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Piscirickettsia salmonis, an aggressive intracellular pathogen, is the etiological agent of
salmonid rickettsial septicemia (SRS). This is a chronic multisystemic disease that
generates high mortalities and large losses in Chilean salmon farming, threatening the
sustainability of the salmon industry. Previous reports suggest that P. salmonis is able to
survive and replicate in salmonid macrophages, inducing an anti-inflammatory
environment and a limited lysosomal response that may be associated with host
immune evasion mechanisms favoring bacterial survival. Current control and
prophylaxis strategies against P. salmonis (based on the use of antibiotics and
vaccines) have not had the expected success against infection. This makes it urgent to
unravel the host-pathogen interaction to develop more effective therapeutic strategies. In
this study, we evaluated the effect of treatment with IgM-beads on lysosomal activity in
Atlantic salmon macrophage-enriched cell cultures infected with P. salmonis by analyzing
the lysosomal pH and proteolytic ability through confocal microscopy. The impact of IgM-
beads on cytotoxicity induced by P. salmonis in infected cells was evaluated by
quantification of cell lysis through release of Lactate Dehydrogenase (LDH) activity.
Bacterial load was determined by quantification of 76S rDNA copy number by gPCR,
and counting of colony-forming units (CFU) present in the extracellular and intracellular
environment. Our results suggest that stimulation with antibodies promotes lysosomal
activity by lowering lysosomal pH and increasing the proteolytic activity within this
organelle. Additionally, incubation with IgM-beads elicits a decrease in bacterial-
induced cytotoxicity in infected Atlantic salmon macrophages and reduces the bacterial
load. Overall, our results suggest that stimulation of cells infected by P. salmonis with IgM-
beads reverses the modulation of the lysosomal activity induced by bacterial infection,
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promoting macrophage survival and bacterial elimination. This work represents a new
important evidence to understand the bacterial evasion mechanisms established by P.
salmonis and contribute to the development of new effective therapeutic strategies

against SRS.

Keywords: macrophages, Atlantic salmon, IgM, P. salmonis, lysosome activity

INTRODUCTION

Piscirickettsia salmonis is the etiological agent of piscirickettsiosis
or salmonid rickettsial septicemia (SRS), which mostly affects
farmed salmonid species (1, 2). Piscirickettsia salmonis is a
Gram-negative, non-motile, unencapsulated, pleomorphic, and
usually coccoid bacterium, between 0.2 and 1.5 um in diameter
(1, 3,4). It is an intracellular pathogen, classified phylogenetically
as a Gammaproteobacteria in the family Piscirickettsiaceae, and
closely related order to Legionella, Francisella, and Coxiella (1).

In Chile, the National Fisheries Service (SERNAPESCA, Servicio
Nacional de Pesca) has identified SRS as the most serious health
problem facing the Chilean salmon industry (5) owing to its highly
aggressive nature, recurrent outbreaks, and widespread
transmission among other cultivated salmonid species (6-9). In
2018, mortalities associated with P. salmonis represented 54.7% and
83.3% of the total mortalities attributed to infectious causes in
Atlantic salmon (Salmo salar L.) and rainbow trout (Oncorhynchus
mykiss), respectively (9). The control and prophylactic strategies
against P. salmonis have relied on antibiotics and vaccines to date;
however, both are inadequate. Antibiotics have been used
indiscriminately to control outbreaks of infection. In 2018, the
Chilean aquaculture industry alone utilized over 322 tons of
antibiotics, mainly florfenicol and oxytetracycline (10). Moreover,
infected salmonids respond poorly to these treatments, likely
because of the intracellular characteristics of the infective cycle of
P. salmonis and the insufficient concentrations of antibiotics that
reach the intracellular niche to eliminate the bacterium (11). This
situation is further complicated by the lack of effective vaccines
against P. salmonis (12), because prophylactic vaccines do not
provide acceptable levels of protection (11).

Despite the severe impact of P. salmonis on the Chilean
aquaculture industry, key aspects of this bacterium, such as its
life cycle and pathogenic mechanisms, are poorly characterized
(13). It is reported that P. salmonis survives and replicates inside
macrophage vacuoles (14) that do not mature to fuse them with
lysosomes to degrade the pathogen (13, 15). Recently, we
observed that macrophages infected by P. salmonis have a
lower number of lysosomes in comparison with those
incubated with inactivated P. salmonis; as a consequence, these
infected macrophages exhibited fewer proteolytic foci and also
had a pH close to neutral (16). Moreover, it has been suggested
that P. salmonis induces an anti-inflammatory milieu when it
infects macrophages, by manipulating the host cytokine profile
to promote an environment that is favorable for its survival and
replication in salmonid macrophage-like cells (17).

The low effectiveness of antibiotic treatment is not only
observed against P. salmonis, but also against other intracellular

pathogens, such as Legionella pneumophila, for which
erythromycin (antibiotic most commonly used for 25 years to
treat infections with this bacterium) is no longer effective in in vivo
models (18). In this scenario, the passive immunization strategy
against infection with L. pneumophila proposed by Joller et al. (19)
offers new prospects in the development of antimicrobials against
intracellular pathogens. Joller et al. used non-specific antibodies
that form IgG-beads that stimulate the intracellular immune
response in macrophages infected with L. pneumophila,
promoting their degradation within lysosomes of infected cells.
The underlying mechanism is suggested to involve induction of
the signaling cascade that counteracts the modulation of the
endocytic vacuolar traffic (19). The activation of the response of
cells infected by L. pneumophila due to the IgG-beads stimulation
is dependent on the interaction of the Fc region of non-specific
antibodies with the Fc receptor (FcR) present in
macrophages (20).

