
BT050214 |PSMB6 $ 1.92) ¢« 3.59
EG801475 |PSMB6A S 228 s 3.78
EG903887 |[PSMB6B $ 1.82] $ « 3.68
BT049935 |PSMB6B 1.70] S~ 3.38
EG818109 |[PSMA7 124 S 219
BT046757 |PSMB7/ Chr: ssal4 S 1.88] $ « 2.65
BT049633 |PSMB7/Chr: ssal3 $ 208 s 3.69
BT060153 [PSMBS s 946] 5 11.72|
BT049767 |PSMBY9A S 2,150 s 3.61
EF210363 |PSMBY9A $ 205 s 344

Fig 6. Microarray data showing expression of genes involved in MHC I antigen presentation. Data produced and
presented as explained in Fig 1.

https://doi.org/10.1371/journal.pone.0204924.9006

Chemokines and pro-inflammatory cytokines

Attraction of leukocytes to the plasmid injection site must be mediated by chemokines and
proinflammatory cytokines [35]. Microarray data for chemokines, chemokine receptors and
cytokine receptors that showed up-regulation with pcDNA3.3 and pSAYV are presented in Fig
9. The data showed higher transcript values for the chemokines CCL4, CCL19 and CXCL10 in
response to pSAV compared to pcDNA3.3, but the differences were not significant. In general,
cytokines showed low upregulation in response to plasmids in the microarray analysis. RT-
qPCR analyses showed that CXCL10 and the proinflammatory cytokines IL-13 and TNFo.
were more strongly up-regulated by pSAV than by pcDNA3.3 (Fig 10). Up-regulation of
CXCL10 may be mediated by IFNYy as suggested by previous work [19]. Of cytokine receptors,
the microarray data showed higher up-regulation of IL2R and IL6R by pSAV than by
pcDNA3.3.

Discussion

A previous study showed that i.m. injection of Atlantic salmon with a plasmid expressing the
whole SAV3 structural polyprotein (here named pSAV) gave strong protection against
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Fig 7. Expression of genes involved in antigen presentation / phagocytosis in response to plasmids measured by
RT-qPCR. Treatment groups and sampling for RNA extraction as described in Fig 2. Expression value of each gene
was normalized against the levels of EF1a and fold increase in expression of different genes was calculated against
that of the PBS group. Bars not sharing common letter indicate significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0204924.g007

development of pancreas disease caused by SAV3 infection accompanied by production of
IgM antibodies against the virus [6]. The present study was conducted to find out if transcrip-
tome analysis of muscle at the injection site might reveal a pattern of gene expression that
could shed light on the protective effect of the vaccine. DNA vaccination against a virus results
in uptake of plasmid and expression of virus protein both by muscle cells and resident APCs
[36]. Changes in immune gene expression at the muscle injection site might be due to innate
responses to plasmid DNA and to both innate and adaptive immune responses to the
expressed viral proteins. The transcriptome data in this work demonstrated that pSAV and
pcDNA3.3 had similar abilities to up-regulate typical IFN-I inducible genes (ISGs). The IFN-I
response to pSAV is thus likely to be a response to plasmid DNA rather than to the viral
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Fig 8. Microarray data showing expression of marker genes for antigen presenting cells (APC) / phagocytic cells. Data produced and

presented as explained in Fig 1.

https://doi.org/10.1371/journal.pone.0204924.9008

proteins. The virus proteins expressed by pSAV do thus not seem to induce IFN-I such as the
G-protein of the DNA vaccine against IHNV [5, 8]. Moreover, pSAV does not inhibit the
IFN-I response unlike hemagglutininesterase in the DNA vaccine against ISAV [5, 8]. In fact,
PSAV induced a distinct set of genes in the muscle compared to the other two DNA vaccines.
Compared to pcDNA3.3, pSAV firstly caused higher up-regulation of IFNy, which was sup-
ported by higher up-regulation of several IFNy inducible genes. Secondly, pSAV caused larger
expression of marker genes for T-cells, B-cells and APCs, which might all be important for
development of the adaptive immune responses against the SAV3. Thirdly, pSAV caused a
stronger up-regulation of the chemokine CXCL10 and proinflammatory cytokines IL-1{3 and
TNFa which may explain attraction of lymphocytes and APCs.

