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Pituitary adenylate cyclase-activating polypeptide (PACAP) is a multifunctional
neuropeptide that is widely distributed in mammals and is capable of performing
roles as a neurotransmitter, neuromodulator, and vasodilator. This polypeptide belongs
to the glucagon/secretin superfamily, of which some members have been shown to act
as antimicrobial peptides in both mammalian and aquatic organisms. In teleosts, PACAP
has been demonstrated to have direct antimicrobial activity against several aquatic
pathogens, yet this phenomenon has never been studied throughout a live bacterial
challenge. The present study focuses on the influence of synthetic Clarias gariepinus 38
amino acid PACAP on the rainbow trout monocyte/macrophage-like cell line, RTS11,
when exposed to the coldwater bacterial pathogen Flavobacterium psychrophilum.
PACAP was shown to have direct antimicrobial activity on F. psychrophilum when grown
in both cytophaga broth and cell culture media (L-15). Further, the ability of teleostean
PACAP to permeabilize the membrane of an aquatic pathogen, F. psychrophilum, was
demonstrated for the first time. The viability of RTS11 when exposed to PACAP was
also observed using a trypan blue exclusion assay to determine optimal experimental
doses of the antimicrobial peptide. This displayed that only concentrations higher
than 0.1 wM negatively impacted RTS11 survival. Interestingly, when RTS11 was
pre-treated with PACAP for 24 h before experiencing infection with live £ psychrophilum,
growth of the pathogen was severely inhibited in a dose-dependent manner when
compared to cells receiving no pre-treatment with the polypeptide. Relative expression
of pro-inflammatory cytokines (IL-18, TNFa, and IL-6) and PACAP receptors (VPACT and
PAC1) was also analyzed in RTS11 following PACAP exposure alone and in conjunction
with live F. psychrophilum challenge. These gRT-PCR findings revealed that PACAP
may have a synergistic effect on RTS11 immune function. The results of this study
provide evidence that PACAP has immunostimulatory activity on rainbow trout immune
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cells as well as antimicrobial activity against aquatic bacterial pathogens such as
F. psychrophilum. As there are numerous pathogens that plague the aquaculture industry,
PACAP may stimulate the teleost immune system while also providing an efficacious

alternative to antibiotic use.

Keywords: rainbow trout, antimicrobial peptide, PACAP, RTS11, cytokines, fish pathogen, Flavobacterium

psychrophilum

INTRODUCTION

Due to the rising demand for fish protein (1), aquaculture has
become a necessary means to protect wild populations from
irreversible overfishing. As such, it is imperative that these
culture systems have a minimal impact on the environment
while still being able to provide the high-quality product
for market. To attain this goal, alternative methods must be
developed to combat infectious disease as this is one of the
greatest sources of instability and financial cost in aquaculture.
Global losses due to aquatic infections total approximately $6
billion USD (2) and currently, fish farmers have few methods
outside of antibiotics to prevent/control outbreaks. With multi-
drug resistance continually rising [reviewed by Watts et al.
(3), Santos and Ramos (4)], antibiotic use in aquaculture is
tightly regulated which often leaves farmers with few options
when outbreaks do occur. This problem has led to an increased
interest in the development of alternative approaches for
disease prevention, including the use of naturally occurring
antimicrobial peptides (AMPs).

Antimicrobial peptides are a diverse class of highly conserved
molecules that are produced as a first line of defense in
multicellular organisms. These small peptides (12-50 amino
acids) are essential components of innate immunity capable
of antimicrobial activity against a wide range of microbial
pathogens [reviewed by Zhang and Gallo (5)], which notably
includes multi-drug resistant isolates (6, 7). Most AMPs are
cationic amphipathic peptides that function by attacking the
negatively charged membranes of microorganisms [reviewed by
Mahlapuu et al. (8)]. Based on their secondary structures, AMPs
can be characterized as one of four types, B-sheet, a-helix,
extended and loop with B-sheet and a-helix being the most
common [reviewed by Bahar and Ren (9)]. Functionally, they can
be characterized as either membrane disruptive AMPs, causing
membrane permeabilization, or nonmembrane disruptive AMPs,
which directly passage into cells and act on intracellular targets
[reviewed by Kang et al. (10)]. Besides direct destruction of
pathogens, AMPS also perform immunomodulatory functions in
higher vertebrates [reviewed by Otvos (11)] and as a result are
also called “host defense peptides” (HDPs) to emphasize these
additional activities. The potential immunomodulatory effects
are diverse including stimulation of chemotaxis, immune cell
differentiation, initiation of adaptive immunity and stimulation
of both pro- and anti- inflammatory cytokines (12-15).
Though novel AMPs and their activities are continuously being
discovered, one that has gained a lot of interest as a result of
its vast pleiotropic effects is pituitary adenylate cyclase activating
polypeptide (PACAP).

