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ABSTRACT
Despite the great interest in the development of a vaccine against African swine fever (ASF) in 
wild boar, the immunological mechanisms that induce animal protection are still unknown. For 
this purpose, tertiary lymphoid organs (TLOs) of wild boar were characterised and compared 
with mucosa-associated lymphoid tissues (MALTs) by histopathology, histomorphometry and 
immunohistochemistry (CD3, CD79, PAX5, LYVE1, fibronectin). In addition, real-time polymerase 
chain reaction (qPCR) and immunohistochemistry (p72) were used to evaluate the presence of 
ASF virus (ASFV) in blood and tissues samples, respectively. TLOs were observed in animals 
infected with a low-virulent ASFV isolate (LVI), animals co-infected with low and high-virulent 
ASFV isolates (LVI-HVI) and animals infected only with the high virulence isolate (HVI). TLOs in 
LVI and LVI-HVI groups were located adjacent to the mucosa and presented a similar structure 
to MALT. Immunoexpresion of p72 observed in the inflammatory cells adjacent to TLOs/MALTs 
confirmed its development and reactivity generated by ASF attenuated isolates. 
Immunohistochemical evaluation, based on cellular composition (T and B lymphocytes), and 
histomorphometrical study revealed a more pronounced maturation of TLOs/MALTs in the LVI-
HVI group. It is currently unclear whether these formations play a protective role by contributing 
to local immunity in chronic inflammatory diseases. However, the structural similarities between 
TLOs and MALTs and the location of TLOs close to the mucosa suggest that they may perform 
a similar function, facilitating a local protective response. Nevertheless, further investigations 
are warranted to assess the cellular and humoral dynamics of these lymphoid organs induced 
by attenuated isolates.

1.  Introduction

African swine fever (ASF) is a haemorrhagic disease 
affecting domestic pigs and wild boar (Sus scrofa) that 
must be notified to the World Organisation for Animal 
Health (WOAH) (WOAH 2023). The causative agent of 
ASF is a large, enveloped, double-stranded DNA virus, 
which is the only member of the genus Asfivirus 
within the family Asfarviridae (Arias et  al. 2002).

ASF is currently a serious socioeconomic and 
health-related threat to the global swine industry 
(Sánchez-Cordón et  al. 2018). Europe is currently sub-
jected to an ongoing emergency aggravated by the 
lack of a commercial vaccine and effective treatments 
against ASF (Sánchez-Vizcaíno et  al. 2015; WAHIS: 
World Animal Health Information System 2023). 
Moreover, wild boar plays a key role in both the 
spread of the infection and its maintenance within 
the neighbouring countries of the European Union 

(EU) (Chenais et  al. 2018). This is due to the increase 
in wild boar population density, multiple entry points 
of the disease through infected wild boar, the loca-
tion of farms and its poor biosecurity measures 
(Cadenas-Fernández et  al. 2019; Jurado et  al. 2018). 
The behaviour of wild boars, such as their scavenging, 
is also very important since ASFV is mainly transmit-
ted by contact with blood (Barasona et al. 2021; Cukor 
et  al. 2019). However, there are very few published 
studies on the histopathological lesions found in the 
different forms of disease in wild boars infected with 
ASFV isolates of different virulence (Pietschmann et  al. 
2015; Pikalo et  al. 2020; Rodríguez-Bertos et  al. 2020; 
Sánchez-Cordón et  al. 2019; Sehl et  al. 2020). Despite 
the highly problematic role of wild boar in the spread 
and maintenance of the disease, current studies on 
the development of an ASFV vaccine are mainly 
focused on domestic pigs (Barasona et  al. 2019).
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The development of a vaccine has been addition-
ally hampered by ASFV genetic complexity, gaps in 
the knowledge concerning ASFV infection and immu-
nity, the lack of development of neutralizing anti-
bodies in animals and the lack of stable cell lines for 
research, among others (Arias et  al. 2018; Barasona 
et al. 2019; Blome et al. 2020). Therefore, our research 
team has conducted experimental studies to evalu-
ate the safety and efficacy of naturally attenuated 
isolates of ASFV as vaccine candidates for wild boar, 
demonstrating its potential to induce an immune 
response against highly virulent isolates (Barasona 
et  al. 2019; Rodríguez-Bertos et  al. 2020).

On the other hand, the subsequent histopatho-
logical evaluation of ASFV-infected animals (from 
the previous experiments discussed above) revealed 
a possible new immunological mechanism related 
to chronic inflammation. This finding was charac-
terised by the formation of tertiary lymphoid 
organs (TLOs) in multiple locations. It is well known 
that lymphoid neogenesis can be induced during 
chronic inflammatory processes, such as infection 
and autoimmunity, leading to the formation of ger-
minal centres and ectopic T-cell areas (Aloisi and 
Pujol-Borrell 2006). Moreover, previous studies have 
suggested that TLOs formed in infected tissues 
probably play a protective role and function to 
contain local infection (Aloisi and Pujol-Borrell 
2006; Carragher et  al. 2008).

This work aims to characterise and compare the 
formation of TLOs with mucosa-associated lymphoid 
tissues (MALT) present in ASFV-infected wild boar by 
histological, histomorphometric and immunohisto-
chemical analyses. In addition, we also studied the 
relationship between the structure and reactivity of 
TLOs and the presence of ASFV isolates of different 
virulence. These studies could be an important start-
ing point as regards determining the function of 
these TLOs in the immune protection systems against 
highly virulent isolates.