IFNYy response

One of the most prominent responses to pSAV was increased expression of IFNy (Fig 2C) and
the IFNy inducible genes IRF-1, GBP-1 and CXCL-10 (Figs 1, 2B and 9). This suggests that
expression of the SAV3 structural proteins results in increased IFNy production at the muscle
injection site. IFNy is regarded as a typical Th1 cytokine because it directs differentiation of
naive CD4" cells toward a Th1 phenotype and is a major product of CD4" T helper 1 (Th1)
cells and CD8" cytotoxic T cells [20]. Whether Th1 or cytotoxic T cells are the source of IFNy
is, however, uncertain since 7 days post vaccination is very early in the development of an
adaptive immune response in cold water fish. More likely sources of IFNY at this stage are nat-
ural killer (NK) cells, APCs and natural killer T (NKT) cells [20, 37]. Little is yet known about
NK and NKT cells in fish, however. Whichever source, enhanced production of IFNy might
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Fig 9. Microarray data of chemokines, cytokines and their receptors. Data produced and presented as for Fig 1.
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Fig 10. Expression of chemokines and inflammatory cytokines in response to plasmids measured by RT-qPCR.
Treatment groups and sampling for RNA extraction as described in Fig 2. Expression value of each gene was
normalized against the levels of EF1a and fold change in expression of different genes was calculated against that of
the PBS group. Bars not sharing common letter indicate significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0204924.g010
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increase antigen presentation as discussed below, and thus influence the differentiation of T-
cells at the injection site.

Attraction of B- and T-cells

The data for pcDNA3.3 suggests that B-cells and T-cells are attracted to the plasmid injection
site by recognition of plasmid DNA by muscle cells as described in previous work [4]. Higher
mean transcript values for B-cell markers (IgM, IgD and IgT) were observed for the pSAV
group compared to pcDNA3.3, but the differences for the individual genes were not signifi-
cant. On the other hand, both the microarray and RT-qPCR analysis suggest increased attrac-
tion of T-cells to the pSAV injection site compared to pcDNA3.3, due to significantly
increased transcript levels of TCR chains, CD4, CD8 and CD3zeta. Attraction of cytotoxic T-
cells by pSAYV is suggested by increased expression of CD8a and granzyme K. Taken together,
it is interesting to note that the T-cell response to pSAV appears to be more prominent than
the B-cell response. Whether cytotoxic T-cells are involved in the protective immune response
to SAV infection should thus be investigated in future studies.

APCs and genes involved in antigen presentation

Professional APCs include dendritic cells, macrophages and B-cells [26]. Participation of
APCs in initiation of the adaptive immune response against SAV3 structural proteins is sup-
ported by the fact that compared to pcDNA3.3, pSAV increased more strongly expression of
MHCII, CD74 and FcyRI (Figs 7 and 8). These molecules are constitutively expressed in pro-
fessional APCs, but may be up-regulated by IFNY in professional and non-professional APCs
[20, 38]. pSAV may thus have a positive effect on antigen presentation through the MHC II
pathway.

In addition, pSAV gave higher transcript values for several genes that are involved in the
MHC I antigen presentation pathway (PSMB6, PSMB7, LMP-7, TAP1A, TAP2B and tapasin)
and which may be induced by IFNy [20]. This suggests a more efficient presentation of virus
antigens through the MHC-I pathway possibly leading to cytotoxic T-cell production against
the virus. Notably, pSAV and pcDNA3.3 showed similar increases in MHC I heavy chain,
which suggests that MHC I expression is mainly triggered by plasmid DNA. MHC I is
expressed by most cells in mammals, but can be up-regulated by IFN-I and IFNy [39, 40].
Taken together, pSAV appears to attract APCs and/or induce genes in resident APCs, which
provide a more efficient presentation of virus antigen to T-cells through both MHC pathways.

