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Abstract: Coronavirus frequently infects humans and animals, showing the ability to recombine and
cross over to different species. Cats can be considered a model for studying coronavirus infection,
in which feline coronavirus (FCoV) represents a major enteric pathogen related to gastroenteric dis-
ease. In this animal, the virus can acquire tropism for macrophage cells, leading to a deadly disease
called feline infectious peritonitis (FIP). In this study, monocyte-derived macrophages were isolated
by CD14-positive selection in venous whole blood from 26 cats with FIP and 32 FCoV-positive
healthy cats. Phagocytosis and respiratory burst activities were investigated and compared between
the groups. This is the first study comparing macrophage activity in cats affected by FIP and healthy
cats positive for FCoV infection. Our results showed that in cats with FIP, the phagocytic and res-
piratory burst activities were significantly lower. Our results support the possible role of host im-
munity in Coronaviridae pathogenesis in cats, supporting future research on the immune defense
against this systemic disease.
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1. Introduction

Feline coronavirus (FCoV) is a major enteric pathogen of the Felidae family with a
worldwide distribution [1,2]. In cats, FCoV replicates in the intestines and can spread by
oral—fecal transmission but not yet understood changes can give rise to mutants associ-
ated with a deadly disease called feline infectious peritonitis (FIP) [2]. In FIP, there are
two clinical forms, which can occur separately or coexist [3]. During FIP infection, macro-
phage cells release proinflammatory cytokines including IL-1a, IL-1§3, IL-6, and tumor
necrosis factor, and along with severe T cell depletion, this causes a “cytokine storm”,
akin to that seen in COVID-19 infection [4-6]. The effusive FIP is characterized by
pyogranuloma and the infection is considered a distinct form of vasculitis [2]. This form
is particularly prevalent in the abdomen, covering the serosal surfaces of organs; fibrin
and protein-rich fluid are also deposited within and around the lesions and necrosis is
often evident [5]. The “dry or non-effusive” form is characterized by a wide variety of
clinical signs involving the eyes, brain, or other organs of the body, leading to a variety of
clinical signs, but up to 30% of affected cats present with neurological involvement [7-9].
Both neurological and generalized FIP may present first as a nonspecific illness, with clin-
ical signs including fever, weight loss, and lethargy. Mesenteric lymphadenopathy and
irregular splenic and renal surfaces are commonly detected on abdominal examination of
cats with neurological FIP. The pathogenesis of FIP is still not fully understood; some
studies suggested that the responses of macrophages to the virus and the depletion of
CD4+ and CD8+ T lymphocytes are key points for the virus-host interactions [5-11]. Stud-
ies have suggested that the mutation of FECV leads to pathogenic FIPV, and consequently,
tropism for monocytes/macrophages causes the disease, leading to typical immunopatho-
logical damage [12]. Macrophage cells release proinflammatory cytokines including IL-
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la, IL-1B, IL-6, and tumor necrosis factor (TNF), akin to apoptosis and cytokine storms
[13]. Even though SARS-CoV-2 does not target monocytes, the role of antibodies and the
immune complexes is not as well-defined as in feline infectious peritonitis. Nevertheless,
as is seen during septic shock, and even during SARS-CoV2, the effect of the activation of
the cholinergic anti-inflammatory pathway (CAP) by a7 subunit-containing nicotinic re-
ceptor (a7nAChR) on macrophages can lead to a much less severe response of the host
immune system, with a significant reduction in mortality [14]. In COVID-19, inflammation
is induced by a cytokine storm characterized by T cell cytokines such as IFNy and IL-3
that activate macrophages to produce IL-1, IL-6, and TNFa [15]. During SAR-CoV-2 infec-
tion, pulmonary macrophages derived from infiltrating monocytes are hyperactivated, re-
sulting in the recruitment of cytotoxic cells, exacerbating damage and leading to the cyto-
kine storm [16]. In FIP and COVID-19 disease, monocyte-derived macrophages have a key
role in the immunopathology and their dysregulated functions can lead to organ damage
and induce multi-organ failure syndrome [17,18]. In the pathogenesis of both infections,
cytokine storms have been implicated with the over-expression of inflammatory cyto-
kines; during feline infectious peritonitis, this is due to the activation of monocytes and
macrophages, while in COVID-19, the link to macrophages and monocytes is not fully
understood [17-19]. Different methods have been employed to isolate monocytes from
peripheral blood and to study their activity. Phagocytosis can be assessed by microscopy
to discern between engulfed particles and those that are not engulfed by flow cytometry
or the fluorometric plate-based approach [20]. Respiratory burst is characterized by the
rapid release of reactive oxygen species. It is used in immunological studies, and it is often
assessed by plate-based colorimetric assays or flow cytometry [20]. In this study, periph-
eral blood monocytes from 26 cats with FIP were cultured, and phagocytosis and respira-
tory burst activity was assessed and compared with that of macrophages derived from 32
healthy cats with an intestinal, unapparent form of FCoV infection.

