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Abstract The effects of a live Cryptobia salmositica (Ki-
netoplastida) vaccine on the humoral and cellular im-
mune response, and changes in the peripheral leukocyte
populations of Salmo salar were investigated. The vac-
cine produced detectable parasitemia in the blood which
peaked at 5 weeks post-vaccination (w.p.v). Antibodies
were detectable at 4 w.p.v. and the antibody titer
increased as parasitemia declined. Respiratory burst
activity in vaccinated fish was significantly higher than
in control fish; the highest activity occurred with rising
parasitemia and lower activity with declining parasit-
emia. There was a significant increase in the proportion
of granulocytes (to total leukocytes) at 4 w.p.v. At
6 w.p.v., the proportion of lymphocytes and monocytes
increased significantly and remained elevated. These re-
sults demonstrate innate (respiratory burst activity and
an increase in the proportion of granulocytes corre-
sponding to rising parasitemia) and adaptive (antibody
production and increases in the proportion of mono-
cytes and lymphocytes corresponding to declining par-
asitemia) immune responses to the live vaccine.

Introduction

Cryptobia salmositica is considered a lethal pathogen of
salmon kept under semi-natural and intensive culture
facilities (Bower and Thompson 1987). The high densities
in which fish are reared are associated with inherent
physiologic stress due to crowding, and also allow for
easier transmission of infectious diseases. These are fac-
tors that have caused sporadic epizootics resulting in high
mortalities in British Columbia and Washington State
(Woo 2003). Continuous subculturing of the parasite re-
sults in its attenuation (Woo and Li 1990), and the strain
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has been shown to be an effective live vaccine in a variety
of salmonid species (Woo 2003). A single dose of the live
vaccine protected rainbow trout (Oncorhynchus mykiss)
for at least 24 months, via stimulation of protective
complement-fixing antibody production and enhancing
phagocytosis and cell-mediated cytotoxicity (Li and Woo
1995). The kinetics of the humoral immune response has
been well characterized over the course of vaccination
with C. salmositica (e.g. Sitja-Bobadilla and Woo 1994;
Ardelli and Woo 2002; Chin et al. 2004), but the cellular
immune response, specifically circulating leukocytes, is
less well understood.

Cell-mediated immune responses against C. salmosi-
tica have been shown using delayed-type hypersensitivity
reactions (Thomas and Woo 1990; Feng and Woo 1996),
inhibition of macrophage migration (Thomas and Woo
1990), mixed lymphocyte reactions (Ardelli and Woo
2002), and respiratory burst activity of head kidney
macrophages (Mehta and Woo 2002).

The objectives of this study are to investigate the
respiratory burst activity of peripheral phagocytes
(nitroblue tetrazolium slide assay), changes in the com-
position of circulating leukocyte populations, and the
humoral (antibody) immune response after vaccination.
Characterization of these immune responses will provide
better insight into the kinetics of the immune response
after vaccination, and also provide fundamental infor-
mation that will shed some light on the cellular basis
behind the immune response against blood parasites.
Since Atlantic salmon (Salmo salar) have detectable and
quantifiable parasitemias after inoculation with the live
vaccine (Chin et al. 2004), the immune responses will be
described in relation to parasitemias.

Materials and methods
C. salmositica

The C. salmositica (T4, cloned sub-strain) used in this
study was initially isolated from the leech vector,
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Piscicola salmositica, found on spawning coho salmon
(Oncorhynchus kisutch Walbaum) in streams on Van-
couver Island. It was cloned and its morphology char-
acterized (Woo 1978). Long-term, serial in vitro culture
of C. salmositica resulted in attenuation of the parasite.
This strain does not cause disease, but protects fish from
disease. The strain was maintained at 10°C in minimum
essential medium supplemented with 25% heat-inacti-
vated fetal bovine serum (Gibco Life Technologies,
Grand Island, N.Y.) and 25 mM HEPES buffer (Gibco).
The pH of the culture medium was adjusted to 7.2-7.3
(Woo and Li 1990), and sterilized using a bottle-top
filter with a 0.22 um cellulose-acetate membrane
(Corning, Corning, N.Y.). Inocula used for vaccination
was produced by obtaining high numbers of parasites
from culture and diluting to the required numbers using
phosphate buffered saline (PBS).