Chemokines and pro-inflammatory cytokines

Attraction of leukocytes to the plasmid injection site must be mediated by chemokines and/or
proinflammatory cytokines [35]. The RT-qPCR analyses suggest that CXCL10, IL-1f3 and
TNFao, are likely to be involved in attraction of T-cells, B-cells and APCs since they are more
strongly up-regulated by pSAV than by pcDNA3.3. Up-regulation of CXCL10 may be medi-
ated by IFNYy as suggested by previous work [19]. IL-188 and TNFa are key pro-inflammatory
cytokines [35, 41].

Conclusion

While previous work showed that vaccination of Atlantic salmon with pSAV leads to produc-
tion of antibodies against SAV, the present study suggests that pSAV vaccination also results
in a strong T-cell response due to attraction of T-cells, APCs and up-regulation of IFNy.
Whether the antibody response to the SAV3 surface protein E2 is T-dependent or T-cell
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independent or whether cytotoxic T-cells are involved in protection against SAV3 is not
known. This study thus motivates future studies of cytotoxic T-cell responses to the DNA vac-
cine against SAV.

The data support the hypothesis that the muscle injection site is a meeting place for B-cells,
T-cells and APCs that is important for initiation of the adaptive immune response by the DNA
vaccine against SAV3. In mammals, activation of B- and T-cells might occur at the muscle
injection site, but plasmid transfected APCs also travel to lymph nodes for expression of anti-
gen and activation of B- and T -cells [36]. While fish do not possess lymph nodes, it cannot be
excluded that plasmid-transfected APCs travel to the head kidney and/or spleen for activation
of lymphocytes.

With these data, it can be concluded that the DNA vaccines against the viruses IHNV,
ISAV and SAV, each have unique transcript profiles at the muscle injection site 7 days after
vaccination. The G-protein vaccine against IHNV shows a strong IFN-I stimulatory profile
while the ISAV HE vaccine shows a profile of IFN-I inhibition [5, 8]. In contrast, the SAV3
vaccine shows neither positive nor negative effects on IFN-I induced genes while it shows a
clear IFNy stimulatory profile.

Supporting information

S1 Fig. Microarray data showing expression of various leukocyte marker genes. Data pro-
duced and presented as explained in Fig 1.
(TIF)

S1 Table. a. List of primers used for RT-qPCR with SYBR Green. b. List of primers used for
RT-qPCR with TagMan.
(DOCX)

Author Contributions

Conceptualization: Borre Robertsen.

Formal analysis: Mehrdad Sobhkhez, Aleksei Krasnov.

Funding acquisition: Borre Robertsen.

Investigation: Mehrdad Sobhkhez, Aleksei Krasnov.

Methodology: Mehrdad Sobhkhez, Aleksei Krasnov, Berre Robertsen.

Project administration: Berre Robertsen.

Writing - original draft: Mehrdad Sobhkhez, Borre Robertsen.

Writing - review & editing: Mehrdad Sobhkhez, Aleksei Krasnov, Berre Robertsen.

References

1. Anderson ED, Mourich DV, Fahrenkrug SC, LaPatra S, Shepherd J, Leong JA. Genetic immunization
of rainbow trout (Oncorhynchus mykiss) against infectious hematopoietic necrosis virus. Mol Mar Biol
Biotechnol. 1996; 5(2):114—22. PMID: 8680524.

2. Traxler GS, Anderson E, LaPatra SE, Richard J, Shewmaker B, Kurath G. Naked DNA vaccination of
Atlantic salmon Salmo salaragainst IHNV. Dis Aquat Organ. 1999; 38(3):183-90. Epub 2000/02/25.
https://doi.org/10.3354/dac038183 PMID: 10686669.