2.  Material and methods

2.1.  Experimental design

The experimental design and sample collection used in 
this study were based on previous animal experiments 
described in Barasona et  al. (2019) and Rodríguez-
Bertos et  al. (2020). All experiments performed in this 
study were approved by the Ethics Committee of the 
Community of Madrid (reference PROEX 124/18), and 
were carried out under biosafety level 3 (BSL-3) condi-
tions at the VISAVET Centre of the Complutense 
University of Madrid (UCM) in accordance with 
European, national and regional regulations.

Thirty-eight female wild boar piglets, aged 
3-4 months and weighing 10-15 kg, were obtained from 
a commercial wild boar farm, which had tested nega-
tive for the following main porcine pathogens in the 
region: Aujeszky virus, Mycobacterium bovis, Mycoplasma 
hyopneumoniae and type 2 porcine circovirus.

Four different groups were included in this 
study: low-virulent ASFV isolate (LVI) group, low 
and high-virulent ASFV isolates (LVI-HVI) group, 
high-virulent ASFV isolate (HVI) group and the neg-
ative control group (Figure 1). The first group (LVI 
group) consisted of six animals orally infected with 
104 TCID50 of the low virulence isolate Lv17/WB/
Rie1 of naturally attenuated ASF virus, with demon-
strated potential to induce an immune response in 
both domestic pigs and wild boar (Barasona et  al. 
2019; Gallardo et  al. 2019). The second group (LVI-
HVI group) was composed of 13 animals orally 
infected with 104 TCID50 of the attenuated ASFV 
Lv17/WB/Rie1 isolate and exposed to a highly viru-
lent isolate (Armenia07 (Arm07)). Both groups (LVI 
and LVI-HVI) had the same immunization period 
(30 days post-infection (dpi)). However, animals in 
the LVI group were sacrificed at 30 dpi, while ani-
mals in the LVI-HVI group were sacrificed 24 days 
later after challenge with the highly virulent isolate 
in order to evaluate the protection conferred by 
this isolate. The third group (HVI group) consisted 
of 17 animals, six of which were infected intramus-
cularly with a highly virulent isolate (Arm07) (excre-
tory animals) and the remaining 11 animals by 
exposure to the excretory animal group. Animals 
within HVI group were kept up to a limit of 15 dpi. 
In addition, four of the six excretory animals (n = 4) 
within HVI group were used to challenge LVI-HVI 
animals. Finally, the fourth group (negative control 
group) was composed of two healthy animals not 
infected by any ASFV isolate.

2.2.  Clinical evaluation

Animals were observed daily throughout the trial 
in order to monitor their health status. This was 
done using a videocamera (recording 24 h a day) 
and by means of visits from a veterinarian special-
ising in wildlife. The evolution of the ASFV infec-
tion was evaluated in terms of a quantitative 
clinical score (CS) in accordance with specific 
parameters for ASFV infection in wild boar described 
by Cadenas-Fernández et al. (2020). This CS includes 
rectal temperature, behaviour, body condition, 
alterations in skin, ocular/nasal discharge, the swell-
ing of joints, respiratory symptoms, digestive symp-
toms, and neurological symptoms. Fever was 
defined as a rectal temperature above 40.0 °C. All 
clinical observations were recorded on a daily basis, 
with the exception of temperature in order to min-
imise animal handling and stress. The humane end-
point was pre-defined as animals with a CS > 18, 
and animals that showed severe clinical signs (level 
4) of fever, behaviour, body condition, respiratory 
and digestive symptoms for more than two consec-
utive days were also included, following the guide-
lines described by Cadenas-Fernández et  al. (2020). 
Any animals that were, according to veterinary cri-
teria, suffering unacceptably without reaching the 
pre-defined humane endpoint were also euthanised.
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2.3.  Sampling

EDTA-blood was collected from each animal once a 
week during the study period. Viral DNA was 
extracted from 200 µl of each sample using the High 
Pure Template Preparation Mix Kit (Roche Diagnostics 
GmbH, Mannheim, Germany) according to the man-
ufacturer’s instructions. A post-mortem examination 
was performed on all the animals at the end of the 
study. A total of 20 tissue samples were collected 
from each animal, including lymph nodes (mandibu-
lar, renal, mediastinal, retropharyngeal, mesenteric, 
prescapular, gastrohepatic, inguinal lymph nodes), 
spleen, liver, lung, heart, kidney, brain, urinary blad-
der, intestine, diaphragm, bone marrow and synovial 
membranes. All tissues were taken in order to assess 
histopathological changes, immunohistochemical 
analysis and ASFV DNA detection (qPCR).

2.4.  Pathological study

During the necropsies, macroscopic lesions were eval-
uated following a previously performed protocol 
(Rodríguez-Bertos et  al. 2020) based on the study by 
Galindo-Cardiel et  al. (2013). In the current study, suc-
cessive cuts were made during trimming to obtain 
three cassettes of the same tissue. The three cassettes 
of the 20 tissue samples collected from each animal 
were fixed in 10% neutral formalin for 72 h, automat-
ically processed (Citadel 2000 Tissue Processor, Thermo 

Fisher Scientific, Waltham, MA), and embedded in par-
affin (HistoStar Embedding Workstation, Thermo 
Fisher Scientific). Consecutive sections of four µm 
thickness were obtained for each cassette using a 
microtome (FinesseMe+, Thermo Fisher Scientific), 
and were stained with hematoxylin-eosin (Gemini AS 
Automated Slide Stainer, Thermo Fisher Scientific). In 
all cases in which TLO/MALT were observed, ten con-
secutive four µm thick sections were subsequently 
made for each cassette using a microtome.

