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Abstract: Classical swine fever (CSF) is a highly contagious disease caused by the classical swine fever
virus (CSFV). The live attenuated C-strain vaccine is highly efficacious, initiating protection within
several days of delivery. The vaccine strain is detected in the tonsil early after inoculation, yet little is
known of the role that tonsillar immune cells might play in initiating protection. Comparing the C-
strain vaccine with the pathogenic CSFV Alfort-187 strain, changes in the myeloid cell compartment
of the tonsil were observed. CSFV infection led to the emergence of an additional CD163+CD14+ cell
population, which showed the highest levels of Alfort-187 and C-strain infection. There was also an
increase in both the frequency and activation status (as shown by increased MHC-II expression) of
the tonsillar conventional dendritic cells 1 (cDC1) in pigs inoculated with the C-strain. Notably, the
activation of cDC1 cells coincided in time with the induction of a local CSFV-specific IFN-γ+ CD8
T cell response in C-strain vaccinated pigs, but not in pigs that received Alfort-187. Moreover, the
frequency of CSFV-specific IFN-γ+ CD8 T cells was inversely correlated to the viral load in the tonsils
of individual animals. Accordingly, we hypothesise that the activation of cDC1 is key in initiating
local CSFV-specific CD8 T cell responses which curtail early virus replication and dissemination.

Keywords: dendritic cells; macrophages; myeloid; palatine tonsil; pig; CSFV

1. Introduction

Classical swine fever (CSF) is a contagious disease caused by the classical swine fever
virus (CSFV; Pestivirus C), a virus belonging to the Pestivirus genus of the Flaviviridae
family. Acute infection is characterised by pyrexia, anorexia and haemorrhages of the
skin and mucosal surfaces. The infection is often fatal and death typically occurs within
2 to 4 weeks following exposure [1,2]. In the case of a CSFV outbreak, the trade of pork
and pork produce is restricted and countries wishing to reclaim a disease-free status apply
a stamping out and ‘pre-emptive’ eradication strategy [3] resulting in the culling of large
numbers of pigs, economic loss and damage to the pig industry [4,5].

Live attenuated vaccines such as the C-strain are widely used to control CSF in areas
where the virus is endemic [6]. C-strain based vaccines are safe and efficacious, providing
pigs with rapid protection from challenges with highly virulent and genetically divergent
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CSFV strains [7,8]. However, for the purpose of discriminating infected and vaccinated
animals (DIVA), alternative vaccines are required. DIVA vaccines would provide better
support for control/eradication programmes for endemic regions, as well as reduce the
requirements for stamping to contain outbreaks elsewhere. Accordingly, deciphering the
success of C-strain vaccines remains of interest, not only for controlling CSFV, but also for
the development of improved vaccines for other pig viruses.

The oronasal route is the main entry of CSFV into the host and the palatine tonsils are
one of the early targets for viral replication [9]. In the tonsil, the virus displays a tropism
for endothelial cells, macrophages (MØ) and dendritic cells (DCs) [10–15]. From there, the
virus traffics through the lymph to other lymphoid tissues, eventually entering the blood
stream [10,16,17]. The importance of the tonsil for the pathogenesis of CSFV infections is
also evident from the tropism of C-strain vaccines, which even upon peripheral injection
primarily target and persist in the tonsil [18]. Moreover, when applied intranasally, the
C-strain infection is almost completely restricted to the tonsil and surrounding lymphoid
tissues and viraemia is undetectable [19] or present only at low levels [20]. Accordingly,
the immune reactions in the tonsils are crucial for the outcome of CSFV infection and
vaccination [18,20].

The C-strain vaccination induces robust protection against CSFV challenge as early
as 5 days post-vaccination [7,8], preceding a detectable neutralising antibody response.
Several studies have demonstrated the emergence of an CSFV-specific CD8+ cytotoxic
T lymphocyte (CTL) response in the blood 6–8 days following challenge of vaccinated
pigs [7,21,22]. However, the exact mechanisms underlying the protection are still unclear,
specifically given the lower CTL response in vaccinated pigs that had not received a
sequential challenge [23].

DCs play a central role in initiating adaptive immune responses, inducing primary
T cell responses and are likely important players in the immunological events following
C-strain vaccination. The interaction of tonsillar myeloid cell populations with CSFV
has received limited attention so far. Plasmacytoid DCs (pDC) produce high levels of
IFN-α following CSFV infection [24], which correlates with the severity of infection and
the degree of lymphopenia induced by CSFV [25,26]. In addition, tonsillar conventional
DCs (cDCs; defined then as CD11R1+ CD172a+) were found to contain the virus, but
their frequency did change during the course of infection [15]. Since IL-12 release was
reduced in CSFV infected DC populations, it appears that CSFV infection can modulate
DC responses [27]. Furthermore, while the C-strain Riems protects within five days post
vaccination, CSFV-specific T cells responses were not detected in pigs before challenge [21].
An improved understanding of the immunological mechanisms involved in the rapid
protection following the C-strain vaccination is imperative in the design of improved
vaccination strategies.

In this study, the early effect of CSFV on myeloid cell populations in the tonsil was in-
vestigated by comparing the attenuated C-strain vaccine with the virulent Alfort-187 strain.
By tracing both the dynamics of infection and the frequency of each of the populations of
myeloid cells previously identified in the porcine tonsil [28], it was possible to demonstrate
changes in the composition of the myeloid compartment and particularly the DC subpopu-
lations. The results also support the notion that CD8 T cell responses are initiated within
the first days of the C-strain vaccination, but not the virulent CSFV infection.

2. Results
2.1. CSFV Infection Is Restricted to Tonsils during the Early Time Points

Over the 90 h assessed in this study, the pigs did not show any significant changes
in rectal temperature (Figure 1A), nor were the clinical signs of the disease observed in
any of the groups (Figure 1B). Leukopenia, a hallmark of clinical CSF, was not detected at
such early time points (Figure 1C,D). Viremia was also absent in the blood (Figure 1C,D)
as analyzed by RT-qPCR (Figure 1E). In the tonsil, however, the CSFV genome was found
in animals exposed to the pathogenic CSFV Alfort-187 at 36 h in three of the four pigs
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(between 2.6 and 4.05 log10 copy numbers) and at 90 h post-infection in four of the four pigs
and the number of viral copies had increased to 7.2–7.8 log10 copy numbers (Figure 1F). In
C-strain infected animals, the virus was only detected in two of the four pigs after 90 h (2.8
and 3.8 log10 copy numbers) with the number of viral copies comparable to the Alfort-187
group at 36 h post-infection (Figure 1F).

