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Editorial on the Research Topic

Reviews in pathology of infectious diseases

The importance of infectious diseases in animals, especially zoonotic diseases, has

increased dramatically in recent years with the COVID-19 pandemic, the emergence

and/or re-emergence of vector-borne diseases, avian influenza, Mpox infection and many

others, together with the persistence of endemic diseases such as PRRS in pigs or

tuberculosis in multiple hosts (1–3). This Research Topic focuses on the pathology of

infectious diseases that affect animals and humans, emphasizing the value of animal disease

models to combat them.

Hunter et al. reviewed the pathological aspects of pulmonary tuberculosis in animal

models, including rodents, guinea pigs, non-human primates, rabbits, ruminants, and

zebrafish. They produced a comprehensive description of the lesions induced by

Mycobacterium tuberculosis complex (MTBC) in the lungs of infected animals and the use

of these models in research. Moreover, they described the pulmonary lesions observed in

human tuberculosis, as a comparative exercise with a “One Health” approach.

Larenas-Muñoz et al. described the characterization of the pathological lesions present

in the guinea pig model of Mycobacterium tuberculosis infection, using a combination

of classic histopathology, immunohistochemistry and digital image analysis. The detailed

description of the evolution of granulomatous lesions in this important pre-clinical model

of tuberculosis, will be very valuable in evaluating antimicrobial therapies and vaccines that

may eventually progress to clinical phases.

Layton et al. described the impact of stress and anesthesia on animal models of

infectious disease analyzing the most recent scientific evidence on these two variables

and reviewing the strategies and technologies used to monitor animal models during

infectious diseases.

Ruedas-Torres et al. reviewed the host-pathogen interactions during Porcine

Reproductive and Respiratory Syndrome (PRRS) infection in pigs. They described the

main lesions observed in the pulmonary aspect of this disease: interstitial pneumonia,

suppurative bronchopneumonia and proliferative and necrotising pneumonia,

emphasizing the differences observed between strains of different virulences.

Sorensen et al. described the effects of water temperature on Piscine orthoreovirus

genotype 3 (PRV-3) infection in rainbow trout (Oncorhynchus mykiss), showing that low

water temperatures allow for higher PRV-3 replication, which is associated with more

severe heart pathology and increased expression of important antiviral genes.
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Rodrigues da Silva et al. reviewed the porcine circovirus 3

infection in pigs, an increasing problem for the pork industry

worldwide, describing the epidemiology, clinical manifestations,

pathological co-infections and diagnostics.

Dorfelt et al. presented a comprehensive retrospective study

of tetanus in dogs, a severe neurological disease that can also

affect humans, caused by Clostridium tetani, and associated with

high mortality.

Naseem et al. described the pathology and pathogenesis of the

cutaneous lesions observed in beef cattle associated with buffalo fly

(Haematobia irritans exigua) infestation, including the secondary

infections that may be associated with this parasitic disease.

Flores-Velazquez et al. reviewed the pathogenesis,

and host-parasite interactions in fasciolosis, another

parasitic disease caused by infestation with Fasciola

hepatica, also focusing on the current work being

carried out to develop a vaccine against this

disease, which suffers from an increasing problem of

anthelmintic resistance.
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Australia, 3College of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville,
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Haematobia irritans exigua, commonly known as bu�alo fly, is the major

hematophagous ectoparasite of north Australian cattle herds. Lesions associated

with bu�alo fly infestation are generally alopecic, hyperkeratotic, or scab encrusted

wounds with variable hemorrhagic ulceration. Bu�alo flies can transmit a filarial

nematode, Stephanofilaria sp., which has been implicated in the pathogenesis of

bu�alo fly lesions, but Stephanofilaria infection has not been detected in all lesions

suggesting that other causal factors may be involved. This study characterized

the pathology of bu�alo fly lesions to identify the role of Stephanofilaria in

lesion development, as well as to identify other potential agents. Lesion biopsies