2.5.  Immunohistochemical examination

The paraffin sections placed on positively charged 
glass slides were deparaffinised in xylene and rehy-
drated. This step was carried out using the Epredia 
PT module Deparaffin and Heat Induced Epitope 
Retrieval (HIER). Endogenous peroxidase was blocked 
by immersing the samples in 3% hydrogen peroxide 
in a methanol solution (PanreacQuímica S.L.U.) for 
15 min. The samples were then incubated with 2.5% 
normal horse serum (ImmPRESS ® VR Horse anti-
mouse IGG Polymer Kit, Vector Laboratories) for 
blocking (RTU) for 1 h. The slides were subsequently 
incubated overnight at 4 °C with the primary anti-
bodies detailed in Table 1 (DAKO, Glostrup, Denmark; 
Thermo Fisher Scientific, Waltham, MA, USA; Abcam, 
Cambridge, UK; Ingenasa, Madrid, Spain). Positive 
and negative controls were included in each batch of 
slides. For negative controls, the primary antibody 

Figure 1.  Scheme of the study design, including the four groups (LVI, LVI-HVI, HVI and the control group), from prime inoc-
ulation to the end of the experiment (15, 30, 54 days post-infection).
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was omitted and substituted for tris-buffered saline. 
A spleen from a wild boar infected with the Arm07 
ASFV isolate was used as a positive control. The sec-
ondary antibody (ImmPRESS ® VR Horse AntiMouse/
AntiRabbit IGG Polymer Kit, Peroxidase; Vector 
Laboratories) was added the following morning and 
incubated for 1 h. The revealing process was carried 
out using peroxidase (ImmPACT ® NovaRED®Substrate 
Kit Peroxidase) and the samples were then count-
er-stained with hematoxylin (Gemini AS Automated 
Slide Stainer, Thermo Fisher Scientific).

The histopathological and immunohistochemical 
evaluation for the detection and characterisation of 
TLOs was carried out according to previously pro-
posed criteria (Hiraoka et  al. 2016; Neyt et  al. 2012) 
based on cellular composition and vascular struc-
ture. CD3 (T-cells) and CD79/PAX(B-cells) were, 
therefore, used to characterise the phenotype lym-
phocytes, while LYVE1 was used for the lymphatic 
vessels and fibronectin for the reticullar extracellu-
lar matrix of which the microchannels (conduits) 
are composed. The presence of ASFV near TLOs 
was detected by performing a semi-quantitative 
assessment of cells immunolabeled for ASF viral 
antigen (protein p72-18BG3) on different organs, 
which were evaluated as follows: immunolabeled 
mononuclear cells were counted in 5 adjacent 
(close to the lymphoid formations) non-overlapping 
fields under high-power field (HPF) magnification 
(400×). A score from 0 to 4 was assigned to each 
sample: (0) no presence of immunolabeled cells; (1) 
1–10 immunolabeled cells; (2) >10-25 immunola-
beled cells; (3) >25-100 immunolabeled cells; (4) 
>100 immunolabeled cells.

2.6.  Histomorphometric study

Ten consecutive sections of the three cassettes in 
each organ were evaluated under a light microscope 
in order to locate all TLO/MALT-compatible forma-
tions and their morphometric changes. The histo-
morphometric evaluation was performed using an 
image analyser (Leica Application Suite v.4, Leica 
Wetzlar, Germany) and the total length and width of 
each lymphoid formation were measured by means 
of CD3 immunohistochemistry. Moreover, an immu-
nohistochemical study of PAX5 was employed in 
order to obtain the length and width of the germi-
nal centre.

2.7.  Real-time polymerase chain reaction (qPCR)

A total of 20 tissue samples were collected from 
each animal. DNA extraction was performed immedi-
ately after sample collection. Positive qPCR results 
were determined by identifying the threshold cycle 
value (Ct) at which reporter dye emission appeared 
above background fluorescence within 40 cycles. For 
this study, only the blood ASFV Ct values obtained 
on the last day (day of euthanasia) were considered. 
The detection of the ASFV DNA in blood and tissue 
samples was performed using the Universal Probe 
Library (UPL) real-time PCR (qPCR) recommended by 
the World Organisation for Animal Health (WOAH) 
and previously described by Fernández-Pinero et  al. 
(2013). Positive and negative controls were used in 
DNA extraction and qPCR. The positive control 
employed was a well-known and sequenced sample 
of the virulent ASFV isolate, while the negative con-
trol was nuclease-free sterile water.

2.8.  Statistical analysis

TLOs and MALTs are three-dimensional formations 
and the histomorphometric study cannot consider 
their total depth. Therefore, to reduce this limitation 
and obtain more reliable results, this methodology 
analysed changes in the width and length of ten tis-
sue sections per cassette made at different depths 
(30 sections total). Then the average of all histomor-
phometric measurements obtained from each lym-
phoid formation was calculated. Differences in the 
occurrence of TLOs and MALTs among groups were 
assessed using a Pearson’s Chi-square test, while dif-
ferences in the histomorphometric results (total size, 
germinal centre size, width and length averages) of 
TLOs/MALTs among groups were assessed using one-
way ANOVA test. All statistical analyses were per-
formed in R Core Team (2023).

