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Abstract

Aluminium (Al) hydroxide use as adjuvant induces local formation of long-lasting sub-
cutaneous granulomas in sheep. Macrophages within these granulomas have been
identified as a new small ruminant lentivirus (SRLV) replication site in naturally infected
animals. Diagnosis of Al hydroxide-induced granulomas in sheep is mostly based on
postmortem observations but little information is available on in vivo detection. Com-
puted tomography (CT) is used for studying these reactions in other animal species.
To determine if CT could be a tool for in vivo diagnosis and research of subcuta-
neous Al hydroxide-induced granulomas in sheep. A retrospective survey on thoracic
CT scans was performed on 46 adult sheep. Analysis included absence or presence,
number and location of subcutaneous nodules. Thoracic CT scans and pathological
studies were prescribed to two further sheep. Single or multiple subcutaneous nod-
ules were detected in 26 (56.52%) sheep. One or two nodules per animal were most
often observed (36.95%). Size ranged between 1.5 and 4.5 cm. Pre-contrast two-
dimensional (2D) CT images showed focal or multifocal increases in subcutaneous tis-
sue thickness. Post-contrast 2D CT images revealed hypointense areas in the centre.
Histopathology indicated the presence of granulomas composed by a large number of
activated macrophages, surrounding a central core of necrosis. Large intracytoplasmic
Al-positive aggregates were demonstrated by lumogallion staining. CT is a useful tool
to detect subcutaneous Al hydroxide-induced granulomas in vivo in sheep. CT provides
a diagnostic and research tool that can be very useful in future works in Al hydroxide-
induced pathology, SRLV infection, or both.
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1 | INTRODUCTION

Aluminium (Al) hydroxide is one of the most commonly used adjuvants
in sheep vaccines as it enhances a strong immune response against
antigens (Bastola et al., 2017). However, injection of Al hydroxide-
based vaccines can induce local formation of granulomas in several ani-
mal species such as sheep (Asin et al., 2019), cows (Marcato, 1990),
cats (Graf et al., 2018), pigs (Valtulini et al., 2005), and also in humans
(Gherardiet al., 2001). Granulomas are chronic inflammatory reactions
triggered by a wide variety of persistent agents, characterized by the
recruitment and activation of macrophages, occasionally presenting
areas of central necrosis (Kumar et al., 2020). These persistent reac-
tions induced by Al have been linked to the development of local and
systemic manifestations in a variety of species. In cats, the develop-
ment of injection site sarcomas has been associated to the use of Al
as adjuvant (Hendrick et al., 1992) and similar reactions have been
reported in ferrets and dogs (Munday et al., 2003; Vascellari et al.,
2003). In sheep, these granulomas are constant and long-lasting reac-
tions located in the subcutaneous tissue after every single inoculation
of Al-containing products (Asin et al., 2019). Recently, macrophages
within Al hydroxide-induced granulomas have been identified as a small
ruminant lentivirus (SRLV) replication site in naturally infected sheep
(Echeverria, de Miguel, Asin, et al., 2020). SRLV infection is widespread
in sheep all over the world, sometimes with remarkably high individ-
ual and flock seroprevalence (de Miguel et al., 2021). This multisys-
temic, chronic infection causes several types of production loses and
limitations to trade of live animals (Echeverria, De Miguel, De Pablo-
Maiso, et al., 2020). SRLV almost exclusively replicate in activated
macrophages, using cellular tools for its own replication (Blacklaws,
2012).Inthese circumstances, it is likely that these SRLV-infected gran-
ulomas play an important role in SRLV pathogenesis (de Miguel et al.,
2021).

Computed tomography (CT) has demonstrated to be an outstanding
technique in the assessment of soft tissue, allowing the acquisition of
cross-sectional images that can provide detailed information on loca-
tion and internal structure of subcutaneous nodules (Subhawong et al.,
2010). In cats, CT has been used for the accurate diagnosis of these
local injection site reactions (Travetti et al., 2013). However, diagno-
sis of Al hydroxide-induced granulomas in sheep is mostly based on
postmortem observations (Asin et al., 2019). In sheep, this reaction is
usually only detected when the necrotic content oozes to the exte-
rior, possibly leading to an underestimation of these subcutaneous nod-
ules. The aim of this study is to demonstrate that subcutaneous, Al
hydroxide-induced granulomas are readily identifiable by CT in sheep,
improving current approaches based on necropsy findings. This tech-
nigue provides a useful tool for in vivo diagnosis and research in both

Al hydroxide-induced pathology and SRLV infection.