In salmonids, antibody-mediated opsonization of particles
enhances phagocytosis and respiratory burst by phagocytes,
providing functional evidence for the presence of antibody
receptors on leukocytes (21-24). In Atlantic salmon, this
mechanism is potentially mediated by receptors that may be
similar to Fc receptors, which are widely distributed on
leukocytes in mammals (25, 26). The utilization of antibodies
bound to antigens as a passive immunization strategy against
infectious diseases has been poorly explored. In the context of
strategies against bacteria such as Flavobacterium psychrophilum
and Vibrio anguillarum in rainbow trout, the delivery of specific
antibodies attenuates the mortality rates and aggressiveness
associated with infectious outbreaks, suggesting a protective
role and a putative immune stimulatory effect (27, 28).

Previously, our group reported that P. salmonis survives at least
120 h within Atlantic salmon macrophages-enriched cell cultures.
During this time, the intracellular bacterial load rises, as evidenced
by an increase in the number of copies of the bacterial 16S rDNA
ribosomal gene. Additionally, we suggest that the survival of the
P. salmonis is favored by perturbations in lysosomal activity, as
evidenced by a limited lysosomal proteolytic activity observed in
infected cells (16). The aim of this study was to evaluate whether
the use of non-specific antibodies forming IgM-beads activate the
lysosomal response of macrophage-enriched cell cultures infected
by P. salmonis. The effectiveness of the treatment was analyzed in
terms of the effect that non-specific antibodies forming IgM-
beads would have on the modulation of both lysosomal
acidification and proteolytic activity induced by the bacterium
when it infects macrophages-like cells of Atlantic salmon.
Additionally, we evaluated the effect on bacterial load and
survival of infected macrophages.
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MATERIALS AND METHODS

Experimental Fish

Atlantic salmon with an average weight of 55 + 15 g were
obtained from a local farm and maintained in tanks with
freshwater at a biomass of 10-12 kg/m’, with controlled
temperature (14-16°C) and continuous aeration. Water quality
parameters, such as oxygen, pH, and levels of nitrogen
compounds (i.e., nitrate, nitrite, and ammonia) were
monitored daily and maintained at constant values. The fish
were fed with commercial pellet twice daily (Golden Optima,
Biomar, Puerto Montt, Chile), and acclimatized for 3 weeks prior
to the experiments. The maintenance of fish was performed in
accordance with the ethical standards of the Institutional Ethics
Committee of Universidad de Santiago de Chile (approved in
internal report n°364) and the relevant legislation in force.

Isolation of Macrophages and Cell
Cultures

Macrophage-enriched cell cultures were obtained from Atlantic
salmon head kidneys, as described by Braun-Nesje et al. (29) and
by our group in Peérez-Stuardo et al. (16) with slight
modifications. Briefly, Atlantic salmon head kidney were
aseptically extracted and disaggregated using a cell strainer
(pore size: 70 um) (BD Falcon, Seaton Delaval, England)
suspended in Leibovitz-15 medium (L-15; Corning, New York,
USA) with supplement 1 (Supplementary Table 1). Mechanical
disaggregation was performed until a homogeneous cell
suspension was obtained. The leukocyte fraction was isolated
through a discontinuous gradient in densities of 34 and 51% of
Percoll (GE Healthcare) diluted in miliQ water, supplemented
with 1x Hank’s Balanced Salt Solution (HBSS, Gibco). The cell
suspension was placed on the Percoll gradient, and centrifuged at
400 g for 40 min at 16°C. The leukocyte interface was collected
and resuspended in L-15 medium with supplement 1
(Supplementary Table 1). To eliminate the traces of Percoll,
the cell suspension was centrifuged twice for 7 min at 250 g at 16°C.
The cell suspension was seeded at 40,000 cells/cm” in L-15 medium
with supplement 2 (Supplementary Table 1) at 16°C.

To enrich the primary cell culture with monocytic/
macrophage adherent cell population, the primary culture was
washed the following day with three washes of 1x phosphate-
buffered saline (PBS) at pH 7.4. Non-adherent cells were
discarded and the remaining cells were cultivated with fresh
L-15 medium with supplement 2 (Supplementary Table 1). At 3,
5, and 7 days of cultivation, the cells were washed three times
with 1x PBS. Non-adherent cells were discarded, and fresh L-15
medium with supplement 3 (Supplementary Table 1) was added
to the cultures.

SHK-1 cells (Salmo salar; ATCC, American Type Culture
Collection, Manassas, VA, USA), which are described as
macrophage-like cells (30), were grown at 16°C in L-15 medium
with supplement 4 (Supplementary Table 1).

Piscirickettsia salmonis and Infection
Culture and propagation of P. salmonis (strain 9734, ETECMA,
Puerto Montt, Chile) was performed in salmonid cell line CHSE-

214 (ATCC N°CRL-1682), as previously described by Fryer et al,
1992 (30). The CHSE-214 cell line was maintained in minimal
essential medium (MEM; Corning) with supplement 5
(Supplementary Table 1) at 16°C. The infected cells were
observed using conventional inverted light microscopy (Motic
AE31E, Leica Microsystems, Wetzlar, Germany) after 4 to 6 days
post-infection (dpi) to observe any cytopathic effect (CPE) (31).

Piscirickettsia salmonis was extracted from the supernatant of
infected CHSE-214 cells displaying CPE. Bacterial quantification
was performed in a Petroff-Hausser chamber (Hausser Scientific,
PA, USA) according to the instructions provided by the
manufacturer. Cellular debris was eliminated through
centrifugation for 5 min at 500 g. Subsequently, P. salmonis
was centrifuged at 7,500 g for 15 min at 16°C. Macrophage-
enriched cell cultures from Atlantic salmon head kidneys were
seeded at 6,000 cells/cm? in six-well flat bottom plates and were
incubated for 2 h with P. salmonis at a multiplicity of infection
(MOI) of 10 bacteria/cell in L-15 medium with supplement 3
(Supplementary Table 1). Infection was synchronized by
centrifugation at 150 g for 3 min at 16°C, and the infected cells
were incubated at 16°C. Then, cells were washed twice with 1x
PBS and incubated with L-15 medium with supplement 3
(Supplementary Table 1). As a control, P. salmonis was
inactivated by incubation of the pellet in 4% paraformaldehyde
(PFA; Sigma Aldrich, MO, USA), diluted in 1x PBS and
incubated overnight at 4°C. The bacterial suspension was
centrifuged for 15 min at 7,500 g at 16°C; then, the
supernatant was discarded and the pellet was washed three
times with 1x PBS. Finally, the bacterial suspension was
centrifuged for 15 min at 7,500 g at 16°C; the supernatant was
discarded and the pellet was resuspended in L-15 medium with
supplement 3 (Supplementary Table 1).