Initially, PACAP was discovered as a neuropeptide due to its
ability to stimulate adenylate cyclase activity in ovine pituitary
cell cultures (16). Derived from a 175 amino acid precursor,
functional PACAP has two molecular forms. The first has 38
amino acids (PACAP-38) while the other form is truncated
containing only 27 residues [PACAP-27, (17, 18)]. Of the two,
PACAP-38 is considered to be more bioactive as it has been
shown to display 100-1000 times greater potency in stimulating
cell proliferation, DNA synthesis and inositol phospholipid
turnover in cells (19, 20). Further analysis of PACAP-38 revealed
that this peptide shared 68% sequence similarity with vasoactive
intestinal polypeptide (VIP), thereby classifying PACAP as a
member of the secretin/glucagon/growth hormone-releasing
hormone/vasoactive intestinal peptide superfamily (16). As this
was the case, it is not surprising that PACAP-38 is able to bind
with equal affinity to the same G-coupled protein receptors
(GCPRs) as VIP, vasoactive intestinal polypeptide receptor
1 (VPACI1) and vasoactive intestinal polypeptide receptor 2
(VPAC2), while also binding to its own receptor, pituitary
adenylate cyclase-activating polypeptide type I receptor [PACI,
(21, 22)]. All three of these receptors have a wide tissue
distribution much like the neuropeptides themselves (21, 23, 24).
PACAP-38 in particular, displays a broad range of functions in
multiple tissue types, including antimicrobial activity, growth,
immunomodulation, neural development, anti-tumor activity
and metabolism to name a few (25-29). From an evolutionary
perspective, the amino acid sequence of PACAP-38 is identical
in all mammals with only a few amino acid substitutions when
comparing to other species (e.g., frog, salmon, tunicate, etc.).
PACAP-38 therefore must play a vital role in physiological
function as it has remained essentially unchanged for ~700
million years (30). This broad functional profile as well as
its highly conserved nature has made PACAP-38 an attractive
candidate for disease control and therapeutic use in aquaculture.

Though there are numerous pathogens that impact the
aquaculture industry, F. psychrophilum has proven to be a global
threat in the culture of freshwater rainbow trout (Oncorhynchus
mykiss). This gram-negative bacterial pathogen is the causative
agent of bacterial coldwater disease (BCWD) and rainbow trout
fry syndrome (RTFS), two separate conditions that can occur
depending on the bacterial isolate, geographical location and
age of the host (31). These conditions present as either an
acute bacteremia primarily in small fish (RTSF) or as a more
chronic disease most commonly characterized by an ulcerative
dermatitis (BCWD) in larger fish (31, 32). Though variable,
mortality resulting from these conditions without intervention
generally ranges from 2-30% (33) but in extreme cases can be as
high as 50-90% (34-36). Despite concerted efforts to selectively
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breed for resistance to F. psychrophilum (33, 37-39) and multiple
attempts to develop an effective vaccine [reviewed by Gomez et al.
(40), Makesh et al. (41), and Hoare et al. (42)], there is little
information regarding the pathogenesis of the organism. Based
on the data presented thus far, it appears that F. psychrophilum
has an intricate relationship with the spleen and head kidney
macrophages of rainbow trout (43, 44). As such, the spleen
monocyte/macrophage-like cell line, RTS11 (45), would be an
ideal model system for studying F. psychrophilum infections. As
a relevant immune cell line, RTS11 could provide further insight
regarding the immunomodulatory effects of PACAP-38 as well as
its antimicrobial function within an appropriate infection model.

Previous research involving teleostean PACAP-38 has focused
on assessing its antimicrobial activity when directly dosing
aquatic pathogens (46), the growth/immunomodulatory effects
of the peptide alone (47-49), or how viral/bacterial infection
can influence gene expression of the peptide and its associated
receptors (50). Though these results were promising, there is
yet to be a study evaluating the activity of PACAP-38 in a
live infection model. Furthermore, the effect of PACAP-38 has
never been explored with respect to the industrially relevant
pathogen, F. psychrophilum. The purpose of this study was to
measure and understand the antimicrobial activity of PACAP-
38 on F. psychrophilum as well as to determine whether PACAP
could stimulate a protective immune response in RTS11 cells.
Confirming the efficacy of PACAP in an in vitro infection model
will provide further evidence to support its use in in vivo
experiments. Additionally, the results of this work could provide
valuable insights regarding the efficacy of PACAP-38 during
live infections and thus aid in the development of a potential
alternative for antibiotic use in aquaculture.

MATERIALS AND METHODS
Maintenance of RTS11

The rainbow trout monocyte/macrophage-like cell line, RTS11
(45), was maintained as described previously by Sever et al. (51).

Peptides

Synthetic PACAP From the Teleost C. gariepinus
Clarias gariepinus synthetic PACAP-38 (amino acid sequence
of HSDGIFTDSYSRYRKQMAVKKYLAAVLGRRYRQRFRNK,
MW of 4.7 kDa) was purchased from CS Bio (Shanghai) Ltd,
China with 85% purity.

Synthetic HSP70 Peptide Fragment From Rainbow
Trout

A synthetic peptide fragment of rainbow trout HSP70 (amino
acid sequence of CGDQARTSSGASSQ, MW of 1.3 kDa) was
purchased from Biomatik with 98% purity.

Growth of F. psychrophilum

Flavobacterium psychrophilum strain 101 (FPG101) was grown
as described previously by Semple et al. (44) with minor
adjustments. This bacterial isolate has been characterized as
virulent in experimental trials by Jarau et al. (52). Briefly,
subcultures of FPG101 glycerol stocks were grown on cytophaga

agar (CA) at 14°C and checked for purity. An isolated colony
was then used to inoculate 3 mL of cytophaga broth (CB) and
grown at 14°C for 72 h. After this time, the ODgqy of the bacterial
growth was consistently between 0.4 and 0.5, indicating a viable
bacterial count of 2-5 x 108 CFU/mL. For every culture of
FPG101, a standard plate count (SPC) was completed to confirm
the anticipated bacterial concentration.