2 | MATERIALS AND METHODS

This study is a retrospective survey performed on thoracic CT scans

obtained from 46 Rasa Aragonesa, adult sheep, referred between 2017

and 2019 from different flocks to the Small Ruminant Clinical Ser-
vice (SCRUM, University of Zaragoza). Thoracic CT images were inde-
pendently reviewed by two authors, and analysis of subcutaneous
granuloma-like nodules is based on (i) absence or presence, (ii) number
and (iii) location.

After this retrospective study, two further sheep (sheep A and B)
originating from a single flock were referred to the SCRUM due to
upper respiratory tract sings. Health management plan in this flock
included periodic deworming and vaccination against clostridial dis-
eases. To establish diagnosis and possible therapeutic approaches,
both animals were prescribed several clinical examinations and
a complete CT study. To perform it, sheep were sedated intra-
venously with dexmedetomidine (5 ug/kg) combined with buprenor-
phine (0.01 mg/kg). General anaesthesia was achieved with propofol
(1-2 mg/kg, intravenous) and maintained with isofluorane in 100%
oxygen. Sheep were positioned in sternal recumbent position on
the scanning table with forelimbs in extension. Thoracic CT stud-
ies were performed using 2-slice CT scanner (BRIVO CT385; Gen-
eral Electric Healthcare, Madrid, Spain), helical scan mode, 3 mm
slice thickness, 3 mm reconstruction interval, and a pitch of 1.5:1
using the following technique: 60-80 mAs tube current, 120-
140 kVp tube voltage, 228 mm field of view, and lung, soft-tissue,
and bone reconstruction algorithm. Window width and level were
adjusted accordingly and two-dimensional (2D) multiplanar and three-
dimensional (3D) reformatting were used for optimal evaluation of
the images. Intravenous iodinated contrast medium (Ominopaque,
lohexol, 300 mg iodine/ml) was administered to both sheep at 1.5-
2 ml/kg, and images were reacquired approximately 30 s after contrast
injection.

Sheep A and B were further referred to postmortem examination
based on clinician criteria. Necropsy included an exhaustive inspec-
tion of the subcutaneous tissue. Detected granulomas were fixed in
10% formalin and routinely processed for paraffin inclusion, as pre-
viously described (Asin et al., 2019). Four micrometre sections were
stained with haematoxylin-eosin (HE) for histopathological examina-
tion. Lumogallion procedure, a specific Al staining technique, was per-
formed following a previously described protocol (Asin et al., 2019;
Mirza et al., 2016). Microbiological studies of granulomas were also

undertaken.

3 | RESULTS

2D CT scan images and 3D CT reconstructions were performed in
the 46 sheep and revealed the presence of single or multiple sub-
cutaneous nodules resembling granulomas in 26 (56.52%) sheep,
whereas 20 (43.48%) animals did not show any nodule (Table 1). One
or two nodules per animal were most often observed (36.95%) with
a lower proportion of sheep showing more than five nodules (4.35%;
Table 1). Using 3D reconstructions, nodules were always observed as
well-defined rounded to elongated structures in the subcutaneous

tissue of the flank rib area. Size ranged between 1.5 and 4.5 cm with a
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TABLE 1 Range of subcutaneous thoracic flank nodules detected
by three-dimensional multiplanar computed tomography
reconstruction. Number of sheep in each category and percentage is
indicated

Number of nodules Number of sheep %

0 20 43.48
1-2 17 36.95
3-4 7 15.22
>5 2 4.35
Total 46 100

homogeneous higher signal intensity compared with the surrounding
subcutaneous tissue (Figure 1a).

In all sheep, including sheep A and B, pre-contrast 2D CT scan
images showed focal or multifocal increases in subcutaneous tissue
thickness without obvious variation of signal intensity. The admin-
istration of intravenous contrast agent enhanced the presence of
hypointense areas in the centre, an image compatible with necrosis
(Figure 1b). At postmortem, sheep A and B showed a total of five and
four subcutaneous nodules, respectively. Grossly, nodules were firm
and showed a similar morphology and diameter to those observed
by CT. On cut section, nodules exhibited a central area of necrosis
delimited by a thin fibrous capsule (Figure 1b). Histopathology con-
firmed that nodules were granulomas composed by a large number