3.  Results

3.1.  Clinical evaluation and gross pathological 
findings

Animals in the LVI group showed no relevant clinical 
signs and only one animal presented transient fever. 
Necropsy findings showed mild gross lesions, mainly 
mild hyperaemic splenomegaly accompanied by 
white pulp hypertrophy (6/6), slight hepatomegaly 
with congestion (3/6) and occasional and minimal 
subpleural multifocal petechial haemorrhages in the 
lung (5/6).

In the LVI-HVI group, no relevant clinical signs 
were observed, except for fever during viraemia. The 
post-mortem analysis revealed no pathological find-
ings compatible with ASF, only mild macroscopic 
lesions similar to those found in the LVI group.

Clinical signs of animals in the HVI group were char-
acterised by increased body temperature, decreased 
alertness, walking difficulties, generalised erythema, 

Table 1. L ist of antibodies used in the immunohistochemis-
try study.
Antibody Type Host Dilution Company

Anti-CD3 Polyclonal Rabbit 1:100 DAKO
Anti-PAX5 Monoclonal Mouse Ready to 

use
DAKO

Anti-CD79 Monoclonal Mouse 1:50 DAKO
Anti-LYVE1 Polyclonal Rabbit 1:100 Thermo Fisher 

Scientific
Anti-Fibronectin Polyclonal Rabbit 1:100 Abcam
Anti-VP72 (18BG3) 

ASF
Monoclonal Mouse 1:100 Ingenasa
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slight ocular discharge and digestive symptoms such 
as mucus in the stools and sporadic vomiting. These 
animals died between 7 and 15 days post-infection 
(dpi). In addition, the main necropsy findings com-
prised moderate to severe ascites, hydrothorax and 
hydropericardium. Pulmonary oedema, congestion and 
multifocal haemorrhages on the lung surface were 
observed. There was also congestion, splenomegaly, 
hepatomegaly, lymphadenomegaly and presence of 
haemorrhages of variable severity in the lymph nodes, 
kidney, urinary bladder and intestinal mucosa. Animals 
in the HVI group died between 7 and 15 days post-in-
fection (dpi).

No relevant clinical signs or gross lesions were 
observed in the negative control group.

3.2.  Histopathological, histomorphometrical and 
immunohistochemical evaluation

The formation of immune cell aggregates, composed 
of T and B lymphocytes, accompanied by blood and 
lymphatic vessels and resembling a secondary lym-
phoid organ (SLO) structure was observed in 15/36 
cases (42%). Depending on the location of these 
lymphoid aggregates, it was possible to differentiate 
between tertiary lymphoid organs (TLOs) and sec-
ondary lymphoid organs (SLOs), specifically muco-
sa-associated lymphoid tissues (MALTs).

MALT observed in wild boars included gut-associ-
ated lymphoid tissues (GALTs) located (in solitary 
form) in the duodenum and (clustered together) in 
the jejunum, and bronchus-associated lymphoid tis-
sues (BALTs), which were located perivascularly and 
were not close to the bronchus or bronchiole. In 
addition, there were infrequent isolated localisations 
in the gallbladder, urinary bladder and oesophagus 
(Table 2). Furthermore, the TLOs found in this study 
were mainly located in the kidney, but also in the 
synovial membrane and pancreas.

Lymphoid organs were found in five animals from 
the LVI group (83.3%) and were observed in several 
locations, mainly the kidney (renal hilum) (3/6). They 
were also found associated with the mucosa in the 
lamina propria of the urinary bladder, (1/6), gall-
bladder (1/6), and oesophagus (2/6), (with the latter 
located between the submucosal glands). In addition, 
lymphoid aggregates corresponding to GALTs were 
also present, but in less frequent locations such as 
the duodenum (2/6). In the LVI-HVI group, 9/13 ani-
mals (69.2%) had these lymphoid formations, located 
mainly in the kidney (6/13), but also in the oesoph-
agus (3/13), duodenum (2/13), lung (1/13) (perivas-
cularly) and synovial membrane (in the connective 
tissue of the sublining layer) (1/13). Only 1/17 animal 
(6%) from the HVI group had these lymphoid forma-
tions in two organs: the pancreas and the duodenum 
(1/17). No such lymphoid structures were observed 
in any organs of the animals in the control group. 
Figure 2 shows images of the lymphoid formations 
at the locations observed in this study.

The presence of these lymphoid formations was 
statistically significant in all the groups compared to 
the control group (p < 0.005), which did not show 
formations compatible with TLOs, despite the fact 
that the HVI group only reported one TLO case. 
However, no significant differences were demon-
strated between LVI and LVI-HVI groups.

In this work, these structures were detected and 
characterised by means of an immunohistochemical 
study carried out in accordance with previously pro-
posed criteria (Hiraoka et  al. 2016; Neyt et  al. 2012) 
(Figure 3). T lymphocytes were detected by employ-
ing CD3+ immune-labelling, and B lymphocytes were 
detected through the use of PAX-5+ and CD79+ 
immune-labelling. In addition, anti-CD79 antibody 
stained blood vessels as a result of immunoreactivity 
against B lymphocytes recruited at that level and, 
secondarily, against endothelial cells. Lymphatic ves-
sels were detected by employing LYVE1+ immune-la-
belling. Furthermore, immuno-labelling was used to 
detect fibronectin in the reticular extracellular matrix 
from which microchannels (ducts) are formed. These 
lymphoid formations also presented different degrees 
of development and cell maturation.

Table 2. A SFV Ct values, distribution of lymphoid tissues 
and p72-ASF immunoexpression score for each animal.