3. Salonius K, Simard N, Harland R, Ulmer JB. The road to licensure of a DNA vaccine. Current opinion in
investigational drugs. 2007; 8(8):635—41. PMID: 17668365.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204924  October 1, 2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204924.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204924.s002
http://www.ncbi.nlm.nih.gov/pubmed/8680524
https://doi.org/10.3354/dao038183
http://www.ncbi.nlm.nih.gov/pubmed/10686669
http://www.ncbi.nlm.nih.gov/pubmed/17668365
https://doi.org/10.1371/journal.pone.0204924

@° PLOS | ONE

Transcriptome analyses of salmon muscle injected with a DNA vaccine against salmonid alphavirus

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Chang CJ, Sun B, Robertsen B. Adjuvant activity of fish type | interferon shown in a virus DNA vaccina-
tion model. Vaccine. 2015; 33(21):2442-8. https://doi.org/10.1016/j.vaccine.2015.03.093 PMID:
25865470.

Sobhkhez M, Krasnov A, Chang CJ, Robertsen B. Transcriptome analysis of plasmid-induced genes
sheds light on the role of type | IFN as adjuvant in DNA vaccine against infectious salmon anemia virus.
PLoS One. 2017; 12(11):e0188456. https://doi.org/10.1371/journal.pone.0188456 PMID: 29161315;
PubMed Central PMCID: PMCPMC5697855.

Chang CJ, Gu J, Robertsen B. Protective effect and antibody response of DNA vaccine against salmo-
nid alphavirus 3 (SAV3) in Atlantic salmon. J Fish Dis. 2017; 40(12):1775-81. https://doi.org/10.1111/
jfd.12644 PMID: 28493514.

Chang CJ, Robertsen C, Sun B, Robertsen B. Protection of Atlantic salmon against virus infection by
intramuscular injection of IFNc expression plasmid. Vaccine. 2014; 32(36):4695—702. https://doi.org/
10.1016/j.vaccine.2014.05.059 PMID: 24996122.

Purcell MK, Nichols KM, Winton JR, Kurath G, Thorgaard GH, Wheeler P, et al. Comprehensive gene
expression profiling following DNA vaccination of rainbow trout against infectious hematopoietic necro-
sis virus. Mol Immunol. 2006; 43(13):2089—106. https://doi.org/10.1016/j.molimm.2005.12.005 PMID:
16426680.

Pfaffl MW. A new mathematical model for relative quantification in real-time RT—PCR. Nucleic Acids
Research. 2001; 29(9):e45—e. PubMed PMID: PMC55695. PMID: 11328886

Krasnov A, Timmerhaus G, Afanasyev S, Jorgensen SM. Development and assessment of oligonucleo-
tide microarrays for Atlantic salmon (Salmo salarL.). Comp Biochem Physiol Part D Genomics Proteo-
mics. 2011; 6(1):31-8. https://doi.org/10.1016/j.cbd.2010.04.006 PMID: 20605756.

Vestal DJ, Jeyaratnam JA. The guanylate-binding proteins: emerging insights into the biochemical
properties and functions of this family of large interferon-induced guanosine triphosphatase. J Interferon
Cytokine Res. 2011; 31(1):89-97. https://doi.org/10.1089/jir.2010.0102 PMID: 21142871; PubMed
Central PMCID: PMCPMC3021356.

Stirnweiss A, Ksienzyk A, Klages K, Rand U, Grashoff M, Hauser H, et al. IFN regulatory factor-1
bypasses IFN-mediated antiviral effects through viperin gene induction. J Immunol. 2010; 184(9):5179—
85. https://doi.org/10.4049/jimmunol.0902264 PMID: 20308629.

Bergan V, Kileng O, Sun B, Robertsen B. Regulation and function of interferon regulatory factors of
Atlantic salmon. Mol Immunol. 2010; 47(11-12):2005—-14. Epub 2010/05/25. https://doi.org/10.1016/j.
molimm.2010.04.015 PMID: 20494444,

Paun A, Pitha PM. The IRF family, revisited. Biochimie. 2007; 89(6—7):744-53. https://doi.org/10.1016/
j.biochi.2007.01.014 PMID: 17399883; PubMed Central PMCID: PMCPMC2139905.

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al. Integral role of IRF-5 in the gene
induction programme activated by Toll-like receptors. Nature. 2005; 434(7030):243-9. https://doi.org/
10.1038/nature03308 PMID: 15665823.