Evaluation of Lysosomal Acidification
Evaluation of lysosomal acidification in macrophage-enriched cell
cultures was performed by fluorescence analysis using the
LysoSensorTM Yellow/Blue probe (LSYB; Thermo Scientific). This
ratiometric probe can be used to measure the pH of acidic
organelles. The LysoSensorTM dye produces blue and yellow
fluorescence in neutral and acidic environments, respectively.
Therefore, a fluorescence shift from blue (maximum emission at
430 nm) to yellow (maximum emission at 535 nm) indicates a
decrease in lysosomal pH (16, 32).

The IgM-beads were prepared with latex beads coated with
immunoglobulin M (IgM). IgM was purified from the serum of
Atlantic salmon (weighing 80 to 100 g) by an affinity protein A
sepharose column. The presence of IgM was confirmed by
western blotting and ELISA based on a monoclonal antibody
(I-14 hybridoma) (33). Additionally, the homogeneity of the IgM
preparation was evaluated by SDS-PAGE. In order to assess the
short-term effect of the IgM-beads on lysosomal acidification, the
macrophage-enriched cell cultures were seeded at 6,000 cells/cm”
in 12-well flat bottom plates with glass coverslips and infected
with P. salmonis at MOI 10 for 2 h, as previously described.
Then, infected macrophage-enriched cell culture was incubated
for 1 h with 30 beads/cell. After incubation, the cells were washed
twice with 1x PBS and cultivated in fresh L-15 medium with
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supplement 3 (Supplementary Table 1). The analysis of
lysosomal acidification was performed at 1 and 3 h post-
treatment (hpt), according to the described by Perez-Stuardo
et al. (16). Additionally, we evaluated the effect of Bovine Serum
Albumin (BSA)-beads in infected cells as protein-beads control.
To evaluate the lysosomal acidification in macrophage-enriched
cell cultures infected by P. salmonis, we incubated the cells with
bacteria for 2 h as was previously described and maintained in
L-15 medium with supplement 3 for 3 and 5 h post-infection
(hpi) (equivalent to 1 and 3 hpt). Similarly, as a control for
lysosomal activation, macrophage-enriched cell cultures were
incubated with inactivated P. salmonis and evaluated at the
same times as the experimental group.

At each time point, the infected cells were incubated for 5 min
with 10 uM LSYB. Subsequently, the cells were washed three
times with 1x PBS and fixed for 10 min with 4% (w/v) PFA
(Sigma Aldrich), followed by three additional washes with 1x
PBS. Finally, the cells were stained by incubating for 1 min with
1 ug/mL propidium iodide (PI); then, the cells were washed twice
with 1x PBS and once with MilliQ water to remove the residual
salts. The samples were mounted on slides with Fluoromount'
(Sigma Aldrich), and images were obtained using a Leica SP8
confocal microscope (Leica, Wetzlar, Germany). Results were
obtained by the division of the emission spectrum of the LSYB
probe, specifically to obtain an acidic indicator channel (acquired
between 500 and 580 nm) and a neutral-basic indicator channel
(acquired between 450 and 495 nm). According to instructions
provided by the manufacturer. The fluorescence intensity
obtained in the acidic indicator channel had to be >2-fold that
obtained in the neutral-basic indicator channel for a lysosome to
be considered as acidic. The analysis of lysosomal acidity was
performed using the software LAS X (version 3.3.0). Briefly, the
average fluorescence intensity for each indicator channel was
obtained for each lysosome present in the micrographs obtained
from the samples. Subsequently, the ratio between the
fluorescence intensity values obtained from the two indicator
channels was used as the acidity index. An acidic index of x>2
denoted an acidic pH, while an acidity index between 0<x<2
represented a neutral-basic pH. The number of lysosomes per
sample was normalized to the number of cells per sample. For
each condition, four random micrographs were obtained with a
z-stack containing 30 cells mean. The micrographs were
processed using the software Fiji (Image] 1.52g) (34). The
results are represented as the number of lysosomes/cell and
percentage of acidic lysosomes per condition.

Evaluation of Lysosomal Activity

In order to assess the short-term effect on the lysosomal activity
in P. salmonis-infected macropha%e—enriched cell cultures,
fluorescence analysis using the DQ ™ Green BSA probe was
performed in a similar way as previously described by our group
in Pérez-Stuardo et al. (16). The DQTM Green BSA probe is
composed of albumin derivatized with a self-quenching
fluorochrome. The degradation of DQ'" Green BSA in acidic
lysosomes results in smaller protein fragments than those of
isolated fluorophores. Once the quencher is released, brightly

fluorescent products are observed. The cleavage of DQ™ Green
BSA results in the release of fragments with maximum excitation
and emission at 505 and 515 nm, respectively (35-37).

The macrophage-enriched cell cultures were established at
6,000 cells/cm® in 12-well flat bottom plates with glass coverslips
and infected with P. salmonis, as described in the previous
section. Subsequently, analysis of lysosomal activity was
performed at 1 and 3 hpt from IgM-beads incubation. The
macrophage-enriched cells were treated with IgM-beads (or
BSA-beads as control) in the same way as described in the
previous section. Lysosomal activity was also evaluated in
infected macrophage-enriched cell cultures incubated with
BSA-beads. To evaluate the lysosomal activity in macrophage-
enriched cell cultures infected by P. salmonis, we incubated the
cells with bacteria for 2 h as was previously described and
maintained in L-15 medium containing supplement 3 for 3
and 5 hpi (equivalent to 1 and 3 hpt). As positive control for
lysosomal activation, macrophage-enriched cell cultures were
incubated with inactivated P. salmonis, and lysosomal activity
was evaluated at the same times as in the experimental group.