of activated macrophages and multinucleated giant cells surrounded

FIGURE 1 Subcutaneous soft-tissue
nodules in adult sheep. (a) Subcutaneous
soft-tissue nodules in adult sheep, 3D CT
multiplanar reconstruction. Two conspicuous
subcutaneous nodules of 1.86 and 1.16 cmin
diameter and a smaller third nodule are located
over the ribs (arrows). (b) Transverse,
pre-contrast 2D CT image from the thorax
demonstrating a single, bulging soft-tissue
nodule in the subcutaneous tissue of the right
flank (left arrowhead). Post-contrast 2D CT
image from the same nodule displays a
hypointense centre and a thin rim of peripheral
enhancement, compatible with necrosis (right
arrowhead). Gross section of the same nodule
showing a massive central necrotic area
delimited by a thin layer of viable tissue (below
image). (c) Nodule (granuloma) is mainly
composed of numerous activated macrophages
(arrow) surrounding the central necrotic area
(asterisk). HE, original objective 10x. Inset:
Granular intracytoplasmic content within
macrophages, compatible with aluminum. HE,
original objective 60x. (d) Same granuloma
than (c). Multiple intense, specific fluorescent
signal is observed within macrophage
cytoplasm indicating presence of aluminium
aggregates in all macrophages present.
Lumogallion staining, original objective 10x
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by small aggregates of lymphocytes enmeshed in outer bands of
fibrous connective tissue. The granuloma usually surrounded a central
core of necrosis. Activated macrophages contained granular intra-
cytoplasmic material (Figure 1c). Lumogallion staining demonstrated
the presence of large intracytoplasmic Al-positive aggregates within
activated macrophages and multinucleated giant cells (Figure 1d).
Bacteriological cultures from nodules from sheep A and B were

negative.

4 | DISCUSSION

The present work demonstrates that CT is a useful tool to detect subcu-
taneous Al hydroxide-induced granulomas in vivo in sheep. Compatible
nodules were retrospectively found in 26 out of 46 sheep, and prospec-
tively in sheep A and B sharing the same CT characteristics either in 2D
or 3D images. Moreover, pathological studies in sheep A and B verified
that nodules were Al-containing granulomas. Therefore, it is possible to
hypothesize that the vast majority - if not all - nodules detected by CT
in the 26 sheep were Al hydroxide-induced granulomas as well. Differ-
ential diagnosis would be limited to abscesses associated with the pres-
ence of bacteria (Mauldin & Peters-Kennedy, 2015), cutaneous cysts
(Goldschmidt & Goldschmidt, 2016) or tumours (Minguijon et al., 2013)
but these pathologies are not frequent in the flank of sheep (L. Lujan,
personal observations). Histopathology confirmed the final diagnosis

as granulomas, whereas bacteriological cultures revealed no growth in

any sample.
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Granulomas were observed in a high percentage of animals, a non-
surprising fact because sheep are frequently vaccinated, in some flocks
up to four vaccines every single year, the subcutaneous tissue of the
thoracic flanks being the almost exclusive site for vaccine injection
(Lacasta et al., 2015). Variable number (or absence) of granulomas
between individuals could be first explained by the vaccination pres-
sure of each flock. Moreover, Al hydroxide-induced granulomas are
long-lasting structures that can remain at least 15 months in the sub-
cutaneous tissue, although size reduction over time is expected (Asin
etal,2019).

Al-containing granulomas are a newly identified target tissue for
SRLV that could alter viral pathogenesis and tissue tropism in infected
animals (Echeverria, de Miguel, Asin, et al., 2020). Natural target organs
for SRLV are difficult to sample in vivo, and therefore viral isolates are
mostly obtained from postmortem samples of diseased animals. In this
regard, a recent study has pointed out the benefit of biopsy spleen tis-
sue in order to genetically characterize SRLV circulating strains, since
classical approaches, based on culture of affected tissues, may under-
estimate the viral population as well as genotype composition (Colitti
etal., 2019). If present, granulomas could provide an easy-to-reach tis-
sue for advancing studies on SRLV isolation or genetic composition.
Therefore, granuloma location needs to rely on precise techniques such
asCT.

5 | CONCLUSION

This study demonstrates the usefulness of CT for accurate detection
of Al hydroxide-induced, subcutaneous granulomas in sheep, providing
a diagnostic and research tool that can be used in future works in Al
hydroxide-induced pathology, SRLV infection, or both.
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