Figure 1. Clinical scores/rectal temperatures/PBMC counts/viral load comparison between CSFV
C-strain and Alfort-187 inoculated pigs. A total of 36 pigs were intranasally infected with either mock,
C-strain or Alfort. Pigs that received the mock vaccine were culled at 9 h post-inoculation, while
4 pigs from each group that received either the C-strain or Alfort-187 were culled at 9, 18, 36 and 90 h
post-inoculation. Rectal temperatures (A) were taken every 24 h starting at 96 h prior to intranasal
inoculation and up to and including 90 h following inoculation with either the C-strain (blue circles),
Alfort-187 (red squares) or the mock virus (open circles). Results are expressed as the mean for each
group and error bars represent one standard deviation (SD). The clinical score was determined (B) at
each time point for each pig and again error bars represent one standard deviation (SD). For each time
point, PBMCs were isolated from the respective groups, labelled for CD45 expression and counted
using volumetric flow cytometry to assess leukopenia in (C) C-strain and (D) Alfort-187 infected
animals. Data here were compared to the pre-bleed values from the same animals taken at 0 h. Plots
show individual values for each pig sacrificed at each time point with the mean for each group. Error
bars represent one standard deviation (SD). Finally, cells were isolated from tonsils and EDTA blood
was collected from the 4 pigs sacrificed at each time point and the number of viral copy numbers
determined (E) in the blood and (F) tonsil, respectively. The control animals are here put to 0 h to
match the descriptive hours post-infection. Graphs show individual genome copy numbers for each
pig in both tissues at different time points with the median ± interquartile range.
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2.2. CSFV Infection Leads to Changes in the Myeloid Cell Compartment and the C-Strain Alters
the DC Composition

Given the described emergence of virus specific CD8+ T cells in the blood following
C-strain vaccination and challenge [7,21,22] and the importance of DC in stimulating naïve
T cells, we reasoned that the repertoire of DC in in the tonsil might be altered prior to
detection of the T cell response and that these changes might differ to those seen following
the pathogenic CSFV challenge. Accordingly, the frequency of the different myeloid cells
populations was evaluated following CSFV C-strain or Alfort-187 infection as previously
described in the uninfected porcine tonsil [28]. These populations included pDC (MHC-
IIlow CD172alow/neg CD4+ CADM1− CD14− CD163−), cDC1 (MHC-IIhigh CD172alow/neg

CD4− CADM1high CD14− CD163−), cDC2 (MHC-IIhigh CD172ahigh CD4− CADM1low

CD14− CD163−), CD14+ monocytes (MHC-IIhigh CD172ahigh CD4− CADM1low CD14+

CD163−) and CD163+ macrophages (MHC-IIhigh CD172ahigh CD4− CADM1low CD14−

CD163+).
The frequency of pDC was elevated in all inoculated animals compared to the mock

group, while there was an increase in C-strain infected animals towards the end of the
study, but without statistical significance (Figure 2A). In C-strain vaccinated pigs, there
was a significant increase in cDC1 cells which almost doubled in frequency by 90 h post-
infection to 1.88% of MHC-II+ cells. Conversely, following Alfort-187 infection, cDC1
cells were slightly elevated after 9 h but then steadily declined in frequency to the same
level as the mock group (0.65% of total MHC-II+ cells) (Figure 2A). cDC2 frequencies
were not significantly altered across the study (Figure 2A), while the frequency of CD163+

macrophages was higher in both the virus-challenged groups compared to the mock-
infected group (between 4 and 10.5% of MHC-II+ cells) and remained high for the duration
of the study (Figure 2A). These differences were found not to be statistically signifcant.
Similarly, the frequency of CD14+ monocytic cells also appeared to increase during the
study but not in a statistically significant way (Figure 2A). Finally, during the analysis of
the subpopulations, it became apparent that a double positive (CD14+CD163+) population
of myeloid cells had emerged (Figure 2B). At 9 and 18 h post-infection with either strain of
CSFV, this population was scarce but increased in frequency at 36 and 90 h post-challenge
(up to 3–4% of MHC-II+ cells) (Figure 2A). Interestingly, the abundance of these cells
seemed to peak at 36 h following Alfort-187 inoculation, compared to the C-strain, while in
animals inoculated with the C-strain, these cells peaked at 90 h post inoculation but were
not statistically significantly different from the controls.

2.3. Effect of CSFV Infection upon MHC-II Expression on Myeloid Cells

Next, we assessed MHC class II expression as a measure of the ability of myeloid
cells to function as antigen-presenting cells. Significant differences were observed in
both the cDC1 and cDC2 populations and between the C-strain and Alfort-187 infections.
Specifically, cDC1s upregulated the expression of MHC-II at 18 h and 36 h (p < 0.03)
following C-strain infection relative to Alfort-187. Furthermore, higher levels of MHC-II
were associated with cDC2 at 36 h post-infection in C-strain vaccinated pigs compared
to Alfort-187 (p < 0.03) (Figure 3). Both CD14+ monocytic cells and the newly arising
CD14+/CD163+ population seemed to have a peak expression of MHC-II at around 18 h,
although this difference was only statistically significant for CD14+ cells between the two
viral strains. No significant observations were made in pDC (which are relatively low in
their MHC-II expression) and CD163+ macrophages, in which MHC-II expression remained
relatively constant throughout the course of the study. Collectively, these results reveal
an early activation of CD14+ and cDC cells in C-strain inoculated animals, which was
specifically evident at 18 h and 36 h post-vaccination, respectively.
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Figure 2. Myeloid cell frequencies in the tonsil during early stages of infection with CSFV C-strain
and Alfort-187. (A) Percentage of each myeloid cell subset frequency from the total MHC-II+ positive
cells. A total of 4 pigs at each time point from pigs infected with C-strain (blue open circles) or Alfort-
187 (red filled circles) and a dashed black line corresponds to the median values obtained with the
4 mock infected animals. Boxes represent the 25/75% percentile of data with median and data shown.
Statistical significances between C–Strain and Alfort-187 were evaluated by a two-way ANOVA with
Bonferroni correction (**** p < 0.0001). (B) representative dot plots of a CD14+CD163+ population is
shown using a representative sample 36 h post-infection with Alfort-187 and an uninfected control.
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Figure 3. Differences in MHC-II expression levels in tonsillar myeloid cells following CSFV Alfort-187
and C-strain infection. The mean fluorescence intensity (MFI) of MHC-II expression associated with
each of the tonsillar myeloid cell populations was evaluated at each time point following virus
inoculation. Graphs show the MFI for 4 pigs culled at each time point for Alfort-187 (red squares),
C-strain (blue circles) and the 9 h timepoint for the mock infected control animals (black dotted line).
Boxes represent the 25/75% percentile of data with the median and data values shown. Statistical
differences between C-strain and Alfort-187 were evaluated by a two-way ANOVA with Bonferroni
correction (* p < 0.05, **** p < 0.0001).

2.4. CSFV Has a Strong Tropism for the Newly Arising CD14+CD163+ Cells

Given the known tropism of CSFV for myeloid cells and the ability of the virus
to modulate this [15,29,30], we next assessed the CSFV infection status of the myeloid
cell populations by E2 intracellular staining (representative flow cytometry dot plots
demonstrating E2 staning are shown in Supplementary Figure S1). Interestingly, neither
the cDC1 nor the cDC2 cells demonstrated any susceptibility for CSFV at the timepoints
examined (Figure 4). pDC and to an even lesser extent CD14+ monocytic cells, showed
little susceptibility for CSFV infection, with a maximum of around 20% of these cell
populations infected by the end of the experiment. The CD163+ macrophages also had a
limited susceptibility, but here a significant difference between the Alfort-187 and C-strains
could be observed, whereby the pathogenic Alfort-187 strain infected a larger proportion of
macrophages at 36 h. The most susceptible population were the CD14+/CD163+ cells. Here,
around 75% of the population stained positive for E2 at both 36 and 90 h for Alfort-187 and
at 90 h for the C-strain.
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Figure 4. CSFV infection of tonsillar myeloid cell populations. Tonsillar myeloid cells were stained
with antibodies to CD4, CD14, CD172a, CD163, CADM1 and MHC-II followed by intracellular
staining for CSFV E2 using the monoclonal antibody WH303 to determine the infection status of each
population at each time point. For each time point the median percentage of infected cells for the
4 pigs culled and data are shown. Boxes represent the 25/75% percentile. Statistical significances
between the C–strain (blue circles) and Alfort-187 (red squares) were evaluated by a two-way ANOVA
with Bonferroni correction (**** p < 0.0001).