Minimum Inhibitory Concentration (MIC) of
C. gariepinus PACAP-38 on

F. pyschrophilum

The MIC of C. gariepinus PACAP-38 on FPG101 was assessed
by a broth microdilution peptide assay (BMPA) (53). To prepare
FPG101 for this assay, 3 mL of CB was inoculated with a single
colony and allowed to grow overnight at 14°C. After this time,
1 mL of the growth was centrifuged at 5,000 rpm for 5 min, the
supernatant removed, and the pellet resuspended in 4 mL of fresh
CB, to have an ODgq of 0.1-0.4. Finally, the bacterial suspension
was diluted in CB to obtain a final OD of 0.001.

The BMPA was made using a flat-bottom 96-well plate
(Fisher Scientific). The plate set up consisted of wells containing
90 pL of bacterial suspension and 10 pL of PACAP at 10
different final concentrations from 5 to 50 WM. In the positive
control wells, PACAP was substituted with 10 pL of CB while
the negative control wells contained 100 pwL of CB only. All
PACAP concentrations and controls were tested in triplicates.
The bacterial growth was monitored after 3 days of incubation
at 14°C, by measuring the change in the absorbance at 600 nm
using a microplate reader (BioTek). The growth inhibition
curves were generated by plotting the OD at 600 nm and the
peptide concentration. The MIC was considered as the lowest
concentration of PACAP at which no bacterial growth was
detected (an ODggg of 0).

RTS11 Exposure Trials

Exposure to PACAP

In 6-well tissue culture plates (ThermoFisher), RTS11 was seeded
at 1.5 x 10° cells/well in 1.5 mL of L-15 media with no antibiotics
and maintained overnight at 14°C. Cells were exposed to PACAP
concentrations of either 0.0002 M, 0.002 wM, 0.02 uM, 0.1 uM,
0.2 1M, 2 .M, 20 uM, or a no PACAP control to a final volume
of 4mL per well. Following this single exposure to PACAP, all
experimental plates were returned to the 14°C incubator. On
days 1, 2, and 3, the supernatant was collected from experimental
wells and adherent cells were mechanically dislodged using a
sterile 23cm cell scraper (ThermoFisher) and added to the
supernatant of respective wells. All wells were then washed with
1 mL of phosphate buffered saline (PBS, Gibco) which was also
added to the appropriate supernatant/cell mixture. The cells were
centrifuged (5 min, 500 x g, 4°C), washed once with 5 mL of PBS,
and the resulting cell pellets were stored at —80°C for future use.

Simultaneous Exposure to Both PACAP and Live

F. psychrophilum

In a second experiment, RTS11 was exposed to PACAP
concentrations of 0.0002 uM, 0.002 wM, 0.02 uM, and 0.1 WM
in similar conditions as described above in the first PACAP
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trial (section Exposure to PACAP). Prior to the single addition
of PACAP, 0.5mL of FPG101 was added to each well at
bacterial concentrations ranging from 1.3-2.0 x 10° CFU/mL
(multiplicity of infection [MOI] of 0.7-1.3). Sampling was
completed as described above (section Exposure to PACAP).

Pre-treatment With PACAP Followed by Infection
With Live F. psychrophilum

It was observed that F. psychrophilum grew rapidly in wells
when exposed to RTS11 simultaneously with PACAP. Because it
was possible that PACAP might not be able to influence either
RTS11 alone, the F. psychrophilum alone, or both due to this
rapid growth, PACAP was added to RTS11 wells 24h before
the addition of live F. psychrophilum. Otherwise all procedures
for sample collection and exposure were identical to those
described above in the first PACAP experiment (section Exposure
to PACAP).

Survival of RTS11 Following PACAP

Exposure

To determine whether PACAP negatively influenced RTSI1
viability, the cells were exposed to a single dose of 0.002 uwM,
0.02 uM, 0.1 uM, 0.2 uM, 2 uM, 20 uM, or a no PACAP control
as described above. On days 1, 2, and 3 following this exposure,
the supernatant was collected from experimental wells and any
adherent cells were detached using 400 pnL of 0.25% trypsin-
EDTA (Gibco) and the wells washed with 1 mL of PBS. These
trypsinized cells were combined with the collected supernatant
which was then centrifuged 500 x g for 5min at 4 C. The cell
pellet was washed twice with 1 mL of PBS before resuspending in
200 pL of PBS. To determine RTS11 cell viability after exposure
to PACAP, a trypan blue (Sigma) exclusion test was performed
using a haemocytometer under a phase contrast microscope
(Leica). This experiment was repeated three times.

Presence of Viable F. psychrophilum in
RTS11 Cell Cultures Following PACAP

Exposure

In six 6-well plates, quadruple wells of RTS11 cells were
exposed to either PACAP and F. psychrophilum simultaneously
or to 24h pre-treatment of PACAP prior to the addition of
F. psychrophilum as described above. All experiments had a MOI
of 1. On days 2 and 3 post-infection with live F. psychrophilum,
500 L of the supernatant from each well was removed and
serially diluted for an SPC assay to determine the number of
viable bacterial cells in the supernatant. Otherwise the RTS11
cells for each day were collected as described above and pellets
were frozen at —80°C for future RNA extraction.

Permeabilization Assay

FPG101 was grown as described above for the MIC assay
in section Minimum Inhibitory Concentration (MIC) of
C. gariepinus PACAP-38 on F. pyschrophilum. One milliliter of
the final bacterial culture was removed and boiled for 20 min to
actas a heat-killed control. After boiling, 100 L of the heat-killed
FPG101 was spread onto a CA plate to confirm the absence of
viable bacteria.