Group Case n°

ASFV Ct 
values 
(blood) MALT/TLOs location

p72-ASF 
immunoexpression*

LVI 1 39.5 Oesophagus/kidney 1/2
2 Negative – –
3 31 Duodenum 2/1
4 28 Gallbladder 2
5 32 Kidney/urinary 

bladder
2/0

6 35 Oesophagus/kidney/
duodenum

1/2/2

LVI-HVI 7 Negative Kidney/duodenum 2/3
8 Negative – –
9 Negative Kidney 3

10 Negative Kidney 2
11 Negative Lung 2
12 Negative Synovial membrane 2
13 Negative Oesophagus/kidney 2/1
14 Negative Oesophagus/kidney 2/2
15 Negative Oesophagus 2
16 Negative Kidney 2
17 Negative – –
18 Negative – –
19 Negative – –

HVI 20 30.6 – –
21 16.6 Pancreas/duodenum 2/3
22 22 – –
23 22.2 – –
24 16.7 – –
25 14.7 – –
26 24.6 – –
27 16.4 – –
28 17.1 – –
29 15.5 – –
30 16.6 – –
31 24.1 – –
32 17.2 – –
33 19.9 – –
34 18.2 – –
35 18.6 – –
36 19.1 – –

Control 37 Negative – –
38 Negative – –

*Immunohistochemical score (p72 ASF): 0 (negative); 1 (minimal); 2 
(mild); 3 (moderate); 4 (severe).
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Differences between LVI and LVI-HVI groups with 
regard to the development and maturation of 
lymphoid structures were assessed by means of histo-
pathological, histomorphological and immunohisto-
chemical analysis (Figures 3, 4). Thus, a trend in the 
increase in TLO/MALT size was observed in the LVI-
HVI group with respect to the LVI group, with statis-
tically significant differences in the enlargement of 
the width (p < 0.05). Most of the cases in the LVI 
group showed isolated lymphoid aggregations, with 
an average size of 321.7 × 202.2 (length = 321.7 µm, 
95% confidence interval (CI): 266.9-376.4; width 
=202.2 µm, 95% CI: 173.4-231). Those aggregations 
were immature and poorly demarcated, presenting a 
diffuse zone of CD3+ T-cells and a variable number of 
PAX-5+ and CD79+ B-cells sometimes arranged in a 
moderate delimited germinal centre, with an average 

size of 271.9 × 162.8 µm (length =271.9 µm, 95% CI: 
205.4-338.3; width =162.8 µm, 95% CI: 131.4-194.2). 
Animals from the LVI-HVI group had more numerous, 
organised and well-demarcated lymphoid structures, 
with an average size of 404 × 271.1 µm (length 
=404 µm, 95% CI: 351.5-456.5; width =271.1 µm, 95% 
CI: 234.4-307.7), a clearly delineated CD3+ T-cell zone 
and a larger and more organised PAX-5+ and CD79+ 
germinal centre with an average size of 
287.6 × 223.9 µm (length =287.6 µm, 95% CI: 248.6-
326.5; width =223.9 µm, 95% CI: 195-252.8) (see 
Figures 4, 5). See Supplementary Table 1 for more 
detailed information on the histomorphometric 
results.

The presence of ASFV and its possible relationship 
with TLO formation and the development and reac-
tivity of MALT was evaluated by performing an 

Figure 2.  Histopathological description of lymphoid aggregate formations at several locations observed in ASFV-infected wild 
boar. Lymphoid aggregates (arrows) in lung (A), kidney (B), urinary bladder (C), oesophagus (D), duodenum (E), jejunum (F), 
gallbladder (G), synovial membrane (H) and pancreas (I). (A) Round to ovoid perivascular lymphoid structure in the lung inter-
stitium (arrows), covered with epithelium. H&E stain, 100x. (B) Ovoid perivascular lymphoid structure in the medullar intersti-
tium of the renal hilum, near the epithelium of the renal calyx, covered with epithelium. H&E stain, 40x. (C) Irregularly shaped 
perivascular lymphoid structure in the lamina propria of the urinary bladder (arrow). H&E stain, 100x. Inset, 400x. (D) Ovoid 
perivascular lymphoid structure in the mucous gland of the oesophagus (arrow), covered with epithelium. H&E stain, 100x. (E) 
Ovoid perivascular lymphoid structure in the submucosa, between brunner’s glands (arrow), covered with epithelium. H&E 
stain, 100x. (F) Round to ovoid perivascular lymphoid structure in the submucosa (arrows). H&E stain, 40x. (G) Round perivas-
cular lymphoid structure in lamina propria of the gallbladder (arrow), covered with epithelium. HE stain, 100x. (H) Round 
perivascular lymphoid structure in the sublining layer in the synovial membrane (arrow). H&E stain, 100x. (I) Irregularly shaped 
perivascular lymphoid structure in the pancreas, close to inflammatory foci (asterisk) and necrotic acinar cells (arrowhead). H&E 
stain, 100x.

https://doi.org/10.1080/01652176.2024.2331525
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immunohistochemical study against p72 of the ASFV, 
linked to a score system (Table 2). The results 
obtained confirmed the presence of the virus in all 
the tissues studied, with the exception of TLOs in the 
urinary bladder (Case No. 5). P72+ cells were mainly 
observed in the periphery of the lymphoid tissue, 
with higher immunoexpression in cases in which 
there was an associated inflammatory infiltrate. Very 
few positive cells were observed in those cases in 
which there was no longer an associated chronic 
inflammatory infiltrate. However, it was possible to 
observe p72+ cells within the TLO in some cases 
from the LVI group, mainly in the kidney, where the 
TLO was still at an early stage of formation (Figure 6).