2.5. Detection of CSFV-Specific T Cell Responses in Tonsils of Inoculated Animals

Virus-specific, IFN-γ secreting CTLs have been shown to be present in the blood of
C-strain vaccinated pigs following challenge, but not before 5 days post-vaccination, when
protection by the C-strain is already achieved [22]. Given the alterations we have described
in the myeloid cell compartment following the C-strain vaccination and the possibility that
some of these cells may be equipped to serve as antigen-presenting cells, we attempted to
detect the T cell responses arising locally in the tonsil. Cells were stained with antibodies to
identify CD4−CD8αhi, CD4+CD8α− and CD4+CD8α+ populations representing cytotoxic
CD8, naïve CD4 helper and CD4 activated/memory populations, respectively [31] (the
flow cytometric approach is shown in Supplementary Figure S2). CSFV-specific T cells
expressing IFN-γ, TNF or both TNF and IFN-γ were detected (Figure 5). While none of the
results, bar one, were statistically significant, some trends emerged. IFN-γ+ CD8+ T cell
responses appeared greater at all timepoints after the C-strain vaccination compared to the
Alfort-187 infection, with the highest differences observed at 36 h post-infection; however,
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no statistically significant differences were found (p < 0.0918) (Figure 5). Similarly, TNF+

CD8+ T cells seemed to arise at 90 h post-infection, particularly in the C-strain vaccinated
animals. In all other cases where T cell activation was measured, the responses were similar
across both viruses.

Figure 5. Evaluation of T cell associated IFN-γ and TNF-α responses from Alfort-187 and C-strain
infected pigs in the tonsil. Porcine tonsil mononuclear cells were stimulated by the addition of CSFV
Alfort-187. Following overnight culture, cells were stained and the cytokine expression associated
with each of the T cell populations was evaluated by flow cytometry. Histograms show the mean
IFN-γ and TNF-α secretion associated with each T cell population. Values and the medians were
plotted; boxes represent the 25/75% precentile. Statistical significances were assessed by a two-way
ANOVA with Bonferroni correction again.

2.6. Correlation between DC Modulation and CSFV-Specific IFN-γ+ CD8+ T Cell Responses with
Viral Load in the Porcine Palatine Tonsil

Finally, to interrogate the importance of the observed changes, we carried out a cor-
relation analysis between the IFN-γ+ CD8+ T cell responses, viral copy numbers and the
modulation of MHC-s II expression on cDC subsets in C-strain vaccinated pigs using a
Spearman correlation test. There was a positive correlation between the MHC-II expression
of cDC1 cells and the percentage of CSFV-specific IFN-γ+ CD8+ T cell responses and a simi-
lar, albeit less significant correlation observed between MHC-II expression by cDC2 cells
and the percentage of CSFV-specific IFN-γ+ CD8+ T cell responses (Figure 6A,B), indicating
that the activation of both cDC subsets was directly correlated with the appearance of IFN-
γ+ CD8+ T cells. Consequently, we tested the impact of the number of IFN-γ+ CD8+ T cells
on the viral load. To do so, data from 36 and 90 h p.i. were used since these were the only
timepoints with detectable viral copy numbers. Indeed, a negative correlation (s = −0.6,
p = 0.017) between CSFV-specific IFN-γ+ CD8+ T cells and the viral load was identified
(Figure 6C). These results indicate that the activation of tonsillar cDC1 and cDC2 subsets
of C-strain vaccinated pigs may contribute to the early expansion of local CSFV-specific
IFN-γ+ CD8+ T cells which could assist with the control of challenge infection.
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Figure 6. Correlation between CSFV-specific IFN-γ+ CD8+ T cells, viral loads and activation status of
cDC1 and cDC2 in tonsils. (A) Correlation between CSFV-specific IFN-γ+ CD8+ T cells and MHC-II
expression levels of cDC1 cells (n = 24). (B) Correlation between CSFV-specific IFN-γ+ CD8+ T cells
and MHC-II expression levels of cDC2 in pigs (n = 24). (C) Correlation between CSFV-specific IFN-γ+

CD8+ T cells and viral loads at 36 and 90 h post-infection, when viral loads were detected in the
tonsil (n = 16). Statistics were evaluated by a Spearman correlation test (Spearman r and p-values
shown in graph).

3. Discussion

The role of the innate immune system in initiating an immune response to control
viral infections is crucial and the ability of DC in particular to activate naïve T cells is
well established. There is therefore considerable selective pressure for viruses to develop
strategies to evade or counteract the development of a protective immune response gen-
erated by the host. In the case of CSFV, it is known that the virus targets myeloid cells
such as macrophages and CD172a+ DC [10–15] resulting in the secretion of high levels
of pro-inflammatory cytokines, generating not only a detrimental environment for the
initiation of an adaptive immune response, but also an increased pathology and potentially
more adverse clinical signs [23]. Conversely, the live attenuated C-strain vaccine is highly
efficacious and rapidly establishes a robust T cell and subsequent antibody response [7,8].
Since the tonsil is a primary target for CSFV [18], it was considered the most appropriate
tissue in the present study to best evaluate changes in both the innate and adaptive local
immune responses at early timepoints following oronasal inoculation. Using a pathogenic
CSFV strain in parallel to the attenuated CSFV C-strain enabled us to evaluate the role of
tonsillar myeloid cells in the activation of the adaptive immune response and analyse the
events in relation to viral replication.

During the initial 90 h post-infection, there were no significant clinical signs, although
viral replication was detected in the tonsil (Figure 1) confirming previous studies [32].
The fact that the virulent Alfort-187 strain replicated more vigorously was expected and
was in line with our in vitro experience regarding the kinetics of Alfort-187 and C-strain
replication in permissive cell lines. Together these data validated our approach and
confirmed significant, local differences between the C-strain and Alfort-187 infections.
Taking the tropism of CSFV for myeloid cells into account, we next evaluated the kinetics,
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activation and infection status of porcine tonsillar myeloid cells as defined recently [28].
CSFV inoculation appeared to modulate the abundance of myeloid cells in the tonsils with
some discernable differences emerging between the C-strain and Alfort-187 infections.
For example, infection with Alfort-187 led to a trend in the reduction in the frequency
of both the cDC1 and pDC, while upon C-strain inoculation their frequency increased,
significantly in the case of cDC1 cells. More so, upon C-strain inoculation, cDC1 cells
also temporarily displayed a significantly increased level of MHC-II expression (Figure 3),
which could correlate with an elevated activation of these cells by the vaccine strain. We
also observed fluctuations in cell frequency relative to the control group and both the
CD14+ monocytic cells and CD163+ macrophages increased slightly over time, potentially
indicating an overall increased pro-inflammatory response.

A limitation of the current study is its exploratory nature. Accordingly, only a limited
number of animals could be used here, following the 3R principles. We therefore could not
identify biologically significant events that require a greater resolution to determine.

A role for pDC as modulators of CSFV pathogenesis and drivers of the CSFV immune
response has been described previously [15,33,34]. In accordance with this, we saw a trend
for elevated pDC numbers in tonsils isolated from C-strain inoculated pigs, compared to
Alfort-187 infection (Figure 2). There also appeared to be a greater number of pDC infected
with Alfort-187 compared to the C-strain (Figure 4). It is thus tempting to assume that
infection with the pathogenic strain compromises the pDC function, while the C-strain in
associated, bystander cells stimulated the correct pDC function. These results are consistent
with previous work which confirmed the association of CSFV with IFN-α positive cells
(pDC) in the tonsil [15]. It would align with the fact that pDC are strongly stimulated by
infected bystander cells [35] and conversely suggests that infection with pDC leads to an
aberrant immune reaction, which the CSFV infection is characterised by highly increased
IFN-α serum levels [23].