In a sterile, 96-well BioLite plate (ThermoFisher), 90 nL of live
bacterial culture was added to all experimental wells. In triplicate,
10 pL of either PACAP or the synthetic HSP70 peptide fragment
to reach final concentrations of 50 uM PACAP, 30 uM PACAP,
0.1 wM PACAP, and 50 uM HSP70. As a live bacteria control,
10 wL of cytophaga broth alone was added to triplicate wells of
the live FPG101 culture. As a negative control, 90 uL of heat-
killed FPG101 was added to triplicate wells and filled to 100
pL with CB. As a blank, triplicate wells received 100 L of CB.
The assay plate received gentle shaking to mix well contents and
was incubated at 14°C for 72 h. Following incubation, each well
received 100 L of 2X BacLight solution (ThermoFisher, L13152)
and was incubated in the dark for 15 min. Because the BacLight
solution consists of both SYTO 9 (6 wM) and propidium iodide
(30 wM), the plate was read at an excitation of 485 nm and an
emission of 530 nm for SYTO 9 (green) as well as an excitation
of 485nm and an emission of 630nm for propidium iodide
(red). The reads were completed using a Synergy H1 plate reader
(BioTek Instruments). The bacterial fluorescent intensities (Feey)
were calculated as a ratio of F ¢;530/F 1630 and presented as the
green/red fluorescence ratio.

gRT-PCR

RNA Extraction and cDNA Synthesis

RNA was extracted from RTS11 cell pellets (1.5 x 10° cells)
using an RNeasy RNA Extraction Kit (Qiagen) as described
by the manufacturer. To remove any contaminating genomic
DNA, all RNA samples were treated with DNase I (Thermo
Scientific). RNA samples were then quantified using the Take3
plate of a Synergy H1 plate reader (BioTek Instruments) and
were stored at —80°C until further use. Complementary DNA
(cDNA) was synthesized from 500 ng of total RNA using the
qScript cDNA Supermix (Quanta Biosciences) in accordance to
the manufacturer’s instructions. For a no template control, 500
ng of RNA suspended in 20 uL of DEPC water was included in
the cDNA synthesis reaction without reverse transcriptase.

gRT-PCR Reactions

To assess transcript levels of IL-18, TNFa, IL-6, PACI, and
VPACI in RTS11 cells, qRT-PCR analysis was completed. All PCR
reactions were 10 pl and contained: 2.5 pl of cDNA (25 ng/pl
diluted 1:10 in RNase free water), 2x WISENT ADVANCED™
qPCR mastermix (Wisent), and forward and reverse primers
(Sigma Aldrich) to a final working concentration of 0.25 M.
All qPCR reactions were completed on the LightCycler® 480
I (Roche). The sequences for all primer sets are outlined in
Table 1. Each experimental sample was run in triplicate. For
each plate, triplicate wells of a calibrator, no template control
and RNA only control were also present. The program used for
all qRT-PCR reactions was as follows: pre-incubation at 95°C
for 10 min followed by 40 cycles of denaturation at 95°C for
10 sec, annealing at 60°C for 5s and extension at 72°C for 8s.
A melting curve was completed for every run from 65 to 97°C
with a read every 5. Product specificity was determined through
single PCR melting peaks. All qRT-PCR data was analyzed
using the AACt method and is presented as the average of 3
experimental replicates with the standard deviation. Specifically,
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TABLE 1 | Primers used for gqRT-PCR analysis of RTS11.

Primer name  Sequence (5'-3') References

IL-18 F: CCACAAAGTGCATTTGAAC (54)
R: GCAACCTCCTCTAGGTGC

TNFa F: GTGCAAAAGATACCCACC (54)
R: CACTGCACGGTGTCAG

IL-6 F: CTTCTACACGCTATCTCTCACTC (54)
R: CGTCTGTCCCGAGCT

VPAC1 F: CAGGTGAAAATTGGTTACACTGTTG (55)
R: TAGTTCCTAGTGCAGTGGAGTTTCC

PACA F: TGAACCTGTTTGTGTCATTCATTCT (55)
R: ACACTCCACAGTGTGTAAGAAGCAG

EFta F: CGCACAGTAACACCGAAACTAATTAAGC (54)
R: GCCTCCGCACTTGTAGATCAGATG

gene expression was normalized to the reference gene (EFla)
and expressed as fold change over the day 0 control group where
control expression was set to 1.

Statistics

All statistical analyses were completed using the statistical
software Statistica version 7 (StatSoft, Tulsa, OK). Prior to
the completion of the appropriate statistical test, a normal
distribution and equal variance was confirmed. A one-way
ANOVA was completed for the growth of F. psychrophilum
in RTS11 cultures and the permeabilization assay. Whereas,
a two-way ANOVA was completed for all qRT-PCR results
and analyzing the viability of RTS11 to various PACAP
concentrations. The appropriate ANOVA test was then followed
by a Fisher’s least significant difference (LSD) post-hoc test to
determine significant differences.

RESULTS

Minimum Inhibitory Concentration (MIC)
The MIC was analyzed using both the preferred growth medium
of F. psychrophilum, cytophaga broth (CB), and the L-15 cell
culture media used to sustain the RTS11 cultures (Figure 1).
For both CB (Figure 1A) and L-15 (Figure 1B), the MIC was
found to be 30 WM. It appears that PACAP can maintain its
antimicrobial function in both media types, thus the function
of this peptide could be assessed during in vitro live infection
experiments with RTS11.