were collected from north and south Queensland and tested for the presence of

Stephanofilaria by qPCR. Each lesion was scored grossly (0–4) for hemorrhage,

ulceration, exudation, and alopecia. Lesions were also scored microscopically (0–4)

for epidermal and dermal damage and inflammatory characters. Stephanofilaria

infection was detected in 31% of lesion biopsies. Grossly, Stephanofilaria-infected

lesions had significantly larger lesion area and higher scores for alopecia and

hyperkeratosis than lesionswhere no nematodeswere found (P< 0.05). Histologically,

epidermal, dermal, and adnexal damage was significantly higher in Stephanofilaria

infected lesions than lesions without nematodes. Eosinophils, macrophages, and

lymphocytes were significantly more abundant in Stephanofilaria positive lesions

as compared to negative lesions. This study also noted bacterial infection with

colonies of coccoid bacteria, observed in skin sections from 19 lesions. Grossly,

lesions with bacterial infection had significantly higher ulceration scores compared

to Stephanofilaria positive lesions, and histologically epidermal disruption was

significantly greater in bacteria-infected lesions. We found no evidence of bacteria

or Stephanofilaria infection in 49% of the lesions assessed and tissue damage patterns

and eosinophilic inflammation suggested hypersensitivity to bu�alo fly feeding as a

possible cause of these lesions. These findings suggest that although the presence

of Stephanofilaria infection may increase the severity of lesion pathology, it is

not essential for lesion development. These outcomes also suggest a potential

role of bacteria and hypersensitivity in pathogenesis of some lesion. A better

understanding of bu�alo fly lesion etiology will contribute to the optimal treatment

and control programmes.

KEYWORDS
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1. Introduction

Flies from the genus Haematobia are obligate hematophagous

ectoparasites that feed mainly on cattle and buffalo (1). Two major

and closely related species of this genus are the buffalo fly (Hematobia

irritans exigua) (BF) prevalent in the tropical and subtropical parts

of Asia, Australia and other parts of Oceania, and the horn fly

(Haematobia irritans irritans) (HF) widespread throughout Europe,

Africa and the Americas (1). Buffalo flies (BFs) are considered a

major pest affecting animal production and welfare, particularly in

northern Australian herds (2). Infestation with BFs is frequently

accompanied by the development of skin lesions associated with

BF feeding that occur mainly near the medial canthus of the eye,

along the lateral and ventral neck and on the abdomen. These

lesions can range from raised dry, alopecic, hyperkeratotic or scab

encrusted to severe haemorrhagic ulcerated areas (3, 4) and occur

in up to 95% of northern Australian herds (5). When surveyed,

northern dairy farmers noted BF as a problem on 91% of farms

and animal welfare aspects due to BF infestation were noted as the

most serious BF-related issue (6). Often the key concern of cattle

producers are the lesions associated with BF feeding because of

their visual appearance (most particularly the open and suppurating

wounds) and the associated irritation to the animal (3). Buffalo

fly lesions can also penetrate the dermis, affecting hide quality,

cattle saleability, and can increase animal susceptibility to secondary

infections (7).

In Australia, BFs transmit an unnamed species of filarial

nematode, Stephanofilaria sp., which has been associated with the

pathogenesis of BF lesions (5, 7, 8). This nematode is closely

related to, or potentially the same species as Stephanofilaria stilesi

vectored by horn flies (HFs)in the northern hemisphere and South

America (3, 9). However, Stephanofilaria nematodes and their

microfilariae were detected in only 40% of the lesions examined

histologically in a study by Johnson et al. (5) and Naseem et al.

(10) found that only 11% of 120 BF lesions assessed were positive

for Stephanofilaria infection by qPCR. In addition, nematode

distribution was limited to northern and central Queensland, and

qPCR testing found no Stephanofilaria in either lesions or BF from

southern Queensland although BF-associated lesions are prevalent in

these areas (10).