One interesting finding in our study was the emergence of a hitherto undetected
population of CD14+CD163+ myeloid cells (Figure 2) that were also the most susceptible to
CSFV infection (Figure 4), not discriminating between Alfort-187 and C-strain therein. The
nature and function of this additional cell population remains enigmatic. The phenotype
of this cell population determinates it to be of the myeloid linage, potentially monocytes
upregulating CD163, as shown numerous times in humans and pigs, including when
CD163 was first characterised [36–38]. CD163 is also a marker of macrophages, has been
previously used to characterise such in pig tonsils [28] and is known to render pig mono-
cytes/macrophages susceptible to PRRSV [39], but has not been associated with CSFV
replication. Recently, however, it has also been proposed that a cDC3 population exists with
the hallmark of CD14 and CD163 co-expression [40]. This population is currently subject
to further investigation and characterisation in the field of DC biology [41], but as yet
has not been identified in pigs. Clearly, further investigation is required to determine the
nature of this population. Nevertheless, it is tempting to speculate that this putative cDC3
population plays an important role in determining the outcome of CSFV infection and
vaccination, given that their kinetics parallel the infection dynamics in the tonsil (compare
Figures 1, 2 and 4) more than it associates with either Alfort-187 or C-strain inoculation.

It has previously been postulated that cDC (identified as CD172a+ cells) were infected
with CSFV [15]. Using a higher resolution, we are able now to refine this for the first
phase of CSFV infection, showing that neither cDC1 nor cDC2 become infected, but rather
this novel CD14+CD163+ population becomes infected, which also expresses CD172a as a
broad myeloid cell marker. It will be interesting to see whether the known association of
CSFV with myeloid cells in other organs including the spleen, kidney, lung, liver and the
intestine [12,13,16,42–44] also associates strongly with a CD14+CD163+CD172a+ population
as shown for tonsils in the present study.

An early stimulation of the immune response by the attenuated C-strain—or the lack
thereof by a pathogenic CSFV strain—has been demonstrated little thus far. The infection
in macrophages and the enigmatic CD14+CD163+ cells with the pathogenic Alfort-187
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strain at 36 h post-infection might bias a pro-inflammatory environment, which could
prevent an efficient T cell stimulation. In a recent study, a downregulation of co-stimulatory
molecules and an upregulation of inhibitory/regulatory receptors across DC was observed
by transcriptome analysis at a similar time point (42 h post-infection) and it was suggested
that these alterations in T cell targeting receptors might explain the defects in the adaptive
immune response [45].

Furthermore, our results indicate an early immune activation, with a trend towards an
early increase in IFN-γ producing, virus specific CD8+ CTL following C-strain infection, which
aligned with the changes seen in cDC1 cells in C-strain vaccinated pigs (Figures 1 and 2) and
their capacity to cross-present antigens [46,47]. Indeed, cross-presentation would be important
in this scenario since our data clearly show that cDC1 cells did not become infected by CSFV
(Figure 4). The emergence of a local CD8+ T cell response in the tonsil following C-strain
vaccination is supported by a recent transcriptional analysis of tonsil tissue. Here, tissue from
C-strain vaccinated pigs demonstrated an upregulation of eomes, a transcription factor, known
to play a key role in the differentiation of effector CD8 T cells [48].

While it is unclear to what extent this CD8+ T cell population contributes toward the
high efficacy of this vaccine, it is tempting to speculate that they support the early anti-viral
response that limits early virus replication and dissemination, but further investigation
is needed to confirm this. However, others have demonstrated an immediate primary
CD8 T cell response which occurs within 24 h post-vaccination with a vaccinia virus con-
struct [42]. Furthermore, T cells clustered around virus-infected DC in the draining lymph
nodes of mice only 6 h following challenge with vaccinia virus, again suggesting an early
interaction between the DC and T cell populations [49]. Accordingly, it is perhaps not
surprising that our data showed a strong inverse correlation between the frequency of
virus specific CD8 T cells in the tonsil and levels of virus (Figure 6).

In summary, the preliminary findings described here indicate a putative role for
resident tonsillar cDC subsets in the induction of CD8+ T cell responses in vivo following
C-strain inoculation and support the use of the C-strain as an effective vaccine to control
CSF. We also identified a novel myeloid cell population that is highly susceptible to CSFV
infection. This population may be critical in modulating the immune response during
CSFV infection in the tonsil. The relative importance of this compared to other myeloid
cells populations requires further investigation to ascertain their roles, both for improving
our understanding of the immune mechanisms that afford the high efficacy of the C-strain
vaccine, but also for harnessing the immunostimulatory function of such cells to improve
vaccines for CSFV and other porcine viruses.

4. Materials and Methods
4.1. Animals, Viruses and Study Design

36 Large White/Landrace crossbreed pigs of 10 weeks of age were randomly assigned
to 9 groups of 4, ensuring the mean weight was equal between groups. At day 0, 4 of the
groups were inoculated with the CSFV strain Alfort-187, while 4 groups were inoculated
with the C-strain Riems. One group was left untreated as a control, receiving only the equal
amount of carrier (mock) solution. Both the CSFV Alfort-187 and C-strain were prepared
using PK15 cells. C-strain Riems was grown from a stock originally supplied by Riemser
Arzneimittel GmbH (Riems, Germany). CSFV Alfort-187 and C-strain were harvested by
the freeze-thawing of PK15 cells and were clarified by centrifugation before titration on
PK15 cells. The mock solution was prepared in the same manner from uninfected PK15
cells cultures.

For each virus strain, groups of pigs (n = 4) were euthanised after 9, 18, 36 and 90 h
post-infection. The group of mock inoculated animals (n = 4) was used as a control group
and euthanised at 9 h post-infection. The pigs were housed in high containment facilities
at APHA and pigs inoculated with the different CSFV strains were kept in separate rooms.
Intranasal inoculation was conducted by administration of 2ml of virus (or mock) per
animal using a mucosal atomisation device MAD—300 (Teleflex, Beaconsfield, UK) and
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dividing the volume equally between nostrils. Both the C-strain and Alfort-187 inoculum
contained 1 × 105 TCID50. The titre of the Alfort-187 and C-strain inoculum was confirmed
by back titration on PK15 cells.

4.2. Clinical Monitoring of Pigs

Pigs were monitored twice a day and at each euthanasia timepoint. Pigs were clinically
scored for liveliness, body tension, body shape, breathing, walking, skin, eye/conjunctiva,
appetite and defecation. Observations were scored as: 0 (normal), 1 (slightly altered),
2 (distinct clinical signs), 3 (significantly altered), as previously described [50]. A clinical
score for each animal was assigned at each euthanasia timepoint. Rectal temperatures were
monitored by thermometer readings daily and prior to euthanasia.

4.3. Assessment of Peripheral Blood Mononuclear Cell Counts

5 mL of blood was taken pre-inoculation and then again prior to euthanasia. Blood
was collected in ethylenediaminetetraacetic acid (EDTA) containing Vacutainers (BD Bio-
sciences, Oxford, UK) before peripheral blood mononuclear cells (PBMC) were separated
via Histopaque 1.077 (Sigma-Aldrich, Poole, UK). PBMC were stained with anti-CD45-
FITC (Clone K252.1E4, Bio-Rad Antibodies, Kidlington, UK) and resuspended in 5 mL of
PBS before all cells were counted using a MACSQuant flow cytometer (Miltenyi Biotec,
Bisley, UK).