Two hours prior to each time point for IgM-beads incubation,
DQ™ Green BSA 10 pg/mL in L-15 medium containing
supplement 3 (Supplementary Table 1) was added to the
evaluated cells. Then, the cells were washed three times with
Ix PBS and fixed using 4% (w/v) PFA, followed by three
additional washes with 1x PBS. The cells were stained with
1 pug/mL PI as previously described. The samples were mounted
on slides using the mounting solution Fluoromount'" (Thermo
Scientific). Micrographs were obtained using a Leica SP 8
confocal microscope, and processed and analyzed using Fiji
software (Image] 1.52g) (34). The analysis was performed by
counting each positive event per cell due to the fluorescence of
DQ"™ Green BSA, from four micrographs, with a merge of the
images from z-stack, containing an average of 30 cells per
micrograph for each experimental condition. The data were
normalized to the number of cells on the micrograph, and the
results are represented as the number of proteolytic events/cell.

Evaluation of the Effect of Non-specific
Antibodies Forming IgM-Beads on
Cytotoxicity Induced by P. salmonis

To evaluate the effect of IgM-beads on cytotoxicity induced by P.
salmonis, we quantified lactate dehydrogenase (LDH) release
into the extracellular medium. The macrophage-enriched cell
cultures were seeded at 10,000 cells/well in 96-well flat bottom
plates. Cells were incubated with P. salmonis at MOI 10 for 2 h,
as previously described. Then, cells were incubated for 1 h with
30 IgM-beads/cell. After incubation, cells were washed twice with
1x PBS and cultivated in fresh L-15 medium with supplement 3
(Supplementary Table 1). Cytotoxicity was evaluated in
macrophage-enriched cell culture at 3, 5, and 7 days post-
treatment (dpt) using the Pierce LDH Cytotoxicity Assay Kit
(Thermo Scientific), according to the instructions of the
manufacturer. As the control, we evaluated the cytotoxicity
induced by P. salmonis and the effect of BSA-beads and non-
coupled-beads on infected cells.
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Gentamicin Protection Assay and
Quantification of Bacterial Load

In order to recover intracellular bacteria from the infected
macrophage-like cells, a gentamicin protection assay was
performed. Briefly, macrophage-like cells (SHK-1 cell line)
were seeded at a density of 150,000 cells/well in 6-well flat
bottom plates. Cells were infected with P. salmonis at MOI 10
for 24 h. Infection was synchronized by centrifugation, and the
infected cells were incubated at 16°C. Then, cells were washed
twice with 1x PBS and incubated with L-15 medium with
supplement 3 (Supplementary Table 1). SHK-1-infected cells
were incubated with 30 IgM-beads/cell, and the infection was
maintained until 72 and 120 hpi. Recovery of the intracellular
bacterium was performed following the protocol described by
Perez-Stuardo et al. (16). As control, bacterial load was also
evaluated in infected macrophage-enriched cell cultures
incubated with BSA-beads.

To quantify the extracellular bacterial load, the supernatant
from SHK-1 cells infected with P. salmonis was recovered and
centrifuged for 15 min at 7,500 g at 16°C. The supernatant was
discarded, and the pellet was resuspended in 1x PBS.
Accordingly, the sample was subdivided to (i) isolate DNA in
order to quantify the bacterial load by qPCR, and (ii) determine
the bacterial viability by plating on serial dilutions (from 10™" to
10°) in CHAB agar which includes: Cystine heart agar [25 g/L
Bacto heart Infusion broth (BD Difco), 10g/L Glucose (Merck),
1 g/L L-cysteine (Merck), 15 g/L agar (Sigma Aldrich), 2g/L
hemoglobin from bovine blood (Sigma Aldrich)] supplemented
with 5% bovine blood (Health Public Institute Chile) (38). To
quantify the intracellular bacteria, macrophage-enriched cell
cultures infected with P. salmonis were incubated with 100 ug/
mL gentamicin for 60 min to eliminate bacteria from the
extracellular environment. Subsequently, the cells were washed
three times with cold 1x PBS, and incubated for 15 min with 1%
(w/v) saponin (Sigma Aldrich) in 1x PBS at 16°C. Finally, the
permeabilized cells were suspended in 1x PBS and centrifuged at
7,500 g for 10 min at 4°C. The supernatant was then discarded,
and the pellet was resuspended in 1x PBS. The sample was
subdivided to (i) isolate DNA in order to quantify the bacterial
load by qPCR, and (ii) determine bacterial viability by plating on
serial dilutions (from 107" to 107°) in CHAB agar, as
described above.

Detection of P. salmonis Using
Quantitative Polymerase Chain

Reaction (qPCR)

The gene encoding 16S rRNA (primers, Fw: 5°-AGG-GAG-ACT-
GCC-GGT-GAT-A-3’; Rv: 5°-ACT-ACG-AGG-CGC-TTT-
CTC-A-3’) was amplified as described by Karatas et al. (2008)
in order to detect the presence of P. salmonis in the infected cell
cultures (39). Genomic DNA was obtained using the Wizard™
Genomic DNA Purification kit (Promega, WI, USA) according
to the instructions provided by the manufacturer. PCR
amplification was performed using the PowerUp'" SYBR®
Green Master Mix (Thermo Scientific) according to the
manufacturer’s instructions. The primers were added to a final

concentration of 0.4 uM, and 12 ng of template was used. The
qPCR was performed on a QuantStudio 3 Real-Time PCR system
(Thermo Scientific). Quantification of 16S rDNA copies was
performed through interpolation from the standard curve with
the cycle threshold (Ct) value obtained for each sample. The
results are expressed as 16S rDNA copy/cell.

Statistical Analysis

Statistical analysis for each experiment was performed between
all the conditions, for each timepoint analyzed. Statistical
differences were determined using one-way analysis of variance
(ANOVA) with a Tukey multiple comparison test. We used
GraphPad Prism v6.0 for Windows software (GraphPad
Software Inc.) to calculate the mean, the standard error of the
mean (SEM), and to perform the statistical tests. A value of p <
0.05 denoted statistical significance.