Impact of PACAP Concentrations on

RTS11 Survival

Even if PACAP is capable of killing aquatic bacterial pathogens,
this ability has reduced value if the peptide negatively impacts
the survival of rainbow trout immune cells as well. Based
on the six concentrations of PACAP analyzed here (ranging
from 0.002-20 wM), only PACAP concentrations of 0.2 uM and
higher significantly decreased the viability of RTS11 (Figure 2).
Furthermore, cell death was only observed on day 2 of exposure.
Cell viability was not significantly different between PACAP
concentrations on both days 1 and 3 of exposure.

A Cytophaga Broth
120 -
100 |
80 1
60 4
40 -

20 -

Growth Inhibition (%)

50 45 40 35 30 25 20 15 10 5
PACAP Concentration (uM)
B L-15

120 -

—
A O O O
o O O o

Growth Inhibition (%)
S

o

— —

50 45 40 35 30 25 20 15 10 5
PACAP Concentration (uM)

FIGURE 1 | The minimum inhibitory concentration (MIC) of C. gariepinus
PACAP-38 required to prevent the growth of F. psychrophilum alone. The MIC
was determined following 3 days of growth in both cytophaga broth (A) and in
Leibovitz-15 (L-15) cell culture media (B). Each panel represents the results of
three independent experiments.

Effect of PACAP on F. psychrophilum

Growth Throughout RTS11 Infections

When RTS11 was exposed to live F. psychrophilum
simultaneously with various PACAP concentrations, the
number of viable bacteria present in the supernatant was not
significantly different when compared to that of the no PACAP
control on day 2 (Figure 3A). As it was possible that PACAP
required time to stimulate a defensive immune state in RTS11,
this experiment was repeated but this time the cells were exposed
to PACAP concentrations 24 h prior to receiving the infectious
dose of F. psychrophilum. When using this experimental design,
all three concentrations of PACAP (0.002, 0.02, and 0.1 puM)
were shown to significantly reduce the number of viable bacteria
in the RTSI1 on day 2 (Figure 3B). This reduction was still
observed on day 3 but was only found to be significant in the two
higher concentrations of PACAP at 0.02 and 0.1 oM (Figure 3C).
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FIGURE 2 | Impact of C. gariepinus PACAP-38 on RTS11 viability. RTS11 was exposed to varying concentrations of PACAP ranging from 0-20 M and the percent
mortality of RTS11 was determined for each concentration using a trypan blue assay. This figure represents three independent experiments where a p < 0.05 was
considered to be significantly different when compared to the no PACAP control for individual timepoints. All vertical error bars represent the standard deviation (SD).
Lowercase letters denote significant differences at p < 0.05.

Permeabilization of F. psychrophilum by
PACAP

To establish whether the studied PACAP concentrations were
either inducing direct lysis of F. psychrophilum or instead
stimulating RTS11 to respond to and destroy the bacterial
pathogen, a permeabilization assay was performed. At doses
comparable to the MIC (50 and 30 uM), PACAP was shown
to induce permeabilization of F. psychrophilum comparable to
that observed when the bacterium was heat-killed (Figure 4).
Interestingly, this ability was absent when using 0.1 M
of PACAP as, in this case, the bacteria presented reduced
permeabilization similar to that of the live F. psychrophilum
control (Figure 4). The permeabilization ability noted here was
also specific to PACAP as 50 wM of a synthetic peptide fragment
of comparable size (1.3 kDa), HSP70, was not able to permeabilize
F. psychrophilum.

Influence of C. gariepinus PACAP-38 on

RTS11 Immune Gene Expression

Exposure to PACAP

To determine whether PACAP alone could stimulate a response
in RTS11, the cells were exposed to various concentrations of
the peptide (0.002, 0.02, and 0.1 wM) over 4 days. Following this
exposure, gene expression of pro-inflammatory cytokines (IL-18,
TNFa, and IL-6) and PACAP receptors (PACI and VPACI) were
measured using qRT-PCR. For all three of the pro-inflammatory
cytokines measured, a significant difference was only seen on
day 2 (Figures 5A-C). Furthermore, for TNFo and IL-6, this
significant increase was only observed at the highest PACAP
concentration of 0.1 WM. Meanwhile for IL-18, a significant
increase occurred at both 0.02puM and 0.1uM of PACAP.
When regarding the PACAP receptors, there were no significant

increases observed for PACI but by day 2, VPACI significantly
increased at all of the concentrations studied (Figures 5D-E).
To confirm that this response was specific to PACAP and not
just a property of synthetic peptides in general, RTS11 was also
exposed to 0.1 LM of a synthetic peptide fragment of rainbow
trout HSP70, which was unable to induce significant expression
differences in all of the genes selected for this study (Figure 5F).

Exposure to PACAP 24 h Before F. psychrophilum
Infection

When RTS11 was challenged with live F. psychrophilum infection
24h after exposure to PACAP, there were some interesting
differences in transcript expression that were not observed during
PACAP exposure alone (Figure 5). For IL-18 expression, there
were no significant differences at 1 and 2 days post-infection
when compared to the RTS11 cells exposed to live pathogen
alone. However, by day 3 of infection, a significant increase
in IL-1f8 transcripts was observed for all three concentrations
of PACAP (Figure 6A). In comparison, TNFa expression was
significantly upregulated at day 1, 2, and 3 post-infection but
only at 0.1 o.M of PACAP, the highest concentration of the AMP
(Figure 6B). Interestingly, all three concentrations of PACAP
showed a significant increase in IL-6 expression on day 1
post-infection but by day 2 this upregulation was either lost
at 0.002uM or was significantly reduced in the two higher
concentrations of PACAP (Figure 6C). When compared to the
PACAP only expression (Figure 5), the PACAP receptors were
also influenced differently during pathogen challenge. On day 1
post-infection, PACI showed a significant increase only 0.1 oM
(Figure 6D). Meanwhile, VPACI showed a significant increase at
day 2 in the two higher PACAP concentrations (0.02 and 0.1 wM)
and on day 3, all three concentrations of PACAP presented a
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represent the SD. Lowercase letters denote significant differences at p < 0.05.

considered to be significantly different when compared to the no PACAP control (i.e., RTS11 exposed to only live F. psychrophilum). All vertical error bars

significant upregulation when compared to the control cells that
were exposed to F. psychrophilum alone (Figure 6E).