4.4. Detection of CSFV in Blood and Tonsils

The total RNA was extracted from 140 µL of EDTA treated blood or 1× 106 tonsil cells
using the QIAamp Viral RNA kit (Qiagen, Crawley, UK) according to the manufacturer’s
instructions. The number of CSFV genome copies in each sample was determined by
RT-qPCR with primers CDF-192-R and CSF100-R (600 nM) and with a FAM labelled
CSFV probe (200 nM) [51], using the One-Step Superscript Platinum kit (Life Technologies,
Thermo Fisher Scientific, Warrington, UK) as described previously [50]. RNA transcribed
from the plasmid pCRXLV234-6 (containing the 5′UTR from the Alfort-187 strain) was used
as standard to determine the CSFV genome copy numbers.

4.5. Enrichment of Tonsillar Myeloid Cells by Negative Selection Using Lymphocyte-Specific
Antibodies

The isolation of mononuclear cells from the tonsil was performed as previously
described [28]. Briefly, mononuclear cells were incubated for 15 min at RT with the
lymphocyte-specific antibodies, anti-CD3 (clone 8E6), anti-CD8a (PT36A) (both from Wash-
ington State University Monoclonal Antibody Centre, Pullman, WA, USA), anti-CD21
(clone BB6-11C9.6, Southern Biotech, Cambridge Bioscience, Cambridge, UK) and anti-IgM
(Clone K52 1C3, Bio-Rad) antibodies in PBS with 2% FBS (FACS buffer). After incubation,
the cells were washed twice in a FACS buffer and then incubated with anti-mouse IgG
microbeads (Miltenyi Biotec) for 15 min at room temperature. The cells were then washed
twice in a FACS buffer and resuspended in a FACS buffer supplemented with 2 mM EDTA
(MACS buffer). Cells were then applied to LD columns held in a MidiMACS magnet
(Miltenyi Biotec). The flow-through, containing the lymphocyte depleted fraction and the
two 1 mL washes with MACS buffer were collected in 15 mL tubes. The cells were washed
twice with a FACS buffer and resuspended in 10 mL of RPMI-1640 (Life Technologies)
supplemented with 10% FBS (Autogen Bioclear, Calne, UK), (cRPMI), before cell counting
by volumetric flow cytometry using a MACSQuant Analyzer (Miltenyi Biotec).

4.6. Assessment of Myeloid Cell Frequency and Virus Infection

The evaluation of myeloid cell frequencies in isolated tonsil cells was performed by
flow cytometry. Tonsil cells were surface stained in three consecutive steps. Cells were
initially incubated with anti-lineage antibodies against CD3, CD8a, CD21 and IgM, (all
mouse IgG1 antibodies) and Zombie Aqua viability dye (Biolegend, London, UK) to detect
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live cells. In addition, anti-CD4-PerCP-Cy5.5 (clone 72-12-4; BD Pharmingen, Oxford,
UK), anti-CD14 PE-Texas Red (clone Tuk4; IgG2a Invitrogen, Thermo Fisher Scientific,
Paisley, UK), anti-MHC class II-DR (clone 2E9/13; Bio-Rad) conjugated with Zenon anti-
mouse IgG2b PE (Life Technologies, Thermo Fisher Scientific) and anti-CADM1-biotin
(TSLC1/Syn-CAM, Clone 3E1; IgY, Caltag Medsystems Ltd., Buckingham, UK) were added.
After washing twice, lineage positive cells were identified by staining with a secondary anti-
mouse IgG1 Brilliant Violet 421 (Clone RMG1-1; BioLegend) while Streptavidin Brilliant
Violet 605 (BioLegend) was added for CADM1 detection. Finally, cells were stained with
anti-CD172a FITC (clone BL1H7; Bio-Rad) and anti-CD163 (clone 2A10/11; Bio-Rad) Zenon-
labelled with APC or APC-AF750 (Life Technologies). All antibody incubations were at
4 ◦C for 20 min. To assess the cells for CSFV infection, the same protocol was applied with
the addition of intracellular staining using a mouse antibody WH303 (APHA, Addlestone,
UK) specific to the E2 protein of CSFV. Briefly, once the staining of the surface antigens
was complete, the cells were washed twice with a FACS buffer and incubated with 100 µL
of BD Cytofix/Cytoperm (BD Pharmingen) for 20 min at 4 ◦C before washing twice with
PermWash (BD Biosciences). Cells were then labelled with 5 µL of WH303 Zenon-labelled
with APC and incubated for a further 30 min at 4 ◦C. Finally, the cells were washed twice
with PermWash (BD Biosciences) and resuspended in 100 µL of a FACS buffer and stored
in the dark at 4 ◦C until the flow cytometric analysis on a LSRII Fortessa flow cytometer
(BD Biosciences). Data analysis and compensation were conducted using Kaluza Software
(Beckman Coulter, High Wycombe, UK) and the infection of the different cell subsets was
evaluated by calculating the percentage of infected cells within each population.

4.7. Evaluation of T Cell Responses

Tonsil mononuclear cells were seeded at a concentration of 1× 106 cells/well in 100 µL
of cRPMI in round-bottom 96-well plates (Costar, Sigma-Aldrich, Poole, UK). After seeding,
CSFV Alfort-187 was added at a multiplicity of infection (MOI) of 9. An equivalent volume
of mock-infected cell supernatant was used as a negative control and pokeweed mitogen
(Sigma-Aldrich) at a concentration of 10 µg/mL was used as a positive control. The plates
were cultured for 17 h (5% CO2, 37 ◦C) before the addition of BD GolgiPlug (BD Bioscience)
at a final concentration of 0.2 µg/mL and incubation at 37 ◦C for a further 6 h. Cells were
then washed twice with a FACS buffer and incubated for 10 min at room temperature with
5 µL of Live Dead Fixable Near IR dead stain (ThermoFisher), anti-CD8 PE (clone 76-2-11,
BD Biosciences) and anti-CD4 PerCP-Cy5.5 (clone 74-12-4, BD Biosciences). After surface
staining, the cells were washed twice with a FACS buffer and incubated with 200 µL of
BD Cytofix/Cytoperm (BD Pharmingen) for 20 min at 4 ◦C. After washing twice with
BD Perm/Wash (BD Pharmingen) the cells were incubated for a further 30 min at 4 ◦C
with anti-IFN-γ AF647 (clone P2G10, BD Biosciences) and anti-TNF BV421 (clone MAb 11,
Biolegend) diluted in BD Perm/Wash. After washing the cells twice with BD Perm/Wash
(BD Pharmingen) they were finally resuspended in 200 µL FACS buffer before analysis on a
MACS Quant Analyzer (Miltenyi Biotec). Data analysis and compensation were conducted
using MACS Quant Software (Miltenyi Biotec).

4.8. Statistical Analysis

Statistical methods and the number of samples/animals used are detailed in the figure
legends. GraphPad Prism 7.0 (GraphPad software, La Jolla, CA, USA) was used for the
analysis of data sets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22168795/s1, Figure S1. Gating strategy for assessment of infection in distinct tonsil
myeloid cell populations in vivo during early stages of infection, Figure S2. Gating strategy for
evaluation of T cell responses IFN-g and TNF-a in the porcine tonsil.

https://www.mdpi.com/article/10.3390/ijms22168795/s1
https://www.mdpi.com/article/10.3390/ijms22168795/s1


Int. J. Mol. Sci. 2021, 22, 8795 14 of 16

Author Contributions: Conceptualization, F.S. (Falko Steinbach), D.W., S.P.G., H.R.C. and J.C.E.;
methodology, F.S. (Ferran Soldevila), S.P.G. and J.C.E.; formal analysis, F.S. (Ferran Soldevila) and
J.C.E.; investigation, F.S. (Ferran Soldevila) and J.C.E.; resources, H.R.C. and F.S. (Falko Steinbach);
data curation, F.S. (Ferran Soldevila); writing—original draft preparation, J.C.E. and F.S. (Ferran
Soldevila); writing—review and editing, F.S. (Ferran Soldevila), J.C.E., H.R.C., S.P.G., D.W. and F.S.
(Falko Steinbach); visualization, F.S. (Ferran Soldevila), S.P.G. and J.C.E.; supervision, F.S. (Falko
Steinbach), D.W. and J.C.E.; project administration, H.R.C.; funding acquisition, F.S. (Falko Steinbach),
D.W., S.P.G. and H.R.C. All authors have read and agreed to the published version of the manuscript.