RESULTS

IgM-Beads Favor Lysosomal Acidification
in Macrophage-Enriched Cell Cultures
Infected by P. salmonis

To determine if IgM-beads reverses the modulation of the
lysosomal activity induced by bacterial infection, the number
of lysosomes and their acidification level were evaluated. In non-
infected cells, either 1 or 3 hpt, there is a punctate pattern of
yellow/green and cyan fluorescent signal (Figures 1A, E). This
result suggests the presence of acidic and neutral vesicles along
the macrophage-like cell. When we imaged P. salmonis-infected
macrophage-enriched cell cultures, we also observed at 1 hpt a
yellow/green fluorescent punctate pattern (Figure 1B). However,
only at 3 hpt we found both yellow/green and cyan fluorescent
dots (Figure 1F), suggesting the presence of acidic and neutral
vesicles after treatment. When incubating macrophage-enriched
cell cultures with inactivated P. salmonis, we observed a pattern
of dots of yellow/green fluorescent (Figures 1C, G) at both times
assayed. This result suggests the presence of acid vesicles
generated against inactivated P. salmonis. Finally, in
macrophage-enriched cells cultures infected with P. salmonis
and then incubated with IgM-beads (Figure 1D), we observed at
1 hpt a punctate pattern of yellow/green fluorescence and at 3 hpt
we observed both dots of yellow/green and cyan fluorescence
(Figure 1H), in a similar way to the observed in infected cells
(Figures 1B, F).

When we quantified the number of lysosomes/cell in
macrophage-enriched cell cultures infected with P. salmonis, we
observed a significant increase in comparison to non-infected cells
at 1 hpt. However, this difference was not maintained with longer
infection times (Figure 2A and Supplementary Table 2). When
we used inactivated P. salmonis during the incubation, we
observed a significant increase in comparison to non-infected
cells at both times assayed. Nevertheless, the larger effect was
found at 3 hpt (Figure 2A and Supplementary Table 2). On the
other hand, when the macrophage-enriched cell cultures infected
with P. salmonis were incubated with IgM-beads, the results show
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Scale bar: 10 um.

[In] P. salmonis

Inf. + IgM-beads

FIGURE 1 | Lysosomal acidification in infected macrophage-enriched cell cultures treated with IgM-beads. Macrophage-enriched cell cultures obtained from Atlantic
salmon head kidneys were incubated with P. salmonis at a MOI of 10 bacteria/cell. The infected cells were treated with IgM-beads and analyzed at 1 and 3 hpt. The
macrophage-enriched cell cultures were treated with the LSYB probe (green and blue) to stain lysosomes and analyze their pH. (A, E) Non-infected macrophages
analyzed at 1 and 3 hpt. Macrophages-enriched cell cultures infected with P. salmonis for 1 hpt (B), and 3 hpt (F). Macrophage-enriched cell cultures incubated with
inactivated (In) P. salmonis for 1 hpt (C) and 3 hpt (G). Macrophage-enriched cultures infected with P. salmonis and treated with IgM-beads for 1 hpt (D) and 3 hpt (H).
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FIGURE 2 | Lysosomal quantification in infected macrophage-enriched cell cultures treated with IgM-beads. Macrophage-enriched cell cultures were infected with
P. salmonis at a MOI of 10 bacteria/cell and analyzed at 1 and 3 hpt. The lysosomes were stained with the LSYB probe and quantified as acidic lysosomes or
neutral-basic (NB) lysosomes. The data were normalized to the number of cells analyzed. (A) Total number of lysosomes per cell. (B) Percentage of acidic lysosomes
for each condition. The statistical analysis was performed through parametric ANOVA with a Tukey multiple comparison test. Significant differences: *p < 0.05, *p <

no difference in the number of lysosomes/cell compared to the
non-infected cells (Figure 2A and Supplementary Table 2).
Similarly, when we used the BSA-beads we found no difference
compared with the infected macrophage-enriched cell cultures
incubated at 1 and 3 hpt (Supplementary Figure 1A and
Supplementary Table 2).

Subsequently, we determined the percentage of acid
lysosomes in macrophage-enriched cell cultures. This analysis
showed that, despite the slight increase in the number of
lysosomes at the first timepoint evaluated, the macrophage-

enriched cell cultures infected with P. salmonis exhibited a
higher percentage of acidic lysosomes in comparison with non-
infected cells (Figure 2B and Supplementary Table 3), although,
not significantly different. This increase was even greater in
magnitude in macrophage-enriched cell cultures incubated
with inactivated P. salmonis, and macrophage-enriched cell
cultures infected with P. salmonis and incubated with IgM-
beads at 1 hpt. However, the only group to show significant
differences to non-infected cells, were cells infected with P.
salmonis and incubated with IgM-beads. At longer infection
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times with P. salmonis, the percentage of acid lysosomes
decreased by almost half. Nonetheless, the macrophage-
enriched cell cultures infected with P. salmonis and incubated
with IgM-beads at 3 hpt, showed a decrease in the percentage of
acid lysosomes, but not enough to reach a statistical difference
(Figure 2B and Supplementary Table 3). Similar percentages of
acid lysosomes was observed in macrophage-enriched cell
cultures infected with P. salmonis and incubated with BSA-
beads (Supplementary Figure 1B and Supplementary Table
3). In contrast, in macrophage-enriched cell cultures incubated
with inactivated P. salmonis, the percentage of acid lysosomes at
both times analyzed was higher than 75% of the total lysosomes
in the samples (Figure 2B and Supplementary Table 3). In
summary, the results suggest that the infection of P. salmonis
prevents the lysosomal acidification, but the effect is attenuated
after treatment with protein-beads.