2. Materials and Methods

To assess the biological variation and repeatability of the described methods, each
assay was conducted in separate trials, each consisting of one sample obtained from dif-
ferent subjects for each trial. Ethical review and approval were not required for this study
because this case report referred to a spontaneous medical condition of client-owned cats;
samples used were those collected for medical purposes. Written informed consent was
obtained from the owners before enrolling their animals in the study. This study consisted
of a study group of cats affected by FIP and a control group of naturally FCoV-shedding
healthy cats. Study group population consisted of 26 cats diagnosed with feline infectious
peritonitis, of which 14 had the clinical “wet form” and 12 had the “dry form”. The diag-
nosis for the wet form was made by RT-PCR examination on a sample of abdominal effu-
sion, which was positive for FIP. The diagnosis for the clinical dry form was made by PCR
assay on abdominal lymph node biopsy or cerebrospinal fluid (CSF). Control group pop-
ulation consisted of 32 healthy cats positive for FCoV in fecal samples by RT-PCR. All
subjects tested negative for other infectious diseases (feline immunodeficiency virus or
FIV, feline leukemia virus or FeLV, and Toxoplasma spp).

2.1. Monocyte Phagocytosis Activity

In subjects of both groups, monocytes were isolated from blood by CD14-positive
selection with QuadroM Acs separator, in accordance with the manufacturer’s instructions
(Miltenyi Biotec). PBMCs for CD14-positive selection were diluted to 1 x 108 cells/mL
Leibovitz’s L-15 cell medium supplemented with 10% FCS, 100 U/100 ug/mL penicil-
lin/streptomycin (ThermoFisher Scientific). A volume of 200 uL of monocyte suspension
with and without phorbol 12-myristate 13-acetate (PMA) was distributed in duplicate on
polarized slides. Slides were placed in a 37 °C humidified incubator to recover overnight.
Slides were placed in a humidified incubator at 37 °C for 90 min to allow phagocytosis.
After incubating for 24 h at 37 °C, the medium was carefully aspirated and then 200 uL
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liposomes was resuspended and added to the cell culture. These cells were also incubated
at 37 °C for 4 h to measure internalization of the liposomes. After 3 x PBS washes, slides
were then analyzed with C2 Plus confocal laser scanning microscope (Nikon Instruments,
Firenze, Italy). Optimized emission detection bandwidths were configured by Zeiss Zen
control software. Images were processed using NIS Element Imaging Software (Nikon In-
struments, Firenze, Italy). Phagocytosis was measured by counting, microscopically, the
number of ingested liposomes within the macrophages. For this purpose, three randomly
selected fields were evaluated at 40 x HPFs per sample, and a total cell count was per-
formed, recording those that were fluorescent from having engulfed liposomes, and
counting the average number of phagocytized liposomes per cell.