Funding: Research was funded by the Department for Environment, Food and Rural Affairs and the
Scottish and Welsh governments, grant numbers SE2207 and SE2210.

Institutional Review Board Statement: The study was conducted under the UK Animals (Scientific
Procedures) Act 1986 and approved by the Animal welfare and ethics review board at the APHA
3 June 2016. HO Project License PPL 70-7403.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Bentley Crudgington and Sarah McGowan for their help
with the animal experiment and data collection.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Blome, S.; Staubach, C.; Henke, J.; Carlson, J.; Beer, M. Classical swine fever—An updated review. Viruses 2017, 9, 86. [CrossRef]

[PubMed]
2. Moennig, V. Introduction to classical swine fever: Virus, disease and control policy. Vet. Microbiol. 2000, 73, 93–102. [CrossRef]
3. OIE. Chapter 15.2: Infection with Classical Swine Fever Virus. In Terrestrial Animal Health Code; OIE: Paris, France, 2019; pp. 1–14.
4. Elber, A.R.; Stegeman, A.; Moser, H.; Ekker, H.M.; Smak, J.A.; Pluimers, F.H. The classical swine fever epidemic 1997–1998 in The

Netherlands: Descriptive epidemiology. Prev. Vet. Med. 1999, 42, 157–184. [CrossRef]
5. Stegeman, A.; Elbers, A.; de Smit, H.; Moser, H.; Smak, J.; Pluimers, F. The 1997–1998 epidemic of classical swine fever in the

Netherlands. Vet. Microbiol. 2000, 73, 183–196. [CrossRef]
6. Ganges, L.; Crooke, H.R.; Bohórquez, J.A.; Postel, A.; Sakoda, Y.; Becher, P.; Ruggli, N. Classical swine fever virus: The past,

present and future. Virus Res. 2020, 289, 198151. [CrossRef] [PubMed]
7. Graham, S.P.; Everett, H.E.; Haines, F.J.; Johns, H.L.; Sosan, O.A.; Salguero, F.J.; Clifford, D.J.; Steinbach, F.; Drew, T.W.; Crooke,

H.R. Challenge of pigs with classical swine fever viruses after C-strain vaccination reveals remarkably rapid protection and
insights into early immunity. PLoS ONE 2012, 7, e29310. [CrossRef]

8. Kaden, V.; Lange, B. Oral immunisation against classical swine fever (CSF): Onset and duration of immunity. Vet. Microbiol. 2001,
82, 301–310. [CrossRef]

9. Liess, B. Pathogenesis and epidemiology of hog cholera. Ann. Rech. Vet. 1987, 18, 139–145. [PubMed]
10. Ressang, A.A. Studies on the pathogenesis of hog cholera. II. Virus distribution in tissue and the morphology of the immune

response. Zentralbl. Vet. B 1973, 20, 272–288. [CrossRef]
11. Summerfield, A.; Hofmann, M.A.; McCullough, K.C. Low density blood granulocytic cells induced during classical swine fever

are targets for virus infection. Vet. Immunol. Immunopathol. 1998, 63, 289–301. [CrossRef]
12. Knoetig, S.M.; Summerfield, A.; Spagnuolo-Weaver, M.; McCullough, K.C. Immunopathogenesis of classical swine fever: Role of

monocytic cells. Immunology 1999, 97, 359–366. [CrossRef]
13. Gomez-Villamandos, J.C.; Ruiz-Villamor, E.; Bautista, M.J.; Sanchez, C.P.; Sanchez-Cordon, P.J.; Salguero, F.J.; Jover, A. Morpho-

logical and immunohistochemical changes in splenic macrophages of pigs infected with classical swine fever. J. Comp. Pathol.
2001, 125, 98–109. [CrossRef]

14. Sánchez-Cordón, P.J.; Romanini, S.; Salguero, F.J.; Núñez, A.; Bautista, M.J.; Jover, A.; Gómez-Villamos, J.C. Apoptosis of
thymocytes related to cytokine expression in experimental classical swine fever. J. Comp. Pathol. 2002, 127, 239–248. [CrossRef]
[PubMed]

15. Jamin, A.; Gorin, S.; Cariolet, R.; Le Potier, M.-F.F.; Kuntz-Simon, G. Classical swine fever virus induces activation of plasmacytoid
and conventional dendritic cells in tonsil, blood, and spleen of infected pigs. Vet. Res. 2008, 39, 7. [CrossRef]

16. Gomez-Villamandos, J.C.; Salguero, F.J.; Ruiz-Villamor, E.; Sánchez-Cordón, P.J.; Bautista, M.J.; Sierra, M.A. Classical Swine Fever:
Pathology of bone marrow. Vet. Pathol. 2003, 40, 157–163. [CrossRef]

17. Summerfield, A.; Knötig, S.M.; McCullough, K.C. Lymphocyte apoptosis during classical swine fever: Implication of activation-
induced cell death. J. Virol. 1998, 72, 1853–1861. [CrossRef]

http://doi.org/10.3390/v9040086
http://www.ncbi.nlm.nih.gov/pubmed/28430168
http://doi.org/10.1016/S0378-1135(00)00137-1
http://doi.org/10.1016/S0167-5877(99)00074-4
http://doi.org/10.1016/S0378-1135(00)00144-9
http://doi.org/10.1016/j.virusres.2020.198151
http://www.ncbi.nlm.nih.gov/pubmed/32898613
http://doi.org/10.1371/journal.pone.0029310
http://doi.org/10.1016/S0378-1135(01)00400-X
http://www.ncbi.nlm.nih.gov/pubmed/3304111
http://doi.org/10.1111/j.1439-0450.1973.tb01127.x
http://doi.org/10.1016/S0165-2427(98)00108-1
http://doi.org/10.1046/j.1365-2567.1999.00775.x
http://doi.org/10.1053/jcpa.2001.0487
http://doi.org/10.1053/jcpa.2002.0587
http://www.ncbi.nlm.nih.gov/pubmed/12443731
http://doi.org/10.1051/vetres:2007045
http://doi.org/10.1354/vp.40-2-157
http://doi.org/10.1128/JVI.72.3.1853-1861.1998


Int. J. Mol. Sci. 2021, 22, 8795 15 of 16

18. Koenig, P.; Hoffmann, B.; Depner, K.R.; Reimann, I.; Teifke, J.P.; Beer, M. Detection of classical swine fever vaccine virus in blood
and tissue samples of pigs vaccinated either with a conventional C-strain vaccine or a modified live marker vaccine. Vet. Microbiol.
2007, 120, 343–351. [CrossRef]

19. Belák, K.; Koenen, F.; Vanderhallen, H.; Mittelholzer, C.; Feliziani, F.; De Mia, G.M.; Belák, S. Comparative studies on the
pathogenicity and tissue distribution of three virulence variants of classical swine fever virus, two field isolates and one vaccine
strain, with special regard to immunohistochemical investigations. Acta Vet. Scand. 2008, 50, 34. [CrossRef] [PubMed]