Although lesion development is associated with BF feeding, there

is a poor correlation between BF numbers and lesion development

(7, 11) suggesting that there are additional contributing factors. In

addition, although HFs have been reported to vector Stephanofilaria

stilesi causing granular abdominal dermatitis, udder and teat lesions

in cattle in North and South America (9, 12–14), the nematode was

not found in all cases (14, 15). Thus these lesions were suggested to

be potentially due to hypersensitivity induced by HF feeding (16)

and infection with Staphylococcus spp. bacteria vectored by HFs

(17). These observations taken together suggest that Stephanofilaria

infection may not be essential for the pathogenesis of BF lesions, and

that other causal factors may be involved.

In this study, we utilized a recently developed Stephanofilaria

specific qPCR (18) to identify the presence of nematodes in

lesions, and characterized and compared the gross and microscopic

pathology of BF-associated lesions with various pathogens present

to clarify the key factors involved in the pathogenesis of

these lesions.

2. Material and methods

2.1. Skin lesion sample collection and
Stephanofilaria testing

Lesion samples (n = 86) were collected from skins of recently

slaughtered cattle at a commercial abattoir in north Queensland

(n = 62) as well as from biopsies from live cattle (n = 24). All

abattoir samples were from lesions near the medial canthus of the

eyes whereas biopsies from live cattle were from two herds kept in

southern Queensland (Pinjarra Hills−27.50OS, 152.91OE and Forest

Hill −27.60OS, 152.39 OE) and were collected from the neck (n =

17), shoulder (n= 2), belly (n= 3) and from near the eye (n= 2). All

biopsies were taken from the center of the lesion using 8mm sterile

skin punches (Paramount Surgimed Ltd., New Delhi, India) together

with a control skin biopsy from unaffected skin 3–4 cm away from

each lesion. A sub sample was taken from each of the 86 samples

collected and confirmed as positive or negative for Stephanofilaria

by TaqManTM qPCR assay (18). All samples were preserved in 10%

neutral buffered formalin until histological processing. These studies

were conducted under The University of Queensland Animal Ethics

approval no. 2021/AE000054.

2.2. Gross examination and scoring

The initial gross appearance of each lesion was scored at the time

of sample collection according to a de novo scoring scheme shown

in Table 1. Each lesion was scored (0–4) grossly for the presence

of ulceration, exudation, hemorrhage, alopecia, scab formation and

hyperkeratosis. All lesions were also photographed alongside a

measurement scale before collection of the biopsies and the area of

each sampled lesion was measured from photographs using an online

tool SketchAndCalc (https://www.sketchandcalc.com/).

2.3. Histological processing

Skin biopsies were dehydrated and cleared using an automated

Tissue Processor (Shandon Excelsior ES, Thermofisher Scientific,

Waltham, MA, USA). The biopsies were then embedded in paraffin

using a tissue embedding machine (Leica EG1160, Leica Biosystem,

Wetzlar, Germany). A 4µm thick section was taken from each

biopsy using a manual microtome (Leica RM2235, Leica Biosystem,

Wetzlar, Germany) and stained with hematoxylin and eosin. Staining

was performed on an auto-stainer (Leica ST5020, Leica Biosystems,

Wetzlar, Germany) according to the manufacturer’s instructions.

Each section was scanned (Leica Aperio CS2, Leica Biosystems,

Wetzlar, Germany) and examined on a computer screen.

2.4. Histological examination and scoring

All 86 samples were reviewed for the presence of Stephanofilaria

adult nematodes or microfilariae, and bacteria. For quantitation

of the tissue damage, all epidermal and dermal changes were

scored by the scoring systems given in Table 2. Epidermal changes

including epidermal disruption, crust over epidermis, hyperkeratosis,
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TABLE 1 Grading scales for scoring gross changes in bu�alo fly lesions.