Barnes BJ, Kellum MJ, Field AE, Pitha PM. Multiple regulatory domains of IRF-5 control activation, cel-

lular localization, and induction of chemokines that mediate recruitment of T lymphocytes. Mol Cell Biol.
2002; 22(16):5721-40. https://doi.org/10.1128/MCB.22.16.5721-5740.2002 PMID: 12138184; PubMed
Central PMCID: PMCPMC133975.

AiK, LuoK, Xia L, Gao W, HuW, Qi Z, et al. Functional characterization of interferon regulatory factor 5
and its role in the innate antiviral immune response. Fish Shellfish Immunol. 2018; 72:31-6. https://doi.
org/10.1016/).fsi.2017.10.042 PMID: 29080685.

Hallen LC, Burki Y, Ebeling M, Broger C, Siegrist F, Oroszlan-Szovik K, et al. Antiproliferative activity of
the human IFN-alpha-inducible protein IF144. J Interferon Cytokine Res. 2007; 27(8):675-80. https://
doi.org/10.1089/jir.2007.0021 PMID: 17784819.

Sun B, Skjaeveland |, Svingerud T, Zou J, Jorgensen J, Robertsen B. Antiviral activity of salmonid
gamma interferon against infectious pancreatic necrosis virus and salmonid alphavirus and its depen-
dency on type | interferon. J Virol. 2011; 85(17):9188-98. Epub 2011/06/24. https://doi.org/10.1128/
JVI.00319-11 PMID: 21697489; PubMed Central PMCID: PMC3165780.

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, mechanisms
and functions. J Leukoc Biol. 2004; 75(2):163—-89. https://doi.org/10.1189/jlb.0603252 PMID:
14525967.

McCarthy MK, Weinberg JB. The immunoproteasome and viral infection: a complex regulator of inflam-
mation. Front Microbiol. 2015; 6:21. https://doi.org/10.3389/fmicb.2015.00021 PMID: 25688236;
PubMed Central PMCID: PMCPMC4310299.

Aki M, Shimbara N, Takashina M, Akiyama K, Kagawa S, Tamura T, et al. Interferon-gamma induces
different subunit organizations and functional diversity of proteasomes. J Biochem. 1994; 115(2):257—
69. Epub 1994/02/01. PMID: 8206875.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204924  October 1, 2018 15/16


https://doi.org/10.1016/j.vaccine.2015.03.093
http://www.ncbi.nlm.nih.gov/pubmed/25865470
https://doi.org/10.1371/journal.pone.0188456
http://www.ncbi.nlm.nih.gov/pubmed/29161315
https://doi.org/10.1111/jfd.12644
https://doi.org/10.1111/jfd.12644
http://www.ncbi.nlm.nih.gov/pubmed/28493514
https://doi.org/10.1016/j.vaccine.2014.05.059
https://doi.org/10.1016/j.vaccine.2014.05.059
http://www.ncbi.nlm.nih.gov/pubmed/24996122
https://doi.org/10.1016/j.molimm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16426680
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1016/j.cbd.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20605756
https://doi.org/10.1089/jir.2010.0102
http://www.ncbi.nlm.nih.gov/pubmed/21142871
https://doi.org/10.4049/jimmunol.0902264
http://www.ncbi.nlm.nih.gov/pubmed/20308629
https://doi.org/10.1016/j.molimm.2010.04.015
https://doi.org/10.1016/j.molimm.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20494444
https://doi.org/10.1016/j.biochi.2007.01.014
https://doi.org/10.1016/j.biochi.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17399883
https://doi.org/10.1038/nature03308
https://doi.org/10.1038/nature03308
http://www.ncbi.nlm.nih.gov/pubmed/15665823
https://doi.org/10.1128/MCB.22.16.5721-5740.2002
http://www.ncbi.nlm.nih.gov/pubmed/12138184
https://doi.org/10.1016/j.fsi.2017.10.042
https://doi.org/10.1016/j.fsi.2017.10.042
http://www.ncbi.nlm.nih.gov/pubmed/29080685
https://doi.org/10.1089/jir.2007.0021
https://doi.org/10.1089/jir.2007.0021
http://www.ncbi.nlm.nih.gov/pubmed/17784819
https://doi.org/10.1128/JVI.00319-11
https://doi.org/10.1128/JVI.00319-11
http://www.ncbi.nlm.nih.gov/pubmed/21697489
https://doi.org/10.1189/jlb.0603252
http://www.ncbi.nlm.nih.gov/pubmed/14525967
https://doi.org/10.3389/fmicb.2015.00021
http://www.ncbi.nlm.nih.gov/pubmed/25688236
http://www.ncbi.nlm.nih.gov/pubmed/8206875
https://doi.org/10.1371/journal.pone.0204924