3.3.  Viral loads in blood and tissue samples

The LVI group had low blood viral loads at 30 dpi (Ct 
= 34.3 ± 5.1), although two animals exhibited maxi-
mum Ct values (Ct ≥ 39) at the time of sacrifice. 
Furthermore, all tissue samples from one of the six 
wild boars in the LVI group tested positive for ASFV 
DNA detection (Ct = 33.39 ± 2.02), while the remain-
ing animals had positive qPCR results (Ct = 34.9 ± 0.9) 
for an average of four tissues, mainly involving the 
submandibular and retropharyngeal lymph nodes.

The LVI-HVI group had sporadic peaks of viraemia 
during the prime inoculation and co-infection with 
the virulent isolate (Ct = 39.00 ± 0.78), although a 

negative result was obtained for all the animals at 
54 dpi (24 dpc). ASFV genomic DNA was not detected 
in any tissue from five of the animals in this group, 
while the remaining animals showed weakly positive 
qPCR results (Ct = 38.41 ± 1.16) for an average of five 
tissues (Barasona et  al. 2019). Moreover, a large pro-
portion (80%) of animal tissues from LVI and LVI-HVI 
groups that developed TLOs were negative for ASFV 
by qPCR at the time of sacrifice.

Animals in the HVI group had high blood viral 
loads (Ct = 25.18 ± 7.37). In addition, all animal tis-
sues were positive for ASFV DNA detection by qPCR 
(Ct = 23.46 ± 1.58) (Rodríguez-Bertos et  al. 2020).

The control group did not have viraemia and no 
ASFV DNA was detected in animal tissues (Table 2).

4.  Discussion

There are still many gaps in the understanding of 
the immune response induced by ASFV infection. 
This study has determined a possible new immuno-
logical mechanism in chronic ASFV infection, charac-
terised by the formation of tertiary lymphoid organs 
(TLOs) that have not been previously described in 
any histopathological study concerning ASF disease, 
regardless of the virulence of the ASFV isolate.

It is first necessary to differentiate between the 
cases of TLOs and SLOs. In that of TLOs, some loca-
tions have already been observed in previous 

Figure 3.  Histopathological and immunohistochemical characterisation of the TLOs in ASF infected tissues of wild boar under 
experimental conditions. (A) Evaluation of histological structure and cell composition. The TLOs were composed of B and T 
lymphocytes, with high endothelial venules (HEVs) on the inside, and lymphatic vessels surrounding the formation. HE stain, 
200x. (B) T-cells (arrow) have marked CD3+ immunoexpression. Rabbit polyclonal anti-CD3, 100x. (C) B-cells (arrow) and blood 
vessels (arrowhead) have marked CD79+ immunoexpression. Mouse monoclonal rabbit anti-CD79, 100x. (D) Marked reticular 
extracellular matrix fibronectin+ immunoexpression inside the TLO (arrow), compatible with formation of microchannels (con-
duits). Rabbit polyclonal anti-fibronectin; 100x. (E) B-cells (arrow) have marked PAX5+ immunoexpression. Mouse monoclonal 
rabbit anti-PAX5; 100x. (F) Lymphatic vessels (arrow) have marked LYVE1+ immunoexpression. Rabbit polyclonal anti-LYVE1, 
100x.
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studies, mainly in humans but also in pigs. These 
locations include the kidney (Pezzolato et  al. 2012; 
Robson and Kitching 2020), which has been observed 
more frequently, and also the synovial membrane 
(Manzo et  al. 2010) and the pancreas (Hiraoka et  al. 
2016; Tschernig et  al. 2016). With regard to SLOs, 
although mucosa-associated lymphoid tissues (MALTs) 
have been physiologically observed in pigs (Jørgensen 
et  al. 2022; Sarradell et  al. 2003; Stefanov et  al. 2021; 
Urmila et  al. 2019), some locations such as the 
oesophagus, gallbladder and urinary bladder are not 
as frequent.

TLOs have been described/characterised in 
humans according to the criteria proposed by Neyt 
et  al. (2012). The histopathological and immunohis-
tochemical findings of this study meet the previous 
established criteria for TLOs regarding the presence 
of B-cell follicles, T-cell zones, blood and lymphatic 
vessels (Neyt et  al. 2012). TLOs share cell structural 
homology with SLOs, but TLOs are not encapsulated 
and supplied by afferent lymphatic vessels (Hiraoka 
et  al. 2016). Furthermore, these TLOs were observed 
at different stages of development, as also occurred 
in previous studies, in which three evolutionary 
stages were defined according to the appearance of 
the different structures that characterise the 

identification of these formations (Luo et  al. 2019). 
This has also been observed in our study, in which 
significant differences between groups were detected 
thanks to the exhaustive immunohistochemical and 
histomorphometric study of these lymphoid struc-
tures. The LVI-HVI group showed a greater number 
and size of these lymphoid aggregations, which 
were more mature and had a more developed ger-
minal centre due to longer antigenic exposure and 
the chronicity of the disease. This reveals a process 
of lymphoid activation against the virus, leading to 
the development of antibodies with a local function.