Fish and experimental design

Thirteen Atlantic salmon (18 months old; Atlantic Sal-
mon Broodstock Development Program, St. Andrew’s,
New Brunswick.) were divided into two groups. The
“V” group consisted of eight fish and the “N” group of
five fish, with mean+ SE weights of 304.49 £7.68 and
332.24+16.99 g, respectively. Each fish was tagged with a
passive integrated transponder (PIT tag) to identify it
individually. The two groups were housed separately in
1251 cylindrical tanks and maintained with aerated,
constantly flowing, recirculated, filtered, UV-treated
well water (10°C) with an equatorial photoperiod. They
were fed daily ad libitum with a 42% protein commercial
feed (5PT, Martin’s Feed Mills, Elmira, Ontario).

Each fish in the V group was injected intraperitone-
ally (i.p.) with approximately 200,000 attenuated
C. salmositica (live vaccine) in 0.2 ml PBS. Fish in the N
group received 0.2 ml PBS i.p. Blood was obtained
(0.15 ml) in heparinized syringes weekly by caudal
venipuncture starting at 3 weeks pre-vaccination to
9 weeks post-vaccination (w.p.v.). It was used to deter-
mine the percentage of activated peripheral phagocytes
in both groups. Parasitemia, antibody titer, and leuko-
cyte profiles were also examined in the V group. Blood
was centrifuged (10,000 g for 2 min) and the plasma
collected to determine the antibody titer against
C. salmositica by ELISA.

Determination of parasitemia and differential leukocyte
profiles

Low parasitemias were detected using the hematocrit
centrifuge technique (Woo and Wehnert 1983). If there
were more than 30 parasites per hematocrit tube, para-
sitemias were quantified using a hemocytometer (Archer
1965). Blood smears were made from each fish, and were
stained with a modified Wright-Geimsa stain (Diff-quik)
according to the manufacturer’s instructions. The first

200 leukocytes were counted and identified under a light
microscope (1,000x) as lymphocytes, granulocytes,
monocytes, or thrombocytes (Ellis 1977; Yasutake and
Wales 1983; Rowley 1990). Each leukocyte type was
expressed as a percentage of total leukocytes.

Enzyme-linked immunosorbent assay to detect
C. salmositica antibodies from serum

The method of Sitja-Bobadilla and Woo (1994) was used
with slight modifications to determine antibody re-
sponse. Briefly, the wells of a high-binding 96-well flat-
bottomed polystyrene micotiter plate (Corning) were
coated with 50 pl of parasite antigen [C. salmositica
(vaccine strain) whole cell lysate; 25 pg protein ml™']
and left to incubate overnight at 4°C. After incubation,
the wells were washed five times with washing buffer
(PBS w/ 0.05% Tween-20). All subsequent washings
were performed in this manner. Vacant sites in the wells
were blocked using 200 pl of blocking buffer (5% skim
milk powder in PBS) and incubated at room tempera-
ture (RT) for 30 minutes with gentle shaking, and then
washed. A total of 50 pl of diluted (1:10) sample serum
was added and incubated at RT for 1 h. After incuba-
tion, the plates were washed and 50 pl of a 1:1,000
dilution (in dilution buffer) of rabbit anti-salmon anti-
body (Buchmann and Pederson 1994) were added. Plates
were incubated (1 h at RT), washed, and 50 ul of a
1:10,000 dilution of peroxidase-labeled goat anti-rabbit
antibody (Sigma, St. Louis, Mich.) was added. After
incubation (1 h at RT), the plates were washed, and
50 pl of o-phenylediamine dihydrochloride (OPD) (Sig-
ma-Aldrich) was added to each well and left to incubate
for 10 min before the reaction was stopped with 50 pl of
3 M HCI. Plates were shaken and absorbance (optical
density) was read at 492 nm using a microplate reader
(Vmax, Molecular Devices, Menlo Park, Md.).