@° PLOS | ONE

Transcriptome analyses of salmon muscle injected with a DNA vaccine against salmonid alphavirus

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ma W, Lehner PJ, Cresswell P, Pober JS, Johnson DR. Interferon-gamma rapidly increases peptide
transporter (TAP) subunit expression and peptide transport capacity in endothelial cells. J Biol Chem.
1997; 272(26):16585-90. Epub 1997/06/27. PMID: 9195970.

Abarca-Heidemann K, Friederichs S, Klamp T, Boehm U, Guethlein LA, Ortmann B. Regulation of the
expression of mouse TAP-associated glycoprotein (tapasin) by cytokines. Immunology letters. 2002; 83
(3):197—-207. Epub 2002/07/04. PMID: 12095710.

Kloetzel P-M. Antigen processing by the proteasome. Nature Reviews Molecular Cell Biology. 2001;
2:179. https://doi.org/10.1038/35056572 PMID: 11265247

Trombetta ES, Mellman I. Cell biology of antigen processing in vitro and in vivo. Annu Rev Immunol.
2005; 23:975-1028. https://doi.org/10.1146/annurev.immunol.22.012703.104538 PMID: 15771591.

van der Poel CE, Spaapen RM, van de Winkel JG, Leusen JH. Functional characteristics of the high
affinity IgG receptor, FcgammaRlI. J Immunol. 2011; 186(5):2699—704. https://doi.org/10.4049/
jimmunol.1003526 PMID: 21325219.

Pearse RN, Feinman R, Ravetch JV. Characterization of the promoter of the human gene encoding the
high-affinity IgG receptor: transcriptional induction by gamma-interferon is mediated through common
DNA response elements. Proc Natl Acad Sci U S A. 1991; 88(24):11305-9. PMID: 1837149; PubMed
Central PMCID: PMCPMC53123.

Hultqvist M, Holmdahl R. Ncf1 (p47phox) polymorphism determines oxidative burst and the severity of
arthritis in rats and mice. Cellular immunology. 2005; 233(2):97—-101. Epub 2005/06/07. https://doi.org/
10.1016/j.cellimm.2005.04.008 PMID: 15936744.

Segal AW, West |, Wientjes F, Nugent JH, Chavan AJ, Haley B, et al. Cytochrome b-245 is a flavocyto-
chrome containing FAD and the NADPH-binding site of the microbicidal oxidase of phagocytes. Bio-
chem J. 1992; 284 (Pt 3):781-8. Epub 1992/06/15. PMID: 1320378; PubMed Central PMCID:
PMCPMC1132607.

Morley SC. The Actin-Bundling Protein L-Plastin: A Critical Regulator of Immune Cell Function. Int J
Cell Biol. 2012; 2012:10. https://doi.org/10.1155/2012/935173 PMID: 22194750

Orange JS, Ramesh N, Remold O, Donnell E, Sasahara Y, Koopman L, et al. Wiskott—Aldrich syn-
drome protein is required for NK cell cytotoxicity and colocalizes with actin to NK cell-activating immuno-
logic synapses. Proc Natl Acad Sci. 2002; 99(17):11351. hitps://doi.org/10.1073/pnas.162376099
PMID: 12177428

Tsuboi S. A complex of Wiskott-Aldrich syndrome protein with mammalian verprolins plays an important
role in monocyte chemotaxis. J Immunol (Baltimore, Md: 1950). 2006; 176(11):6576—85. Epub 2006/
05/20. PMID: 16709815.