Incubation With IgM-Beads Reverses the
Weak Hydrolytic Activity Induced by P.
salmonis During Infection of Macrophage-
Enriched Cell Cultures

The proteolytic activity was assessed using the fluorescent
degrading event marker DQ'" Green BSA. In non-infected
macrophage-enriched cell cultures, either 1 or 3 hpt,
fluorescent events were evident (Figures 3A, E), suggesting
proteolytic activity in non-infected cells. Similarly, in infected
P. salmonis macrophage-enriched cell cultures we observed
fluorescent dots due to proteolytic events/cell at both time
points evaluated (Figures 3B, F). Nevertheless, when we
imaged macrophage-enriched cell cultures with inactivated P.
salmonis, at 1 and 3 hpt, we observed larger clusters with an
intense green fluorescent signal due to proteolytic activity at

(Figures 3C, G). A similar result was observed when IgM-beads
were incubated with infected macrophage-enriched cell cultures
(Figures 3D, H), suggesting that incubation with IgM-beads
induced proteolytic activity in infected cells at both
times evaluated.

In order to determine whether IgM-beads reverse the
inhibition of proteolytic activity induced by P. salmonis during
infection, we quantified the fluorescence events of DQ'" Green
BSA degradation using confocal microscopy. At 1 hpt,
macrophage-enriched cell cultures infected by P. salmonis
showed less than half of the proteolytic activity foci compared
to non-infected cells. Despite this decrease in activity, statistical
analysis suggested non-significant differences between both
conditions. In the case of macrophage-enriched cell cultures
infected with P. salmonis and incubated with IgM-beads, the
proteolytic foci were similar to those observed in non-infected
cells and in macrophage-enriched cell cultures incubated with
inactivated P. salmonis (Figure 4 and Supplementary Table 4).

At the second timepoint evaluated (3 hpt), the number of
proteolytic foci observed in macrophage-enriched cell cultures
infected by P. salmonis was significantly lower in comparison to
proteolytic events/cell observed in infected cells incubated with
IgM-beads. This induction is similar to that observed in
macrophage-enriched cell cultures incubated with inactivated
P. salmonis (Figure 4 and Supplementary Table 4). The increase
in proteolytic foci was not observed in the infected macrophage-
enriched cell cultures incubated with BSA-beads, at either
timepoint analyzed (Supplementary Figure 2 and
Supplementary Table 4). Collectively, these results suggest
that IgM-beads reversed the inhibition of lysosomal hydrolytic
activity induced by P. salmonis during infection of macrophage-
enriched cell cultures derived from Atlantic salmon head kidney.

Infected

Non Infected

A

1 hpt

3 hpt

[In] P. salmonis  Inf. + IgM-beads

FIGURE 3 | Lysosomal functionality in infected macrophage-enriched cell cultures treated with IgM beads. Macrophage-enriched cell cultures were infected with P.
salmonis at a MOI 10 of bacteria/cell, treated with IgM beads and analyzed at 1 and 3 hpt. Cells were treated with the DQ BSA™ Green probe to stain the
proteolytic focusses; the nucleus was stained with Pl (red). (A, E) Non-infected macrophages analyzed at 1 and 3 hpt. Macrophage-enriched cell cultures incubated
with P. salmonis for 1 hpt (B) and 3 hpt (F). Macrophage-enriched cell cultures incubated with inactivated (In) P. salmonis for 1 hpt (C) and 3 hpt (G). Macrophage
enriched cell cultures infected with P. salmonis and treated with IgM-beads for 1 hpt (D) and 3 hpt (H). Scale bar: 10 um.
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FIGURE 4 | Quantification of proteolytic events in infected macrophage-
enriched cell cultures treated with igM-beads. Macrophage-enriched cell
cultures were infected with P. salmonis at a MOI of 10 bacteria/cell and
analyzed at 1 and 3 hpt. The proteolytic events were detected using the DQ-
BSA™ Green probe and data were quantified and normalized to the number
of cells analyzed for each condition. The statistical analysis was performed
through a parametric ANOVA with a Tukey multiple comparison test.
Significant differences: *p <0.05, **p < 0.01, **p<0.001.

IgM-Beads Decrease the Cytotoxicity in
Macrophage-Enriched Cell Cultures
Infected by P. salmonis

We used the LDH assay as a reporter for cell death to evaluate the
cytotoxicity induced by P. salmonis when it infects macrophage-
enriched cell cultures and the possible effect that the IgM-beads
triggers. The cytotoxicity induced by P. salmonis in infecting
macrophage-enriched cell cultures 3 dpi, was similar to that
observed in infected cells incubated with IgM-beads (Figure 5,
left panel, and Supplementary Table 5), although not significantly
different. In the same way, a similar cytotoxicity was observed in
macrophage-enriched cell cultures incubated with only IgM-
beads. At 5 dpi, the cytotoxicity induced by P. salmonis was
higher than the effect obtained with P. salmonis infection and IgM-
beads. However, no significant differences were observed between
both conditions. As control, the cytotoxicity induced by
incubation with only IgM-beads was similar to the infected
group, but neither reach significant differences with the other
conditions evaluated (Figure 5, middle panel, and Supplementary
Table 5). At 7 dpi, the higher cytotoxicity was induced by P.
salmonis, which was higher than in macrophage-enriched cell
cultures infected by P. salmonis and incubated with IgM-beads.
However, despite that the treatment with IgM-beads produces half
the level of cytotoxicity to that observed in infected cells, although
there is no significant difference between both conditions.
Similarly, the cytotoxicity induced by the incubation with only
IgM-beads reached ~25% (Figure 5, right panel, and
Supplementary Table 5). Additionally, we evaluated the effect
of BSA-beads on the cytotoxicity induced by P. salmonis during
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FIGURE 5 | Evaluation of cytotoxicity induced by IgM-beads. Macrophage-
enriched cell cultures were infected with P. salmonis at MOI of 10 bacteria/
cell and treated with IgM-beads. The cytotoxicity was evaluated at 3, 5, and 7
dpi by the detection LDH release into the extracellular medium. The statistic
test was performed using ANOVA with a Tukey multiple comparison test, the
analysis was performed individually for each evaluated time.

infection of macrophage-enriched cell cultures, and we observed
that it was similar to the cells infected by P. salmonis at 5 and 7 dpi
(Supplementary Figure 3 and Supplementary Table 5). These
results suggest that the effect of IgM-beads on the cytotoxicity of
macrophage-enriched cell cultures is due to the presence of IgM.