DISCUSSION

Influence of PACAP on the Viability of
F. psychrophilum and RTS11 in vitro

Currently aquaculture facilities have very few options outside
of antibiotics to combat disease outbreaks. When this is
combined with the rising incidence of multi-drug resistance,
AMPs such as PACAP are promising alternatives for disease
control/prevention. The purpose of this study was to evaluate
the antimicrobial activity and immunomodulatory function of
PACAP within a live infection model consisting of RTS11
and the coldwater pathogen, F. psychrophilum. To assess the

efficacy of this proposed system, it was critical to determine
the impact that PACAP alone had on both components of
the infection model: the host and the bacterium. For several
bacterial pathogens, PACAP has been shown to have a direct
antimicrobial effect (29, 46) including those of aquatic origin
(46). Thus, it was not surprising that PACAP presented a
similar result when F. psychrophilum was exposed to various
concentrations in a preferred growth medium, cytophaga
broth. Additionally, the MIC of PACAP was not influenced
when F. psychrophilum was grown in cell culture media, a
substance meant to mimic physiological conditions [reviewed
by Yao and Asayama (56)]. This suggests that synthetic PACAP
may maintain its antimicrobial effects in some physiological
conditions, as may be the case when administered to live
organisms. But despite this promising observation, it is important
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FIGURE 4 | Disruption of F. psychrophilum membrane by PACAP-38 of

C. gariepinus. Live F. psychrophilum was grown alone, in the presence of
PACAP-38 (50, 30, and 0.1 wM) and in the presence of a control synthetic
peptide fragment of comparable size, 50 uM HSP70 (1.3 kDa). As a negative
control, heat-killed F. psychrophilum was also included. Following a 3 day
incubation at 14°C, all experimental wells were exposed to BacLight which
would cause live bacterial cells to fluoresce green (SYTO9) and permeabilized
cells to fluoresce red (propidium iodide). The ratio of green/red fluorescence
was calculated, and this value was compared between conditions. This
experiment was replicated four times and the averages are presented as the
means + SD. A p < 0.05 was considered to be statistically significant.
Lowercase letters denote significant differences at p < 0.05.

to remember that disease outbreaks in aquaculture settings would
differ significantly from microbial culture settings in important
ways. Namely the assumption of sterility and the resulting
absence of competing microorganisms. As such, concentrations
surrounding the observed MIC may not represent an effective
therapeutic dose to control/prevent live infection and prove to
be suboptimal for the host organism if not properly evaluated.
Aside from their potential as antimicrobials and
immunomodulators, AMPs are also praised for potentially
having minimal negative effects on mammalian host cells (57)
including those of immune origin (58). Quite often this “cell
selectivity” is based on the concentration required for the AMP
to induce 50% hemolysis in host red blood cells (RBCs). If this
concentration is much higher than what is required for the
MIC, the peptide is considered to be essentially non-toxic to
host cells [reviewed by Matsuzaki (59)]. This has been shown
with C. gariepinus PACAP-38 when both human and fish
RBCs were exposed to the peptide, revealing only RBC lysis
at extremely high concentrations (46). Unfortunately, these
methods of measurement are not always directly comparable as
antimicrobial assays generally use a bacterial concentration of
~5 x 10° CFU/mL while hemolysis assays use what corresponds
to be 6 x 10% cells/mL [reviewed by Matsuzaki (59)]. In fact,
when Imura et al. (60) corrected for this concentration difference

during their analyses of the antimicrobial peptide magainin, the
MIC concentration of 10 uM was enough to completely lyse
the host RBCs (60). In the present study, RTS11 was exposed to
PACAP wherein higher concentrations (0.2, 2, and 20 wM) had
a significantly negative impact on RTS11 viability. Some studies
have alluded to the idea that AMPs may be toxic to mammalian
cells in the absence of microorganisms (60), thus it is possible
that this may also be observed in fish cells. There are important
differences between prokaryotic and eukaryotic membranes that
may improve the chance that AMPs will preferentially bind to
the membrane of microorganisms before host cells (reviewed
by 58). Prokaryotic membranes have a high negative charge
due to being predominantly composed of phosphatidylglycerol,
cardiolipin, or phosphatidylserine, thus have a greater chance of
attracting the cationic peptides that are AMPs. In comparison,
mammalian cells may be less attractive for AMP penetration as
they are enriched in zwitterionic phospholipids resulting in an
overall neutral charge [reviewed by Matsuzaki (61) and Huang
et al. (62)]. Furthermore, mammalian cell membranes contain
cholesterol, something that is absent in prokaryotic membranes.
Interestingly, it has been shown that cholesterol can dramatically
reduce the activity of AMPs (63) providing another potential
layer of protection for mammalian cells. But despite these
important differences that may help with membrane selection of
AMPs, complete protection of the host cells from AMP-induced
cytotoxicity may not be possible at higher AMP concentrations.
To even consider PACAP for use as a therapeutic agent in
aquaculture settings, the therapeutic dose must not be cytotoxic
to the host, whether infected or microbe-free.