Parameter Observation Score

Hemorrhage Absent 0

<10% of lesion area 1

11–40% of lesion area 2

41–80% of lesion area 3

>80% of lesion area 4

Ulceration Absent 0

<10% of lesion area 1

11–40% of lesion area 2

41–80% of lesion area 3

>80% of lesion area 4

Exudation Absent 0

Sero-haemorrhagic 1

Fibrous 2

Fibro-purulent 3

Purulent 4

Scab Absent 0

<10% of lesion area 1

11–40% of lesion area 2

41–80% of lesion area 3

>80% of lesion area 4

Hyperkeratosis Absent 0

Periphery (poorly circumscribed outline) 1

Periphery (well define outline) 2

Thick on the periphery and protruding to center 3

Cover more than 80% of the lesion 4

Alopecia Absent 0

<10% of lesion area 1

11–40% of lesion area 2

41–80% of lesion area 3

>80% of lesion area 4

The total gross lesion score was calculated as the sum of each parameter score.

acanthosis and spongiosis were scored individually for each sample

and a total epidermal damage score for each sample was calculated

by summing the individual score of all parameters. Similarly dermal

damage was scored for adnexal destruction, endothelial activity,

vascular changes and collagenolysis, and the total dermal damage was

determined for each section by summing the individual scores of all

assessed dermal parameters. Differential inflammatory cell scores and

total inflammatory response in each lesion were scored according

to the scoring scheme shown in Table 3. The scoring schemes for

histological changes in this study were created with reference to

observations of the biopsies from unaffected skin areas processed in

this study. All parameters for histological changes were scored in ten

different fields selected randomly from three fields each from the left

and right side, and four from the center of each biopsy. A final score

was calculated as an average of the ten individual field scores.

2.5. Statistical analysis

All the gross and histological scores were compared between

different groups using the Mann–Whitney U-test (19) and the lesion

areas were compared by two tailed t-tests in GraphPad Prism version

9.1.0 (GraphPad Software, La Jolla, CA; by www.graphpad.com). The

level of statistical significance was P < 0.05.

3. Results

3.1. Detection of potential causal factors

Of 62 lesion samples collected from north Queensland, 27 were

positive for Stephanofilaria infection by TaqManTM qPCR while the

adult nematodes or its microfilariae or both were detected in the

histological sections of only 14 samples. Of these 14 histologically

positive samples, adult nematodes and microfilariae were observed

in seven and four respectively, while both were observed in three

samples (Figure 1). The number of adult Stephanofilaria nematodes

ranged from 1 to 11 in individual sections, and microfilariae ranged

from 5 to 15. No false PCR positive samples were recorded and

none of the 24 lesions tested from south Queensland was positive for

Stephanofilaria infection by either qPCR or histological examination.

Multiple clusters of∼1.5µm purple-stained cocci were observed

within the superficial serocellular crust of 19 lesion samples

(Figure 2). This included 11 samples from south Queensland and

eight from north Queensland. Of these bacteria-positive samples,

only two were also positive for Stephanofilaria by qPCR.

3.2. Gross pathology of BF lesions

The BF lesions examined ranged from dry, hyperkeratotic hairless

areas to severe open suppurative wounds with hemorrhagic or scab

encrusted surface (Figure 3). Body lesions including lesions sampled

from the neck, dewlap and belly, had areas ranging from 5.14

to 40 cm2, while the lesions sampled near the eyes of cattle had

lesion areas ranging from 3.04 to 54.44 cm2. There were no obvious

differences in the gross pathology of lesions sampled from different

anatomical locations.

When the lesion areas and scores for total gross damage,

alopecia, ulceration and hyperkeratosis from north Queensland

were compared between BF lesions which tested positive (n =

25) and negative (n = 29) for Stephanofilaria infection with PCR,

Stephanofilaria positive lesions had significantly larger lesion areas

(ranging from 7.02 to 54.44 cm2) as compared to negative lesions

(3.04 to 15.07 cm2) (Figure 4A). This comparison excluded two

lesions that were positive for both Stephanofilaria and bacterial

infection to avoid any confounding effects due to bacterial infection.

Total gross damage, alopecia and hyperkeratosis were significantly

higher in Stephanofilaria positive lesions (Figures 4B–D). Notably,

all of the animals in the Stephanofilaria positive group had a

score of 4 for alopecia (>80% of the lesion area affected), whereas

the occurrence of alopecia was more variable (score 2–4) in the

Stephanofilaria negative group. There was only one animal with

ulceration score >0 in the Stephanofilaria positive group and this

animal had severe (score 4) ulceration whereas in the Stephanofilaria
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TABLE 2 Grading scales for scoring histological changes in bu�alo fly lesions.