Nitroblue tetrazolium slide assay to detect activated
peripheral phagocytes

The method of Anderson et al. (1992) was used with
modifications. Briefly, a drop of freshly collected blood
(25 ul) was placed onto a glass slide and incubated inside
a humid chamber (Petri dish with a moist paper towel)
for 40 min at RT to allow phagocytes (neutrophils and
monocytes) to adhere to the slide. The slide was then
gently rinsed in a bowl containing PBS to remove non-
adherent cells. Excess liquid was drained off by placing
the slide on its edge on a paper towel. A total of 20 pl of
nitroblue tetrazolium chloride (NBT; 0.2% w/v in PBS;
Sigma) was added to the adherent cells and a coverslip
was placed on top. This was then incubated at RT for
15 min before examination of the cells under a light
microscope (400x objective). The first 100 phagocytes
(morphology similar to neutrophils and monocytes)
were counted. Cells with a blue reticulated stain in their



cytoplasm, produced by the reduction of NBT by O,
were considered ‘“‘activated”. These cells were counted
and expressed as a percentage of activated phagocytes
(%AP) in the total cell count.

Statistical analysis

Treatment groups and families were compared using
one-way analysis of variance (ANOVA). Repeated-
measures ANOVA was used to determine significant
changes of antibody titer, % AP, and differential leuko-
cyte percentages within the vaccinated group. If the
variances were not equal among groups, a Kruskal-
Wallis test was used. If significant differences were found
(P <0.05), Tukey’s test was used for pair-wise compar-
ison for ANOVA and Dunn’s test for the Kruskal-
Wallis test.

Results

Parasitemia and humoral responses following
vaccination

Using the hemotocrit centrifuge technique, parasites
were detected in all fish in the V group at 3 w.p.v., but
parasitemias were too low to count using a hemocy-
tometer until 4 w.p.v. Peak parasitemia occurred at
5w.p.v. (3.8+1.1x10° parasites ml~' blood) and by
9 w.p.v., all fish had parasitemias too low to quantify
using a hemocytometer (Fig. 1). A significant rise in
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Fig. 1 Mean parasitemia (£SE) and antibody titer (ODyg,
value £+ SE) of Atlantic salmon (Salmo salar; n=38) over the course
of vaccination with the live Cryptobia salmositica vaccine (approx
200,000 attenuated parasites per fish)
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antibody titer against C. salmositica was detected at
4 w.p.v. (Fig. 1). The titer continued to increase signif-
icantly as the parasitemia peaked and then declined to
low numbers. The highest titer was detected at 8 w.p.v.
(0.52+0.02).

Percentage of activated peripheral phagocytes in relation
to parasitemia

The predominant peripheral phagocytes observed were
neutrophilic granulocytes (neutrophils). The %AP in
the V group following vaccination increased while the
N group consistently had a very low %AP (<2%)
during the experiment. The V group had significantly
higher %AP than the N group from 3 to 7 w.p.v.
(Fig. 2) and %AP peaked at 4 and 5 w.p.v.
(23.1£6.2% and 23.4+5.8%, respectively), which
corresponded to peak parasitemia and rising antibody
titer. After 5 w.p.v., the %AP declined, as did the
parasitemia, and returned to values comparable to the
N group by 8 w.p.v.