Assessing the Ability of PACAP to Inhibit
Bacterial Growth During Live Infection of
RTS11 Cells

In spite of the value that can be obtained from determining
the MIC of PACAP in various culture media, as well as the
ideal concentration for survival of host cells, the observed
antimicrobial activity is meaningless if it is lost or not effective
during live pathogen challenge.

The current study is the first of its kind that has demonstrated
the antimicrobial activity of PACAP during an in vitro live
infection model with an aquatic pathogen. But interestingly,
the teleostean version of PACAP was only able to reduce the
viable bacterial count of F. psychrophilum when RTS11 cells were
pre-treated with PACAP for 24 h. It appears that rainbow trout
macrophages require time to respond and activate an effective
immune response when exposed to F. psychrophilum. As obligate
poikilotherms, metabolic rates in fish are heavily influenced by
their environmental temperature (64, 65). Because cells derived
from rainbow trout, a coldwater salmonid, are grown at much
lower temperatures than their mammalian counterparts, it may
take more time for these cells to respond to stimuli. Indeed
this has been shown with both RTS11 and rainbow trout B
cells where the chemoattractant ability of the chemokine CK9
strongly increased when the cells were pre-treated with T-
independent antigen (66). Likewise, in rainbow trout primary
head kidney culture, the cells sometimes required 48 h before an
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influence of PACAP alone on immune function could be assessed. The present PACAP receptors PACT (D) and VPACT (E) were also measured to determine whether
PACAP could prime RTS11 cells to bind more PACAP. Because 1 day after the pre-exposure appeared to be the only timepoint with significant upregulation due to

PACAP, RTS11 was also exposed to 0.1 uM of a synthetic HSP70 peptide fragment control of comparable size (1.3 kDa), for 48 h to confirm that this stimulation was
due to PACAP and not a property of synthetic peptides alone (F). All panels represent three independent experiments and are presented as means + SD. Ap < 0.05
was considered to be statistically significant when compared to the no PACAP control for each timepoint. Lowercase letters denote significant differences at p < 0.05.

increase in respiratory burst activity was observed (67). In both
of these examples, the immune cells were maintained at 18°C,
but in the current study, RTS11 was held at 14°C as this is a
relevant temperature at which BCWD occurs (68). Thus, a longer
pre-treatment time at this lower temperature may be required
depending on the response that is being measured. Though a
temperature between 8 and 14°C would be optimal for testing
the efficacy of PACAP in protecting rainbow trout from infection
with F. psychrophilum, there are many infectious diseases that
influence the culture of numerous aquatic organisms. As a result,

experimental doses with therapeutic AMPs must be tested in vivo
to ensure that they will provide protection and effective immune
stimulation toward relevant pathogens within an applicable
temperature range.

Cell culture systems provide a controlled, cost-effective
method for exploring numerous biological phenomena, but
it is important to recognize the limits of these models. In
a cell culture setting, individual cells are directly exposed to
the experimental stimulant, without physiological barriers or a
complicated cellular milieu to overcome. As a result, in vitro
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systems often have much lower doses than what is appropriate
within the whole organism. This was displayed when Gotlieb
et al. (69) used several methods to isolate and stimulate NK cells
revealing that the cells were 10-30 times more susceptible to
stress hormones in vitro than what was observed when stimulated
in plasma, a much more biologically relevant medium. Though
the effects of PACAP on fish infections in vivo have not yet
been explored, there have been several studies to determine
the impact of this AMP on growth, immunomodulation and
physiology (48, 70-72). One study by Lugo et al. (48) exposed
juvenile fish to an average of 4 pg of PACAP per fish, which
significantly enhanced tilapia growth. In comparison, with the

RTS11 infection model presented here, each well received 1.8 pug
or less and antimicrobial activity was still observed. Though the
PACAP doses optimized for the current in vitro study were very
effective, an in vivo model would require further optimization to
develop an efficacious exposure range.

Confirming the Direct Mode of Action of
PACAP on F. psychrophilum

When it comes to bacterial pathogens, the consensus regarding
AMP function is that they are either membrane disrupting, or
non-membrane disrupting [reviewed by Bahar and Ren (9)].
Though PACAP was able to lower the number of viable bacteria
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when grown alone in media (for the MIC) and in RTS11
cultures throughout live infection, it was unclear whether this
was due to the direct antimicrobial activity of PACAP acting
on F. psychrophilum. Previous work with mammalian PACAP
confirmed for the first time that the peptide was capable of
disrupting membranes of relevant terrestrial bacterial pathogens
(29). This permeabilization is a common mode of action for a-
helical AMPs (73), including PACAP, but until now this ability
has not been confirmed for the version of PACAP produced
by fish. Previous bioinformatic analysis of PACAP-38 from
C. garipinus provided evidence that this peptide was very likely
to have cell penetrating properties (46). The present study
was able to functionally validate the ability of C. gariepinus
PACAP-38 to permeabilize the membrane of F. psychrophilum at
concentrations surrounding the MIC. Furthermore, this was an
ability specific to PACAP as another synthetic peptide fragment
of comparable size from a teleost, HSP70, did not induce
permeabilization. Interestingly, at the highest concentration
that reduced the viable bacterial count during live infection,
0.1 uM, PACAP was unable to permeabilize the membrane of
F. psychrophilum. This finding confirmed that at 0.1 oM, one
of the many other effects that PACAP may have on teleostean
immunity must have been responsible for stimulating RTS11 to
destroy and/or slow the growth of the coldwater pathogen.