Parameter Magnification/field area Observation Score

Epidermal changes

Epidermal disruption 100X/1.9× 1.030mm Absent 0

<10% of lesion area cover 1

11–40% of lesion area cover 2

41–80% of lesion area cover 3

>80% of lesion area cover 4

Spongiosis 200X/950× 515µm Absent 0

Focal (1-10)/field 1

Multifocal (>10)/ field 2

Locally extensive 3

Diffused throughout the biopsy 4

Acanthosis 100X/1.9× 1.030mm Normal epidermis (40-60µm thick or 4-5 cell layers) 0

Twice the thickness of the normal epidermis 1

Three times the thickness of the normal epidermis 2

Four times the thickness of the normal epidermis 3

More than 5 times the thickness of the normal epidermis 4

Crust over epidermis 100X/1.9× 1.030mm Absent 0

Serous 1

Serocellular crust (fine thin band) 2

Serocellular crust (thick band) 3

Haemorrhagic crust 4

Hyperkeratosis 100X/1.9× 1.030mm Normal stratum corneum (4–8µm thick) 0

Twice the thickness of the normal st. corneum 1

Three times thickness to the normal st. corneum 2

Four times thickness to of the normal st. corneum 3

More than 5 times the thickness of the normal st. corneum 4

Dermal changes

Adnexal destruction 100X/1.9× 1.030mm Normal (HFa , 5-6; SGb , 1-2; Sb-Gc , 4-5) 0

(HF, 3-4; SG, 1-2; Sb-G, 2-3)/field 1

(HF, 2-3; SG, 1; Sb-G, 1-2)/field 2

(HF, 1-2; SG, 1; Sb-G, 1)/ field 3

No adnexal structure observed 4

Number of vessels 200X/950× 515µm Not observed 0

1–2/ fields 1

3–4/ fields 2

Greater than 4/in at least 5 fields 3

Present throughout section 4

Hemorrhage 200X/950× 515µm Absent 0

1–3 haemorrhagic foci 1

Over 4 haemorrhagic foci 2

Multifocal (≥10) hemorrhage 3

Diffuse hemorrhages 4

(Continued)
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TABLE 2 (Continued)

Parameter Magnification/field area Observation Score

Collagenolysis 100X/1.9× 1.030mm Absent 0

<10% of the specimen 1

11–40% of the specimen 2

41–80% of the specimen 3

> 80% of the specimen 4

aHair follicle, bSweat gland, cSebaceous gland. The total epidermal and dermal damage score was calculated as the sum of each parameter score for epidermis and dermis damage respectively.

TABLE 3 Grading scales for scoring inflammatory cells in bu�alo fly lesions.

Cell type/
Response

Score

0 1 2 3 4

Neutrophils 1–2/hpf∗ 3–7/hpf 8–15/hpf >15/hpf Heavy

Infiltrate
Lymphocytes

Plasma cells

Eosinophils

Macrophages

∗phf = High powered (400X) field. A total inflamatory score was calculated as the sum of each

inflammatory cell type score.

negative group, more animals had a score of 1–3 for ulceration, but

none had a score 4 (Figure 4E).

In the comparison between BF lesions with bacterial infection

(n = 17) and without bacterial infection (n = 42), a non-

significant difference was noted in lesion areas between lesions

positive (ranged 4.77–27 cm2) and negative (3.04 to 40 cm2) for

bacterial infection (Figure 4F). The scores for total gross damage,

alopecia and ulceration were not significantly different between these

two groups (Figures 4G, H, J). Lesions with no bacterial growth had

significantly higher hyperkeratosis as compared to bacteria-infected

lesions (Figure 4I).