Alenghat FJ, Baca QJ, Rubin NT, Pao LI, Matozaki T, Lowell CA, et al. Macrophages require Skap2 and
Sirpalpha for integrin-stimulated cytoskeletal rearrangement. J Cell Sci. 2012; 125(Pt 22):5535—-45.
Epub 2012/09/15. https://doi.org/10.1242/jcs. 111260 PMID: 22976304; PubMed Central PMCID:
PMCPMC3561861.

Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: At the crossroads of cell sig-
nalling and inflammatory disease. Biochim Biophys Acta. 2014; 1843(11):2563-82. https://doi.org/10.
1016/j.bbamcr.2014.05.014 PMID: 24892271.

Kutzler MA, Weiner DB. DNA vaccines: ready for prime time? Nat Rev Genet. 2008; 9(10):776-88.
Epub 2008/09/11. https://doi.org/10.1038/nrg2432 PMID: 18781156.

Schoenborn JR, Wilson CB. Regulation of interferon-gamma during innate and adaptive immune
responses. Advances in immunology. 2007; 96:41-101. https://doi.org/10.1016/S0065-2776(07)
96002-2 PMID: 17981204.

Choi NM, Majumder P, Boss JM. Regulation of major histocompatibility complex class Il genes. Curr
Opin Immunol. 2011; 23(1):81-7. https://doi.org/10.1016/j.c0i.2010.09.007 PMID: 20970972; PubMed
Central PMCID: PMCPMC3033992.

Singer DS, Maguire JE. Regulation of the expression of class | MHC genes. Crit Rev Immunol. 1990; 10
(8):235-57. PMID: 2085409.

van den Elsen PJ, Peijnenburg A, van Eggermond MC, Gobin SJ. Shared regulatory elements in the
promoters of MHC class | and class Il genes. Immunol Today. 1998; 19(7):308—12. PMID: 9666603.

Bradley JR. TNF-mediated inflammatory disease. J Pathol. 2008; 214(2):149-60. https://doi.org/10.
1002/path.2287 PMID: 18161752.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204924  October 1, 2018 16/16


http://www.ncbi.nlm.nih.gov/pubmed/9195970
http://www.ncbi.nlm.nih.gov/pubmed/12095710
https://doi.org/10.1038/35056572
http://www.ncbi.nlm.nih.gov/pubmed/11265247
https://doi.org/10.1146/annurev.immunol.22.012703.104538
http://www.ncbi.nlm.nih.gov/pubmed/15771591
https://doi.org/10.4049/jimmunol.1003526
https://doi.org/10.4049/jimmunol.1003526
http://www.ncbi.nlm.nih.gov/pubmed/21325219
http://www.ncbi.nlm.nih.gov/pubmed/1837149
https://doi.org/10.1016/j.cellimm.2005.04.008
https://doi.org/10.1016/j.cellimm.2005.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15936744
http://www.ncbi.nlm.nih.gov/pubmed/1320378
https://doi.org/10.1155/2012/935173
http://www.ncbi.nlm.nih.gov/pubmed/22194750
https://doi.org/10.1073/pnas.162376099
http://www.ncbi.nlm.nih.gov/pubmed/12177428
http://www.ncbi.nlm.nih.gov/pubmed/16709815
https://doi.org/10.1242/jcs.111260
http://www.ncbi.nlm.nih.gov/pubmed/22976304
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.bbamcr.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24892271
https://doi.org/10.1038/nrg2432
http://www.ncbi.nlm.nih.gov/pubmed/18781156
https://doi.org/10.1016/S0065-2776(07)96002-2
https://doi.org/10.1016/S0065-2776(07)96002-2
http://www.ncbi.nlm.nih.gov/pubmed/17981204
https://doi.org/10.1016/j.coi.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20970972
http://www.ncbi.nlm.nih.gov/pubmed/2085409
http://www.ncbi.nlm.nih.gov/pubmed/9666603
https://doi.org/10.1002/path.2287
https://doi.org/10.1002/path.2287
http://www.ncbi.nlm.nih.gov/pubmed/18161752
https://doi.org/10.1371/journal.pone.0204924