20. Tignon, M.; Kulcsár, G.; Haegeman, A.; Barna, T.; Fábián, K.; Lévai, R.; Van der Stede, Y.; Farsang, A.; Vrancken, R.; Belák, K.; et al.
Classical swine fever: Comparison of oronasal immunisation with CP7E2alf marker and C-strain vaccines in domestic pigs. Vet.
Microbiol. 2010, 142, 59–68. [CrossRef]

21. Graham, S.P.; Haines, F.J.; Johns, H.L.; Sosan, O.; La Rocca, S.A.; Lamp, B.; Rumenapf, T.; Everett, H.E.; Crooke, H.R.; Rümenapf,
T. Characterisation of vaccine-induced, broadly cross-reactive IFN-gamma secreting T cell responses that correlate with rapid
protection against classical swine fever virus. Vaccine 2012, 30, 2742–2748. [CrossRef] [PubMed]

22. Franzoni, G.; Kurkure, N.V.; Edgar, D.S.; Everett, H.E.; Gerner, W.; Bodman-Smith, K.B.; Crooke, H.R.; Graham, S.P. Assessment
of the Phenotype and Functionality of Porcine CD8 T Cell Responses following Vaccination with Live Attenuated Classical Swine
Fever Virus (CSFV) and Virulent CSFV Challenge. Clin. Vaccine Immunol. 2013, 20, 1604–1616. [CrossRef] [PubMed]

23. Summerfield, A.; Ruggli, N. Immune Responses Against Classical Swine Fever Virus: Between Ignorance and Lunacy. Front. Vet.
Sci. 2015, 2, 10. [CrossRef]

24. Balmelli, C.; Vincent, I.E.; Rau, H.; Guzylack-Piriou, L.; McCullough, K.; Summerfield, A. Fc gamma RII-dependent sensitisation
of natural interferon-producing cells for viral infection and interferon-alpha responses. Eur. J. Immunol. 2005, 35, 2406–2415.
[CrossRef] [PubMed]

25. Summerfield, A.; Alves, M.; Ruggli, N.; de Bruin, M.G.M.; McCullough, K.C. High IFN-alpha responses associated with depletion
of lymphocytes and natural IFN-producing cells during classical swine fever. J. Interferon Cytokine Res. 2006, 26, 248–255.
[CrossRef]

26. Ruggli, N.; Summerfield, A.; Fiebach, A.R.; Guzylack-Piriou, L.; Bauhofer, O.; Lamm, C.G.; Waltersperger, S.; Matsuno, K.; Liu, L.;
Gerber, M.; et al. Classical swine fever virus can remain virulent after specific elimination of the interferon regulatory factor
3-degrading function of Npro. J. Virol. 2009, 83, 817–829. [CrossRef] [PubMed]

27. Chen, L.-J.; Dong, X.-Y.; Shen, H.-Y.; Zhao, M.-Q.; Ju, C.-M.; Yi, L.; Zhang, X.-T.; Kang, Y.-M.; Chen, J.-D. Classical swine fever
virus suppresses maturation and modulates functions of monocyte-derived dendritic cells without activating nuclear factor
kappa B. Res. Vet. Sci. 2012, 93, 529–537. [CrossRef] [PubMed]

28. Soldevila, F.; Edwards, J.C.; Graham, S.P.; Stevens, L.M.; Crudgington, B.; Crooke, H.R.; Werling, D.; Steinbach, F. Characterization
of the myeloid cell populations’ resident in the porcine palatine tonsil. Front. Immunol. 2018, 9, 1–16. [CrossRef]

29. Núñez, A.; Sánchez-Cordón, P.J.; Pedrera, M.; Gómez-Villamandos, J.C.; Carrasco, L. Pulmonary intravascular macrophages
regulate the pathogenetic mechanisms of pulmonary lesions during acute courses of classical swine fever. Transbound. Emerg. Dis.
2018, 65, 1885–1897. [CrossRef]

30. Lin, Z.; Liang, W.; Kang, K.; Li, H.; Cao, Z.; Zhang, Y. Classical swine fever virus and p7 protein induce secretion of IL-1β in
macrophages. J. Gen. Virol. 2014, 95, 2693–2699. [CrossRef]

31. Gerner, W.; Käser, T.; Saalmüller, A. Porcine T lymphocytes and NK cells—An update. Dev. Comp. Immunol. 2009, 33, 310–320.
[CrossRef]

32. Donahue, B.C.; Petrowski, H.M.; Melkonian, K.; Ward, G.B.; Mayr, G.A.; Metwally, S. Analysis of clinical samples for early
detection of classical swine fever during infection with low, moderate, and highly virulent strains in relation to the onset of
clinical signs. J. Virol. Methods 2012, 179, 108–115. [CrossRef]

33. McCullough, K.C.; Ruggli, N.; Summerfield, A. Dendritic cell—At the front-line of pathogen attack. Vet. Immunol. Immunopathol.
2009, 128, 7–15. [CrossRef] [PubMed]

34. Fiebach, A.R.; Guzylack-Piriou, L.; Python, S.; Summerfield, A.; Ruggli, N. Classical swine fever virus N(pro) limits type I
interferon induction in plasmacytoid dendritic cells by interacting with interferon regulatory factor 7. J. Virol. 2011, 85, 8002–8011.
[CrossRef]

35. Python, S.; Gerber, M.; Suter, R.; Ruggli, N.; Summerfield, A. Efficient sensing of infected cells in absence of virus particles by
plasmacytoid dendritic cells is blocked by the viral ribonuclease Erns. PLoS Pathog. 2013, 9, e1003412. [CrossRef] [PubMed]

36. Högger, P.; Dreier, J.; Droste, A.; Buck, F.; Sorg, C. Identification of the integral membrane protein RM3/1 on human monocytes as
a glucocorticoid-inducible member of the scavenger receptor cysteine-rich family (CD163). J. Immunol. 1998, 161, 1883–1890.

37. Chamorro, S.; Revilla, C.; Álvarez, B.; Alonso, F.; Ezquerra, Á.; Domínguez, J. Phenotypic and functional heterogeneity of porcine
blood monocytes and its relation with maturation. Immunology 2005, 114, 63–71. [CrossRef]

38. Chamorro, S.; Revilla, C.; Gómez, N.; Alvarez, B.; Alonso, F.; Ezquerra, A.; Domínguez, J. In vitro differentiation of porcine blood
CD163- and CD163+ monocytes into functional dendritic cells. Immunobiology 2004, 209, 57–65. [CrossRef]