Previous studies in humans have shown that TLO 
neogenesis develops in areas of immune stimulation 
with local pathology resulting from chronic infection 
or inflammation (Aloisi and Pujol-Borrell 2006; 
Carragher et  al. 2008; Manzo et  al. 2010; Yin et  al. 
2017). Previous studies have also demonstrated an 
association between the development of TLOs and 
the severity of organ injury or inflammation (Manzo 
et  al. 2010; Robson and Kitching 2020; Sato et  al. 
2020). Although different infectious or inflammatory 
agents cause the same degree of chronic inflamma-
tion and inflict similar lesions, their ability to produce 
TLO formation can vary widely (Neyt et  al. 2012). 
There is increasing evidence that TLOs represent an 

Figure 4.  Comparative histopathological TLO/MALT evaluation comparing negative control (A,E,I), LVI (B,F,J), LVI-HVI (C,G,K) and 
HVI (D,H,L) groups as regards kidney (A,B,C,D), oesophagus (E,F,G,H) and duodenum (I,J,K,L). Negative control animals had 
neither lesions nor lymphoid aggregations in kidney; H&E stain, 40x (A). Negative control animals had neither lesions nor 
lymphoid aggregations in oesophagus (E), only a reminiscence composed of T lymphocytes in the duodenum (arrow) (I); H&E 
stain, 100x. LVI and LVI-HVI groups had well-demarcated and developed lymphoid formations (arrows) (B,F,J,C,G,K), which were 
larger and more organised in shape and structure in the LVI-HVI group (C,G,K); H&E stain, 100x. HVI (positive control) group 
had lesions typical of acute ASF form (D,H,L); H&E stain, 40x. In the renal pelvis, severe vasodilation, congestion and perivas-
cular haemorrhages, along with multifocal interstitial pyelonephritis (arrowhead) were observed; H&E stain, 40x (D). These 
vascular alterations were also present in the mucosa of oesophagus and duodenum (H,L), with perivascular mononuclear 
inflammation in oesophagus (arrowhead) and diffuse mononuclear inflammation in lamina propria of duodenum H&E stain, 
40x. T-lymphocyte aggregation was observed only in the duodenal submucosa (arrow) H&E stain, 40x (L).
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adaptation of the body to an increased demand for 
a local immune response (Carragher et  al. 2008; Neyt 
et  al. 2012). There are several diseases and experi-
mental models in which TLOs have been found in 
both mice and humans, including microbial agents, 
autoimmune disease, chronic transplant rejection, 
degenerative/environmental causes, idiopathic disor-
ders, and cancer (Yin et  al. 2017). These formations 
were found after humans and mice became infected 
with certain viral agents such as influenza, HIV, vac-
cinia virus Ankara and γ-herpesvirus-68 in the lungs, 
and hepatitis C virus in the liver (Carragher et  al. 
2008; Luo et  al. 2019; Neyt et  al. 2012). In our study, 
TLOs were observed in several of the organs of ASFV-
infected wild boars and were most frequently 
detected in the kidney.

The presence of ASFV was confirmed by immuno-
histochemistry, which allowed us to observe p72+ 
cells in almost all lymphoid tissues (TLO/MALT) of 
the animals in LVI and LVI-HVI groups of this study. 
This may be explained by the fact that infections 
with low virulence ASFV isolates cause mild to mod-
erate inflammatory lesions that persist for a sus-
tained period of time, resulting in the formation of 
such lymphoid structures. Furthermore, the qPCR 
analysis showed the absence or minimal presence of 
viral loads in blood and some animal tissues, mainly 
in LVI and LVI-HVI groups. However, certain lym-
phoid organs showed positive qPCR and immuno-
histochemistry (p72+ cells) results in the lymphoid 
formations studied, indicating the longer persistence 
of viral loads in certain lymphoid tissues even in the 

absence of viraemia (Abworo et  al. 2017; Ståhl et  al. 
2019). In an experiment with the influenza virus, it 
has been observed that dendritic cells remain in the 
associated lymphoid tissue long after the virus has 
been cleared for presentation to memory T-cells and 
therefore it is likely that T-cells capture viral antigens 
retained from the follicular dendritic cell (FDC) net-
works (Kim et  al. 2010; Muniz et  al. 2011). This could 
explain why TLOs exist in animals in which the viral 
load has already disappeared. Moreover, subsequent 
exposure to new more virulent antigens allows the 
reactivation and maintenance of these lymphoid 
organs (Muniz et  al. 2011).

MALTs function as a tissue barometer responsible 
for maintaining immune homeostasis and regulating 
host antimicrobial immunity against invasive patho-
gens (Jones et  al. 2016), thereby enhancing immune 
tolerance in mucosal compartments. It is, therefore, 
increasingly recognised that antigen-specific 
responses can also be generated at sites separate 
from these SLOs such as TLOs, playing a similar role 
in the immune response (Jones et  al. 2016; Neyt 
et  al. 2012). Although TLOs functions will depend on 
multiple factors such as their location, the stimulus 
that generated them, the kinetics of inflammation 
and the cellular activation produced (Barone et  al. 
2016; Pabst 2007).