IgM-Beads Promote Bacterial Clearance
in Macrophage-Enriched Cell Cultures
Infected by P. salmonis
To evaluate the effect of IgM-beads on the survival and
replication of P. salmonis when it infected Atlantic salmon
macrophages, we used the SHK-1 cell line, which is derived
from leukocytes and possesses the properties of macrophages
(40). The bacterial load was evaluated by quantification of 16S
rDNA copies/cell and CFU/cell. In both cases, quantification was
performed from the supernatant and intracellular medium of P.
salmonis-incubated macrophages. At 72 hpi the incubation of
SHK-1 cells infected by P. salmonis with IgM-beads resulted in a
significant decrease in about 50% of the number of copies of 16S
rDNA/cell, in comparison with that in infected cells that were
not incubated with IgM-beads (Figure 6A and Supplementary
Table 6). As control, infected cells were incubated with BSA-
beads, which have no effect over the number of copies of 16S
rDNA/cell (Figure 6A and Supplementary Table 6). A similar
result was observed at 120 hpi, incubation of infected SHK-1 cells
with IgM-beads resulting in a significant decrease of bacterial
load, both intracellular and extracellular, in comparison with that
observed in infected cells that had not been treated with IgM-
beads. As control, infected SHK-1 cells were incubated with BSA-
beads, although no effect were observed on bacterial load (Figure
6B and Supplementary Table 6).

On the other hand, the effects of IgM-beads on bacterial load
were evaluated by recovery of CFU present inside as well as
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FIGURE 6 | Quantification of extracellular and intracellular P. salmonis recovered from SHK-1 infected cells treated with IgM-beads. SHK-1 cells were infected with
P. salmonis at a MOI of 10 bacteria/cell and treated with IgM-beads. SHK-1 cells incubated with BSA-beads were used as controls for each time point. The bacterial
load was determined by quantification of 16S rDNA copy/cell at 72 hpi (A) and 120 hpi (B), and also by quantification of CFU/cell at 72 hpi (C) and 120 hpi (D). The
statistical analysis was performed through a parametric ANOVA with a Tukey multiple comparison test. Significant differences: *p < 0.05, **p < 0.01, **p < 0.001,

outside the SHK-1 cells. We observed that, at 72 and 120 hpi,
incubation of IgM-beads in infected SHK-1 cells induced a
significant decrease in recovered CFU both intracellularly as
well as in the infection supernatant, in comparison with SHK-1
cells infected by P. salmonis (Figures 6C, D and Supplementary
Table 6). As control, CFU/cell were quantified from intracellular
medium and infection supernatant of infected SHK-1 cells
incubated with BSA-beads, however these protein beads
control do not decrease the bacterial load (Figures 6C, D and
Supplementary Table 6).

Together, these results suggest that incubation with IgM-
beads affects the viability and replication of P. salmonis when it
infects macrophage-like cells. This effect was not observed when
we utilized BSA-beads, in all cases evaluated (Figure 6 and
Supplementary Table 6).

DISCUSSION

Antibody-based therapies, which have been widely used as a
passive immunization strategy against various pathogens (19, 20,

41-44), are capable of stimulating the endocytic pathway
through the interaction between Fc and FcR (45). In mammals,
this binding activates a phosphoinositol 3-kinase (PI3-K)
protein-dependent signal and downstream signaling pathways
that lead to a wide variety of effector mechanisms including
oxidative burst, increased phagocytosis, cytokine release, and
increased antigen presentation and routing. In addition, the Fc-
FcR interaction is responsible for routing the vesicular traffic that
is altered by intracellular pathogens, which allows the bacteria to
undergo degradation in the lysosome (19, 20, 46).
Antibody-based therapies using beads coated with
immunoglobulins have been previously reported in treatment
against L. pneumophila and Streptococcus dysgalactiae; these
treatments stimulate the intracellular response by inducing
bacterial clearance (19, 42). IgG-beads against L. pneumophila
infection stimulate the intracellular response of murine
macrophages (19). These IgG-beads induce host cells to
become non-permissive for intracellular replication; as a result,
intracellular pathogens are targeted to the lysosome for
degradation. The use of IgY-beads against S. dysgalactiae, the
causal agent of cow mastitis, have been demonstrated to be
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effective in inhibiting propagation and inducing the phagocytosis
of bacteria (42). In fish, although stimulation of the endocytic
pathway through the Fc-FcR interaction has not been described
to date, passive immunization strategies based on the
intraperitoneal delivery of specific antibodies against bacteria
such as Flavobacterium psychrophilum, Yersinia ruckerii, and
Vibrio anguillarum have been reported in rainbow trout. In all of
these strategies, a reduction in the mortality and aggressiveness
index of infectious outbreaks was observed (27, 28, 47),
suggesting that these passive immunization strategies are
capable of stimulating a protective response in fish.

Recently, it has been described that P. salmonis is able to
persist in macrophage-enriched cell cultures for at least 120 hpi,
where it evades the host response by reducing lysosomal
acidification and its proteolytic activity in the first hpi (16). In
the current work, we evaluated the functionality of this organelle
by assessing lysosomal acidity and proteolytic activity of
macrophages infected with P. salmonis and stimulated with
IgM-beads. Results showed that incubation of infected cells
with IgM-beads promotes an increase in the acidity of
lysosomes as well as an increase of about 2 folds in the
number of proteolytic foci per cell, in comparison with cells
infected with P. salmonis that were not incubated with IgM-
beads. In the latter, the pH was maintained in a neutral-basic
range similar to that observed in non-infected macrophages.