39. Burkard, C.; Lillico, S.G.; Reid, E.; Jackson, B.; Mileham, A.J.; Ait-Ali, T.; Whitelaw, C.B.A.; Archibald, A.L. Precision engineering
for PRRSV resistance in pigs: Macrophages from genome edited pigs lacking CD163 SRCR5 domain are fully resistant to both
PRRSV genotypes while maintaining biological function. PLoS Pathog. 2017, 13, e1006206. [CrossRef]

http://doi.org/10.1016/j.vetmic.2006.10.034
http://doi.org/10.1186/1751-0147-50-34
http://www.ncbi.nlm.nih.gov/pubmed/18775072
http://doi.org/10.1016/j.vetmic.2009.09.044
http://doi.org/10.1016/j.vaccine.2012.02.029
http://www.ncbi.nlm.nih.gov/pubmed/22366027
http://doi.org/10.1128/CVI.00415-13
http://www.ncbi.nlm.nih.gov/pubmed/23966552
http://doi.org/10.3389/fvets.2015.00010
http://doi.org/10.1002/eji.200525998
http://www.ncbi.nlm.nih.gov/pubmed/16021600
http://doi.org/10.1089/jir.2006.26.248
http://doi.org/10.1128/JVI.01509-08
http://www.ncbi.nlm.nih.gov/pubmed/18987150
http://doi.org/10.1016/j.rvsc.2011.06.026
http://www.ncbi.nlm.nih.gov/pubmed/21764089
http://doi.org/10.3389/fimmu.2018.01800
http://doi.org/10.1111/tbed.12970
http://doi.org/10.1099/vir.0.068502-0
http://doi.org/10.1016/j.dci.2008.06.003
http://doi.org/10.1016/j.jviromet.2011.10.008
http://doi.org/10.1016/j.vetimm.2008.10.290
http://www.ncbi.nlm.nih.gov/pubmed/19036457
http://doi.org/10.1128/JVI.00330-11
http://doi.org/10.1371/annotation/4290dfee-64fd-4157-89e3-8edbba912420
http://www.ncbi.nlm.nih.gov/pubmed/29220843
http://doi.org/10.1111/j.1365-2567.2004.01994.x
http://doi.org/10.1016/j.imbio.2004.02.002
http://doi.org/10.1371/journal.ppat.1006206


Int. J. Mol. Sci. 2021, 22, 8795 16 of 16

40. Villani, A.-C.; Satija, R.; Reynolds, G.; Sarkizova, S.; Shekhar, K.; Fletcher, J.; Griesbeck, M.; Butler, A.; Zheng, S.; Lazo, S.; et al.
Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science 2017, 356. [CrossRef]
[PubMed]

41. Bourdely, P.; Anselmi, G.; Vaivode, K.; Ramos, R.N.; Missolo-Koussou, Y.; Hidalgo, S.; Tosselo, J.; Nuñez, N.; Richer, W.; Vincent-
Salomon, A.; et al. Transcriptional and Functional Analysis of CD1c(+) Human Dendritic Cells Identifies a CD163(+) Subset
Priming CD8(+)CD103(+) T Cells. Immunity 2020, 53, 335–352.e8. [CrossRef]

42. Núñez, A.; Gómez-Villamandos, J.C.; Sánchez-Cordón, P.J.; Fernández de Marco, M.; Pedrera, M.; Salguero, F.J.; Carrasco, L.
Expression of proinflammatory cytokines by hepatic macrophages in acute classical swine fever. J. Comp. Pathol. 2005, 133, 23–32.
[CrossRef]

43. Carrasco, L.; Ruiz-Villamor, E.; Gomez-Villamandos, J.C.; Salguero, F.J.; Bautista, M.J.; Macia, M.; Quezada, M.; Jover, A. Classical
swine fever: Morphological and morphometrical study of pulmonary intravascular macrophages. J. Comp. Pathol. 2001, 125, 1–7.
[CrossRef] [PubMed]

44. Sánchez-Cordón, P.J.; Núñez, A.; Salguero, F.J.; Pedrera, M.; Fernández de Marco, M.; Gómez-Villamandos, J.C. Lymphocyte
apoptosis and thrombocytopenia in spleen during classical swine fever: Role of macrophages and cytokines. Vet. Pathol. 2005, 42,
477–488. [CrossRef]

45. Auray, G.; Talker, S.C.; Keller, I.; Python, S.; Gerber, M.; Liniger, M.; Ganges, L.; Bruggmann, R.; Ruggli, N.; Summerfield, A.
High-Resolution Profiling of Innate Immune Responses by Porcine Dendritic Cell Subsets in vitro and in vivo. Front. Immunol.
2020, 11, 1429. [CrossRef]

46. Merad, M.; Sathe, P.; Helft, J.; Miller, J.; Mortha, A. The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and
Their Subsets in the Steady State and the Inflamed Setting. Annu. Rev. Immunol. 2013, 31, 563–604. [CrossRef] [PubMed]

47. Schlitzer, A.; Ginhoux, F. Organization of the mouse and human DC network. Curr. Opin. Immunol. 2014, 26, 90–99. [CrossRef]
48. McCarthy, R.R.; Everett, H.E.; Graham, S.P.; Steinbach, F.; Crooke, H.R. Head Start Immunity: Characterizing the Early Protection

of C Strain Vaccine Against Subsequent Classical Swine Fever Virus Infection. Front. Immunol. 2019, 10, 1584. [CrossRef]
49. Norbury, C.C.; Malide, D.; Gibbs, J.S.; Bennink, J.R.; Yewdell, J.W. Visualizing priming of virus-specific CD8+ T cells by infected

dendritic cells in vivo. Nat. Immunol. 2002, 3, 265–271. [CrossRef]
50. Everett, H.; Salguero, F.J.; Graham, S.P.; Haines, F.; Johns, H.; Clifford, D.; Nunez, A.; La Rocca, S.A.; Parchariyanon, S.; Steinbach,

F.; et al. Characterisation of experimental infections of domestic pigs with genotype 2.1 and 3.3 isolates of classical swine fever
virus. Vet. Microbiol. 2010, 142, 26–33. [CrossRef]

51. Hoffmann, B.; Beer, M.; Schelp, C.; Schirrmeier, H.; Depner, K. Validation of a real-time RT-PCR assay for sensitive and specific
detection of classical swine fever. J. Virol. Methods 2005, 130, 36–44. [CrossRef] [PubMed]

http://doi.org/10.1126/science.aah4573
http://www.ncbi.nlm.nih.gov/pubmed/28428369
http://doi.org/10.1016/j.immuni.2020.06.002
http://doi.org/10.1016/j.jcpa.2005.01.003
http://doi.org/10.1053/jcpa.2001.0470
http://www.ncbi.nlm.nih.gov/pubmed/11437510
http://doi.org/10.1354/vp.42-4-477
http://doi.org/10.3389/fimmu.2020.01429
http://doi.org/10.1146/annurev-immunol-020711-074950
http://www.ncbi.nlm.nih.gov/pubmed/23516985
http://doi.org/10.1016/j.coi.2013.11.002
http://doi.org/10.3389/fimmu.2019.01584
http://doi.org/10.1038/ni762
http://doi.org/10.1016/j.vetmic.2009.09.039
http://doi.org/10.1016/j.jviromet.2005.05.030
http://www.ncbi.nlm.nih.gov/pubmed/16055202

	Introduction 
	Results 
	CSFV Infection Is Restricted to Tonsils during the Early Time Points 
	CSFV Infection Leads to Changes in the Myeloid Cell Compartment and the C-Strain Alters the DC Composition 
	Effect of CSFV Infection upon MHC-II Expression on Myeloid Cells 
	CSFV Has a Strong Tropism for the Newly Arising CD14+CD163+ Cells 
	Detection of CSFV-Specific T Cell Responses in Tonsils of Inoculated Animals 
	Correlation between DC Modulation and CSFV-Specific IFN-+ CD8+ T Cell Responses with Viral Load in the Porcine Palatine Tonsil 

	Discussion 
	Materials and Methods 
	Animals, Viruses and Study Design 
	Clinical Monitoring of Pigs 
	Assessment of Peripheral Blood Mononuclear Cell Counts 
	Detection of CSFV in Blood and Tonsils 
	Enrichment of Tonsillar Myeloid Cells by Negative Selection Using Lymphocyte-Specific Antibodies 
	Assessment of Myeloid Cell Frequency and Virus Infection 
	Evaluation of T Cell Responses 
	Statistical Analysis 

	References