Furthermore, it has been postulated that a distinc-
tion should be made between physiological and 
pathological TLOs and the lymphatic pathway system 
(Barone et  al. 2016). Physiological TLOs are caused by 
constant antigenic exposure and are usually 

Figure 5.  Histomorphometrical and immunohistochemical (CD3-PAX5) TLO/MALT evaluation comparing LVI (A,B,E,F,I,J) and LVI-
HVI (C,D,G,H,K,L) groups as regards kidney (A,B,C,D), oesophagus (E,F,G,H), duodenum (I,J,K,L). Total length and width were 
measured histomorphometrically by means of CD3 immunohistochemistry; 100x (A,C,E,G,I,K). Germinal centre length and 
width were obtained using PAX5 immunohistochemistry; 100x (B,D,F,H,J,L). Higher histomorphometric values were observed in 
the LVI-HVI group. Brown immunolabelling is indicated by arrowheads.
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mucosa-associated, while pathological TLOs are 
related to autoimmune diseases (Barone et  al. 2016). 
The great number of autoimmune diseases that 
could involve joints, thyroid, salivary glands, liver or 
chronic inflammation, such as hepatitis C virus, 
Helicobacter pylori, Borellia burgdorferi, and the rejec-
tion of several transplanted organs makes it neces-
sary to study in more detail the formation mechanism 
and the role played by TLOs in the different scenar-
ios (Carragher et  al. 2008; Pabst 2007; Shomer 
et  al. 2003).

It is well known that the clinical course and sur-
vival time vary greatly depending on the ASFV iso-
late administered (Sánchez-Cordón et  al. 2019; 
Sánchez-Vizcaíno et  al. 2015). In this study, ASFV HVI 
caused acute disease with a survival time of 7 to 
15 dpi and 100% mortality. This mortality is linked to 
the inoculation route, since animals infected by con-
tact died later (reaching up to 15 dpi); this is due to 
the incubation period required for intramuscularly 
injected animals to infect the remaining (contact-in-
fected) animals. Animals infected only with LVI 
showed minimal chronic disease and no mortality, 
similar to the LVI-HVI group, which showed a survival 

rate of 92% (Barasona et  al. 2019). These animals 
were euthanised at 30 dpi (LVI group) and 54 dpi (24 
dpc) (LVI-HVI group). It should be noted that animals 
from LVI and LVI-HVI groups with mucosa-associated 
TLOs survived and had minimal clinical signs and his-
topathological findings. However, no such formations 
were observed in the HVI group, except for Case No. 
21 (13 dpi), which developed a TLO in the pancreas 
that was not associated with the mucosa and had 
severe adjacent inflammatory and necrotic lesions. 
These results suggest that there is no direct relation-
ship between TLOs formation and the intensity of 
the lesions and clinical signs, but rather it has more 
to do with the chronicity of the process.

There are examples in which ectopic lymphoid tis-
sues appear to contribute to local protective systems 
that control local immunity by initiating and amplify-
ing the immune response (Carragher et  al. 2008; Luo 
et  al. 2019; Neyt et  al. 2012). However, there are indi-
cations that ectopic follicles may be controlling or 
imprinting particular characteristics in locally gener-
ated immune responses, independently of the activi-
ties of conventional lymphoid organs (Carragher 
et  al. 2008). Furthermore, Sánchez-Cordón et  al. 

Figure 6. A nti-p72 ASF immunoexpression in TLOs/SLOs or neighbouring areas. (A) Lymphoid aggregation in the renal calyx 
(arrow); 100x. Inset (left): p72+ cells inside the TLO (arrowheads); 40x. Inset (right): p72+ cells in the peritubular interstitium 
medulla (arrowheads); 400x. (B) Lymphoid aggregation in the duodenum (arrow); 100x. Inset: p72+ cells in the lamina propria 
(arrowheads); 400x. (C) Lymphoid aggregation in the lamina propria of the gallbladder (arrow); 100x. Inset: p72+ cells in the 
lamina propria (arrowheads); 400x. (D) Lymphoid aggregation in the mucous glands of the oesophagus (arrow); 100x. Inset: 
p72+ cells between the mucous glands (arrowheads); 400x. Brown immunolabelling is indicated by arrowheads.
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(2021) suggested that MALTs may be involved in the 
selective absorption of the ASFV in intranasally inoc-
ulated pigs, thereby stimulating the immune response 
and modulating and controlling virus replication and 
spread (Sánchez-Cordón et  al. 2021). It is therefore 
possible that, depending on the location of the lym-
phoid tissues and whether or not they are associated 
with the mucosa, the immune response may have a 
beneficial or pathological effect (Pabst 2007). Our 
results are consistent with those described above, 
since we observed moderate presence of p72+ cells 
in areas where reactive MALTs were present (oesoph-
agus, duodenum, jejunum and gallbladder). Similar 
immunohistochemical findings were observed in 
cases of TLOs in the kidney, as they also formed in 
the renal calyx, close to the urothelium. Although 
the presence of TLOs in the kidney has been reported 
to be associated with severe inflammatory lesions 
(Robson and Kitching 2020; Sato et  al. 2020), it is 
possible that it may have a beneficial effect if it is 
located close to the mucosa, mimicking the function 
performed by MALTs.

In summary, this study reveals the development 
and reactivity of TLOs/MALTs generated by ASF atten-
uated isolates, with a more pronounced maturation 
of TLOs in cases of reinfection with the highly viru-
lent isolate. This observation is substantiated by the 
presence of ASFV-p72 within the inflammatory infil-
trate adjacent to these lymphoid organs. Furthermore, 
the structural similarities between TLOs and SLOs, 
coupled with their proximity to the mucosa, suggest 
that TLOs may facilitate a local protective response, 
emulating the role of MALTs. Nevertheless, further 
investigations are warranted to assess the cellular 
and humoral dynamics of these lymphoid organs 
induced by attenuated isolates or, even, whether 
they may be a valuable option to promote local 
immunity.
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