Differential leukocyte profiles in relation to parasitemia

The differential leukocyte profiles in relation to para-
sitemia are summarized in Table 1. There was a signifi-
cant decrease (P=0.023) in the proportion of
lymphocytes from 68.8+2.8% at 3 w.p.v. to
57.2+4.7% at 4 w.p.v, however, this was followed by
increases in subsequent weeks. The percentages of
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Fig. 2 Mean percentage of activated peripheral phagocytes (£ SE)
in Atlantic salmon (S. salar) over the course of vaccination with the
live C. salmositica vaccine (approx. 200,000 per fish) in vaccinated
(n=8) and Naive (n=135) groups. An asterisk denotes a significant
difference (P <0.05) in %AP between vaccinated and naive groups
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Table 1 Mean proportions of
leukocyte types: lymphocytes,
granulocytes, monocytes, and

Weeks

Proportion to total leukocytes (%)

thrombocytes (% total Post-vaccination Lymphocytes Granulocytes Monocytes Thrombocytes
leukocytes + SE) in Atlantic
salmon (Salmo salar; n="8) over -2 75.1+£3.6%* 3.6+£0.67* 1.1+£0.84* 20.1+3.9
the course of vaccination witha -1 66.4£5.1 1.60.54* 0.19+0.09* 31.945.3%
live Cryptobia salmositica 0 64.2+4.1 2.240.51% 0.56 +0.20* 33.0+£4.3*
vaccine (approximately 200,000 | 63.1£1.5 2.8+£0.84* 0.06 £0.06* 34.0+ 1.6
per fish) 3 68.8 £2.8%* 3.4+0.47* 0.62+£0.24* 27.2+£3.0%
4 57.2+4.4% 72+ 1.1%* 0.71+0.28* 34.9+4.2%
5 68.0+£2.3 54+1.6 3.1£0.75 23.5+£3.2
6 70.9 £2.3%* 2.8+1.1% 4.7+ 1.3%* 21.6+2.5
* o Siomi ) 7 79.3£2.4%* 1.4+£0.28* 5.2+ 1.2%* 14.1+£1.8%*
ignificant differences 3 76.5 40 0% 1.6+0.38* 4.9+ ().78%* 17.0 4 1.9%*
(P<0.05) between weeks for g 72.4+4.1% 1.9+0.68* 2.7+0.55 23.0+3.7

that specific leukocyte type only

lymphocytes were significantly higher (P <0.036) from 6
to 8 w.p.v. (low parasitemias), than at 4 w.p.v. (high
parasitemia). There was a significant increase in the
proportion of granulocytes (7.21 £2.42%) at 4 w.p.v.
from preceding weeks (-2, —1, 0, 1 w.p.v.) (P <0.025),
which corresponded to rising parasitemia. This declined
significantly compared to pre-vaccination levels by
6 w.p.v as parasitemia decreased (P <0.020). The pro-
portion of monocytes increased significantly (P <0.05)
at 6 w.p.v. (4.66+1.46%) and remained significantly
elevated (P<0.025) at 7 (5.16+£1.16%) and 8 w.p.v.
(4.93+£0.73%). This occurred as the parasitemia de-
clined. The highest proportion of thrombocytes was
found between —1 and 4 w.p.v. (>27%), and declines
were significant (P<0.035) at 7 and 8 w.p.v.
(14.8+1.6% and 17.0 £1.8%, respectively) when para-
sitemias were low with increasing proportions of lym-
phocytes and monocytes.

Discussion

The NBT slide assay was first used to determine phag-
ocytic dysfunction in diseases such as chronic granu-
lomatous disease and sickle cell anemia in humans
(Levinsky et al. 1983; Hernandez et al. 1983). This
technique was modified by Anderson et al. (1992) to use
as a general indicator of health status in fish, as NBT
activity was positively correlated with phagocytosis and
the killing activity of neutrophils and macrophages. This
assay has subsequently been used to assess the efficacy of
vaccines (Anderson et al. 1992; Chen et al. 1996, 1998;
Munoz et al. 1999), immunostimulants (Jeney and
Anderson 1993; Logambal et al. 2000), and the effect of
environmental pollution on the immune system in fish
(Stasiak and Baumann 1996). This is the first study on
the effect of a live vaccine on the respiratory burst
activity of circulating phagocytes in fish. The NBT slide
assay showed a significant cellular response in vacci-
nated fish, with the respiratory burst activity (%AP)
increasing with higher parasitemia and then decreasing
as parasitemia declined.