The mechanisms of cell death induced by P. salmonis are
poorly described. However, it is reported that in early,
intermediate, and late stages of infection of P. salmonis in trout
monocytes/macrophages like cells, apoptosis was induced in
about 22-30% of infected cells; this represents a mechanism of
P. salmonis to promote apoptosis in a fraction of phagocytic cells.
Rojas et al. (48) suggested that apoptosis may allow the majority
of the macrophage population to be productively infected by the
bacterium, and ensure the initiation of bacterial infection and
subsequent spread to other tissues (48). Furthermore, P. salmonis
is able to infect various salmonid cell lines, such as CHSE-214,
RTS-11, RTG-2, ASK, and SHK-1 (4, 14, 31, 49-52). In all of
them, P. salmonis induces a CPE characterized by the production
of clusters of rounded and vacuolated cells, which culminated
with the detachment of the monolayer and delayed cell lysis (49,
51, 52). In our results, we observed that infection by P. salmonis
induced cell lysis in about 50% of infected cells after 7 dpi.
Similar results were reported by Oliver et al. (53), who reported
cell lysis in about 60% of infected cells after 8 dpi and also by
Hernandez et al. (54), who observed cell lysis in almost 60% of
infected cells after 9 dpi. In our work, we use the same strategy
implemented by Oliver et al. (53) and Hernandez et al. (54),
where cell lysis was determined by the quantification of LDH
leakage (53, 54). The enzyme activity is an indicator of
irreversible damage to the plasma membrane and the inability
of cells to retain intracellular enzymes (55). Together, these
results suggest that a fraction of the infected macrophages can
be driven to apoptosis, while other fraction eventually could
evolve to necrosis since both routes of cell death can be
independently regulated. These parallel running pathways are
the case of infection of alveolar macrophages by Mycobacterium

tuberculosis, where bacteria can control cell death pathways:
apoptotic cell death is bactericidal, whereas necrotic cell death
may facilitate bacterial dissemination and transmission (56).
However, the mechanisms of host cell death in Atlantic salmon
macrophages infected by P. salmonis are not well understood and
require further studies.

Recently, Oliver et al. (53) described a protective effect of both
IgY antibody against a whole protein extract of P. salmonis, as
also IgY antibody against P. salmonis Hsp60, when SHK-1 cells
are incubated with these antibodies previous to be infected with
P. salmonis, observing a cell lysis similar to non-infected cells
(~20%) at 8 dpi. Interestingly, in our work the incubation of
infected cells with IgM-beads decreased cell lysis to 25% of total
cells, suggesting a protective effect of incubation with non-
specific antibodies. This effect was not observed when infected
macrophage-enriched cell cultures were incubated with BSA-
beads, suggesting that, in a similar way to that in the work of
Joller et al. (19), this protection would involve FcR signaling.
However, further studies are needed to validate this hypothesis.

The classical treatment of pathogenic infection by passive
immunization includes the use of soluble antibodies, which bind
to the pathogen and promote its phagocytosis and lysis by the
complement pathway. However, the utilization of a carrier
loaded with antibodies induces phagocytosis of macrophages
and neutrophils via FcR. Thus, increasing bacterial uptake by
phagocytes is expected to contribute to reduce the inflammation
(42). Confirmation that IgM-beads induce protection against
infection with P. salmonis was obtained by analysis of bacterial
load in infected cells. After stimulating macrophage-like cells
infected by P. salmonis with IgM-beads, we observed a reduction
in bacterial load after 72 and 120 hpi. This was evidenced by
quantifying the bacterial load in the extracellular medium and
inside the cell through the determination of the number of copies
of 16S rDNA gene by qPCR and CFU counting. These results are
similar to those obtained by Joller et al. (19), where the authors
described a decrease in the viable bacterial load after incubating
murine macrophages infected by L. pneumophila with IgG-
beads. Joller et al. (19) proposed that treatment with IgG-beads
mediates host cell protection against intracellular pathogens that
reside in vacuoles and evade phagolysosomal fusion, by re-
routing the pathogens to undergo lysosomal degradation.

The quantification of bacterial load recovered in agar CHAB
was inconsistent with the number of P. salmonis utilized to infect
SHK-1 cells (10 bacteria for each cell). This discrepancy is
probably due to that P. salmonis is considered be highly
fastidious—even previously was considered to be cultivable only
in eukaryotic cell lines—than may be cultured on cell-free agar,
but with demanding nutritional requirements which could hinder
the growth of recovered bacteria, according to the facultative
intracellular nature of this fish pathogen (2, 57). Similar results
were observed in Yafiez et al. (50), where the authors described
that efficiency of recovering of P. salmonis in cell-free agar media
is not suitable to determine the CFU concentration, mainly
because the bacterial growth is extremely low.

Intracellular pathogens invade their hosts via a cell entry
process that culminates in the formation of a pathogen-
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containing vacuoles, where it replicates and prevents their fusion
with lysosomes. This evasion requires to modulation of the
membrane Rab proteins (58). Rab proteins are small GTPases
of the endocytic pathway that participate in the maturation of the
endosome prior to fusion and delivery of their contents for
lysosomal degradation, where Rab4 and Rab5 proteins are
characteristic of early endosomes and Rab7 is indicative to late
endosomes (59). In fish, the presence of 52 Rab GTPases have
been described in channel catfish (60), and have also been
described in the cellular distribution and transcriptional
regulation of Rab5c and Rab7a in CHSE-214 cells, where both
have the same function as those described in mammals (61). In
our work, we have observed that IgM-beads promotes the
lysosomal activity in infected macrophage-enriched cell
cultures, as well as decreasing the bacterial load, suggesting
that the IgM-beads effect over the macrophage-enriched cells
could be mediated by reversing the lysosomal evasion from P.
salmonis, opening an interesting question to further research
about the mechanism promoted by IgM-beads over the exchange
of Rab proteins.

In this in vitro approach, we observed that treatment with IgM-
beads resulted in a decrease in the bacterial load. However, the
mechanism by which this occurs is not yet understood, because it is
necessary to determine whether IgM-beads can lead P. salmonis to
cause lysosomal degradation, as is the case against L. pneumophila,
another intracellular pathogen. Although our results suggest this to
be the case, but further verification of this is required.
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