Understanding the Immunostimulatory
Effects of PACAP on RTS11

PACAP has been shown to have immunomodulatory effects
on whole fish and in fish cells (46, 70, 71, 74) but this has
only been studied in the absence of live infection. Furthermore,
there has been limited research regarding the activity of PACAP
directly on teleost immune cells. Specifically with RTS11, the
immunostimulatory effect of three other a-helical AMPs has
been reported (75) but not when dealing with a live bacterial
challenge. The present study explores, for the first time, the
impact of relevant doses of PACAP on the immune function of
RTS11 in both the presence and absence of F. psychrophilum.
In the absence of bacterial infection, PACAP was shown to
stimulate pro-inflammatory cytokine expression 48 h following
PACAP treatment as well increasing the expression of one of
the PACAP receptors, VPACI. When analyzing PACAP receptor
expression in RTS11, it is important to note that only VPACI and
PACI receptor genes were measured as it has previously been
shown by Lugo et al. (55) that these cells do not express the
third receptor gene, VPAC2. Lugo et al. (55) also showed that
despite PACI presenting the highest constitutive expression in
all rainbow trout lymphoid tissues in vivo, this was not observed
in RTS11 where VPACI presents the greatest expression. As
PACI has been found to be a fundamental type I receptor for
PACAP this result was unexpected. Nonetheless, the current
study validated this finding when VPACI presented significant
upregulation following RTSI1 stimulation with PACAP while
PACI did not. As PACAP was shown to stimulate a slight increase
in pro-inflammatory cytokines and upregulate the expression of
VPACI, pre-treatment with this AMP may stimulate a protective
state within the rainbow trout immune cells.

In itself, the presence of live bacteria would be capable
of inducing pro-inflammatory cytokine expression in RTSII.
But when this was combined with 24-h pre-treatments with
PACAP, infection with F. psychrophilum had an effect on
transcript expression that was quite different from PACAP
alone. Rather than all three of the studied pro-inflammatory
cytokines increasing their expression at the same time, each
one showed significant upregulation at different time points
post-infection when compared to RTS11 exposed to the
bacteria alone. The pattern of enhancing inflammatory cytokine
production following pre-treatment is similar to that of trained
immunity that has been observed in mammalian monocytes
and macrophages (76). Quintin et al. (76) showed that when
primed with p-glucan prior to exposure to LPS, monocytes and
macrophages were able to induce a greater pro-inflammatory
response than unprimed cells. Perhaps PACAP has a similar
function and is able to prime immune cells to produce a faster,
more damaging response when they come into contact with a live
pathogen. This would provide an explanation for the observed
decrease in viable bacteria following PACAP exposure at doses
that were not able to directly permeabilize the membrane of
F. psychrophilum.

Despite the similarity to trained immunity, the actual function
of PACAP in mammalian models appears to be contrary to what
has been observed in bony fish. The vast majority of mammalian
studies discuss the anti-inflammatory role of PACAP during
experimental bacterial infection. These experiments often involve
exposure to bacterial products (such as LPS) simultaneously with
PACAP, after which various immune parameters are observed
(77-79). This has led to the belief that many AMPs, including
PACAP, play important anti-inflammatory roles to protect the
host from dangerous, over-reactive inflammatory responses (80).
Though very valuable, these mammalian studies are not directly
comparable to a live, growing infection within an organism or
cell culture. Additionally, aside from zebrafish, teleosts appear to
be lacking TLR4, which binds and responds to LPS (81, 82). As
a result, observations in mammalian study systems may not be
directly transferrable to those of fish. The immunostimulatory
effect of PACAP on rainbow trout immune cells as observed in
this study has been previously reported in head kidney leukocytes
derived from another bony fish, the grass carp (71). Wang
et al. (71) found that when these immune cells were exposed
to bacterial products, PACAP induced inflammatory cytokine
expression while having no impact on the expression of the
anti-inflammatory cytokine, IL-10. When all of this information
is taken together, it appears that PACAP may play a different,
yet valuable role in the immunomodulation of teleosts when
compared to what has been observed in mammals.

CONCLUSIONS

Antimicrobial peptides (AMPs) are promising alternatives to
antibiotics in the ongoing battle between aquaculture facilities
and infectious agents. One AMP that has received a lot
of attention due to its pleiotropic effects in aquatic species
is PACAP. The results of the present study revealed that
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PACAP derived from the teleost C. gariepinus acts as a potent
antimicrobial peptide against the causative agent of BCWD,
F. psychrophilum. Furthermore, its mode of action was confirmed
to be permeabilization of the bacterial membrane. When a
live infection model was developed with this pathogen and the
monocyte/macrophage-like cell line, RTS11, 24 h pre-exposure
of PACAP appeared to protect RTS11 by significantly reducing
the number of viable bacteria in the culture system. Based on
transcript levels of pro-inflammatory cytokines and receptors for
the AMP, PACAP was also shown to have an immunostimulatory
effect on RTS11 whether exposed to the AMP alone or exposed
to both PACAP and live F. psychrophilum challenge. Overall,
this study was able to provide further validation regarding the
antimicrobial effect of PACAP on aquatic pathogens as well as
its immunomodulatory activity on teleost immune cells. As a
promising candidate for use in aquatic models, future studies
should focus on confirming these valuable functions of PACAP
throughout live infection models in vivo.
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