Similarly to peripheral phagocytes, enhanced respi-
ratory burst activity of head kidney macrophages was

demonstrated in vaccinated and infected O. mykiss with
C. salmositica lysate (Mehta and Woo 2002). Unlike in
the present study, the respiratory burst activity of mac-
rophages remained elevated (adaptive response) for the
duration of the experiment (12 w.p.v.), even at low
parasitemias. This would indicate that the NBT slide
assay is sensitive in detecting innate cellular immunity in
blood where the predominant phagocytes are neu-
trophils. These cells are assumed to have a more innate
(non-specific) role in the immune system (Secombes
1994a). Also, macrophages are highly concentrated in
the head kidney, and would probably provide sustained
respiratory burst activity since the head kidney is a
major site of antigen uptake and processing (secondary
lymphoid organ). Additionally, the production of some
lymphokines (e.g. macrophage activating factor, MAF)
from leukocytes initiates the activation of macrophages
(Secombes 1994b).

The live C. salmositica vaccine induced a character-
istic parasitemia profile and humoral response in
Atlantic salmon (Ardelli and Woo 2002; Chin et al.
2004). Antibodies were detected by 4 w.p.v., and the
titer continued to increase as parasitemia decreased.
Significant changes in leukocyte composition were de-
tected, which corresponded to changes in parasitemia,
%AP, and antibody titer. The increases in the propor-
tion of lymphocytes and monocytes after 5 w.p.v. would
explain increased antibody titers. Previous studies have
shown changes in leukocyte composition after experi-
mental infection with pathogens or vaccination. Muona
and Virtanen (1993) showed an increase of neutrophils
in Atlantic salmon during the first week of Vibrio
anguillarum infection. After 4 weeks, a significant
increase in lymphocytes was detected which was related
to the acquisition of adaptive immunity. Pathiratne and
Rajapakshe (1998) found that Asian cichlids affected by
epizootic ulcerative syndrome (EUS) had significantly
more neutrophils in early infection, and this was asso-
ciated with local inflammation and damage due to severe
EUS lesions. Brown trout infected with the fungal
pathogen Saprolegnia declina had significantly higher
proportions of granulocytes but reduced lymphocytes.
This was related to immunodepression (Alvarez et al.
1988). Lonnstrom et al. (2001) found an increase in the



proportions of lymphocytes and neutrophils in Euro-
pean whitefish (Coregonus lavaretus) vaccinated against
vibriosis and furunculosis.

In the present study, peripheral phagocytes were
activated by C. salmositica. The degree to which
peripheral phagocyte respiratory burst activity controls
C. salmositica infection requires further investigation
using a pathogenic C. salmositica strain. The NBT slide
assay and differential leukocyte counts were useful in
determining increased cellular immune response and
changes in leukocyte composition in response to a live
C. salmositica vaccine. The increase in the proportion of
phagocytes coincided with increased percentages of
activated phagocytes and parasitemia. The proportions
of granulocytes were significantly higher at 4 and
5 w.p.v. (rising parasitemia, high %AP, low antibody
titer), and monocytes significantly increased from 6 to
8 w.p.v. (declining parasitemia, declining %AP, high
antibody titer). Granulocytes are generally considered
effector cells of the innate immune response (Secombes
1994a), while monocytes, which also function non-spe-
cifically, are important as accessory cells for initiating
the adaptive immune response (Clem et al. 1985; van
Muiswinkel 1995). Thus, the increase in the proportion
of granulocytes would indicate earlier activation of in-
nate immunity by the live C. salmositica vaccine while
the increase in the proportion of monocytes later would
signify activation of the adaptive immune response.
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