2.2. Monocyte Respiratory Burst Activity

In subjects of both groups, monocytes were isolated by CD14-positive selection with
QuadroMAcs separator, in accordance with the manufacturer’s instructions (Miltenyi Bi-
otec). To assess the respiratory burst activity, PBMCs for CD14-positive selection were
diluted to 1 x 108 cells/mL Leibovitz's L-15 cell medium supplemented with 10% FCS, 100
U/100 pg/mL penicillin/streptomycin (ThermoFisher Scientific). Cell viability was evalu-
ated by MTT assay and was greater than 98%. Isolated cells were cultured in 96-well plates
at 37 °C with 5% CO2 for 24 h, allowing the cells to recover overnight. A volume of 50 pL
of medium was removed from the top of each well. Cells should have settled to the bottom
and therefore not be removed from the plate, as reported by Hampton et al. [21]. After
vigorously vortexing, 5 uL of nitroblue tetrazolium (NBT) and 0.5 uL of phorbol 12-
myristate 13-acetate (PMA) were added in triplicate to each sample and then the plate was
returned immediately to the incubator for 1 h. Following incubation, 100 uL 70% methanol
(MeOH) was added to each well and washed two more times. The plate was allowed to
air dry at room temperature. After the plate was completely dry, 120 uL of 2M KOH was
added to each well followed by 140 pL of dimethyl sulfoxide (DMSO) and mixed. The
absorbance of the solution on a standard plate reader at 620 nm is measured.

2.3. Statistical Analysis

A two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test
was used to analyze differences between phagocytic and non-phagocytic cell percentage
between FIP+ and healthy FCoV-shedding cats (FIP-) to investigate differences in PMA-
stimulated respiratory burst activity between the same two categories of cats. Moreover,
a Mann-Whitney test was used to compare differences within FIP+ and FIP- groups both
for phagocytic percentage and respiratory burst activity. All statistical analyses were per-
formed with GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). p < 0.05
was considered significant.

3. Results

For each animal in both groups, three microscopic fields were examined to evaluate
the phagocytic activity (Figures 1 and 2). The mean of the number of phagocytic cells
(macrophages) undergoing phagocytosis was evaluated.
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Figure 1. Confocal laser scanning microscope images of liposome particles engulfed by monocyte-
derived macrophages. Note the nuclear (DAPI-stained) material of the macrophages (blue) and the
intra-cytoplasmatic liposomes (green) detected by confocal microscope. Scale bars 12 pum.

Figure 2. Confocal laser scanning microscope images of liposome particles engulfed by monocyte-
derived macrophages. Note the nuclear (DAPI-stained) material of the macrophages (blue) and the
intra-cytoplasmatic liposomes (green) detected by confocal microscope. Scale bars 12 pum.

The mean value of phagocytic cell activity (Table 1) and respiratory burst (Table 2) of
the macrophages belonging to the group of cats with the FIP form of FCoV was
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significantly lower when compared with that of the healthy cats with an intestinal, unap-
parent form of FCoV infection (p < 0.0001).

Table 1. Mean number of phagocytic and non-phagocytic cells evaluated in FIP+ cats.

Cat (FIP+) Phagocytic Cells (%) Non-Phagocytic Cells (%)
1 13 87
2 6 94
3 10 90
4 15 85
5 20 80
6 18 82
7 23 77
8 13 87
9 5 95
10 10 90
11 8 92
12 20 80
13 15 85
14 15 85
15 25 65
16 15 78
17 12 88
18 21 79
19 19 81
20 15 85
21 25 75
22 25 75
23 12 88
24 22 78
25 30 70
26 33 67

Mean 17.1 82.9

Table 2. Absorbance measured in FIP+ cats without PMA and stimulated with PMA.

Cat (FIP+) PMA- PMA+
1 0.517 0.761
2 0.671 0.744
3 1.213 1.397
4 0.493 0.573
5 0.578 0.69
6 0.507 0.646
7 1.26 1.37
8 1.47 1.56
9 1.11 1.44
10 1.16 1.32
11 0.96 1.2
12 0.87 1.15
13 1.15 1.41
14 1.16 1.47

Juy
[6)}
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Phagocytic cells (%)

100
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16 1.156 1.341
17 1.086 1.219
18 1.145 1.219
19 1.09 1.124
20 0.771 0.992
21 0.953 1.112
22 1.160 1.32
23 0.798 1.04
24 1.060 1.192
25 1.030 1.23
26 1.035 1.39
Mean 0.1 1.14

An ANOVA with Sidak’s multiple comparisons test was used to analyze the differ-
ences between the phagocytic and non-phagocytic cell percentage between the FIP+ and
FIP- cats (Figure 3). The results reached significance. The absorbance of the cultured cells
from the FIP+ and FIP- cats without PMA and stimulated with PMA, respectively, was
measured on a standard plate reader at 620 nm. The (mean + standard deviation) of the
absorbance calculated without PMA stimulation in the FIP+ group was lower in compar-
ison to the absorbance calculated in the FIP- group (1.3 + 0.26) (p < 0.01). The (mean +
standard deviation) of the absorbance calculated after the PMA stimulation of the cells
belonging to the FIP + group was lower (1.14+ 0.27) than the absorbance calculated for the
cells from the cats of the control group (1.4 + 0.23) (p < 0.0001). An ANOVA with Sidak’s
multiple comparisons test was used to analyze the differences in the PMA-stimulated res-
piratory burst activity between the FIP+ and FIP- cats. The results reached significance
(Figure 4).
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Figure 3. Schematic representation of phagocytic and non-phagocytic cell percentage in FIP+ and
FIP- groups. *** p <0.0001.
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Figure 4. Schematic representation of absorbance in non-stimulated (PMA-) and stimulated (PMA+)
macrophages in FIP+ and FIP- groups. ** p <0.01, *** p < 0.0001.

4. Discussion

An inadequate or altered response of a host’s immune system could characterize a
disease [22]. In this perspective, even the fundamental concept that “the organism causes
the disease” should probably be abandoned in light of the multi-stage pathogenesis of all
diseases. Modern medicine is changing the vocabulary of infections; familiar terms such
as primary pathogen, opportunistic infection, and immunocompetent patient need to be
re-examined in light of what we have learned about hosts and their unique way of re-
sponding to pathogens. Macrophages are considered professional phagocytes for patho-
gen clearance, representing a formidable weapon against all pathogens. In this study, a
method to test macrophages’ functional capacity ex vivo is described. This method offers
several advantages due to its speed and simplicity; with this assay, cellular phagocytic
capacity can be quantified. The experiments reported demonstrate that in FIP+ cats, mon-
ocyte-derived macrophages exhibit significantly lower phagocytic activity than FCoV
healthy cats. In physiologic conditions, after the inflammatory response, M1-like macro-
phages switch to the M2-like phenotype to initiate the resolution of inflammation [23]. M1
macrophages constitute the first line of defense against intracellular pathogens and pro-
mote Thl polarization of CD4+ lymphocytes by the interleukin IL-12 [24]. M1 macro-
phages differentiate under the influence of IFN-y and/or LPS and are characterized by
high levels of pro-inflammatory cytokines, reactive oxygen intermediates and nitric oxide
synthase-2 [25]. In contrast, M2 macrophages have been initially identified under the in-
fluence of IL-4 and IL-13 produced during the Th2-polarized response [26]. The interac-
tion between pathogens and the host immune response is characterized by various strat-
egies. M2 macrophages appear to be a “favorable condition” for the long-term persistence
of intracellular pathogens. In humans, studies suggest that the pathogenesis of SARS-
CoV2 infection, especially in cases with acute respiratory distress syndrome (ARDS), de-
pends on phenotypes and functionalities of monocytes and monocyte-derived macro-
phages [27]. The present results demonstrate that these assays can be used to study im-
mune function and to detect perturbation of cellular function in animals with immuno-
logical impairment. In conclusion, monocytes are considered an intermediate stage be-
tween bone marrow precursors and tissue macrophages. Circulating monocytes exhibit
important effector activities in homeostasis and repair functions during infections. Our
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results suggest that in FIP+ cats, the macrophage is deficient in the recognition and elimi-
nation of the virus, with a reduction in phagocytic and respiratory burst activity. This
supports the hypothesis that, in FCoV infection, a small population of susceptible cats
lack the ability to destroy the virus, developing the deadly form of the disease, or FIP.
According to our results, the individual host responses play an important role in disease
pathogenesis. To date, few studies on macrophage characterization in FIP cats have been
reported, but no comparisons have been made with naturally FCoV-shedding healthy
cats. Further studies will be required to investigate the actual activity of macrophages to-
wards FCoV and possible therapeutic approaches towards establishing a subjective im-
mune system that does not target this pathogen.
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