When the gross pathology scores for BF lesions positive for

Stephanofilaria but not bacteria (n= 25) were compared with lesions

observed with bacterial infection but not Stephanofilaria (n = 17),

Stephanofilaria-infected lesions had significantly larger lesion areas

(7.02 to 54.44 cm2) as compared to bacterial infected lesions (4.77

to 27 cm2) (Figure 4K). The scores for total gross damage, alopecia

and hyperkeratosis were also significantly higher in Stephanofilaria-

infected lesions (Figures 4L–N), whereas bacteria-infected lesions

had significantly higher ulceration scores (Figure 4O). For this

comparison, there was only one animal in the Stephanofilaria group

with ulceration (score 3) whereas in the bacteria affected lesions

ulceration was more common with most animals affected (only one

animal with score 0) and scores ranging from 0 to 4.

3.3. Microscopic pathology of BF lesions

The most consistent differences in the epidermis between lesion-

affected and unaffected skin included the degree of hyperkeratosis,

acanthosis, spongiosis, epidermal disruption and formation of a

serocellular crust of varying thickness. There were also varying

degrees of cellular infiltration in lesion-affected areas with cell

composition including necrotic epidermal cells, neutrophils, and

eosinophils (Figure 1A). Epidermal disruption was most commonly

observed in sections biopsied from body lesions from south

Queensland. Changes observed in the dermis included varying

degrees of adnexal destruction, endothelial reactivity, vascular

changes and infiltration of inflammatory cells. Acute lesions had

moderate to severe superficial dermal collagenolysis whereas varying

degrees of fibrosis were observed in chronic wounds indicating the

commencement of scarring. Cellular infiltrate was predominately

eosinophils along with macrophages, neutrophils and lymphocytes.

Adult Stephanofilaria nematodes were observed up to 0.5–

2.5mm deep in the dermis, mostly within cysts formed at the base

of the damaged hair follicles (Figure 1B). In two lesion sections,

adult nematodes were observed close to the epidermis with necrotic

tracts in the dermal layer suggesting nematode migration through the

dermis. Microfilariae were mostly observed close to the epidermis

in the dermal papillae and rete pegs and enclosed in a round to

oval-shaped vitelline membrane that also contained numerous small

spherical eosinophilic bodies (Figures 1C, D). Similar membrane-

enclosedmicrofilariae were also observed in the uteri of gravid female

nematodes. Eosinophils were dispersed throughout the superficial

dermal layer with markedly abundant numbers near Stephanofilaria

adults and microfilariae.

To characterize the microscopic pathology of BF lesions

with different causal factors, histopathological scores were

compared among lesions grouped according to potential causal

factors.When histopathological scores for north Queensland

lesions qPCR positive for Stephanofilaria were compared with

lesions without Stephanofilaria infection, total epidermal damage

in Stephanofilaria positive lesions was significantly higher than

in the negative lesions (Figure 5A). Epidermal disruption was

not significantly different between these two groups (Figure 5B).

Total dermal damage and particularly adnexal damage was

significantly higher in Stephanofilaria positive lesions (Figures 5C,

D). Similarly, Stephanofilaria-infected lesions had significantly

higher inflammation compared to non-infected lesions (Figure 5E).

Although infiltration of eosinophils, neutrophils, macrophages,

lymphocytes and plasma cells was evident in both lesion groups,

the scores for eosinophils, macrophages and lymphocytes were

significantly higher in lesions with Stephanofilaria (Figures 5F–J).

When the histological scores for BF lesions with and

without bacterial infection were compared, total epidermal

damage, epidermal disruption, total dermal damage, and adnexal

destruction in BF lesions with bacteria were significantly higher

compared to non-infected lesions (Figures 6A–D). However,

total inflammation scores and the differential leukocytic counts

were not significantly different, except for macrophages, which
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FIGURE 1

Photomicrographs of bu�alo fly lesion histology: (A) shows hyperkeratosis (a) acanthosis (b) and spongiosis (c) in the epidermal layer of a Stephanofilaria

infected lesion (100X); (B) shows adult Stephanofilaria in a cyst-like structure surrounded by inflammatory cells. The arrow shows the microfilariae within

the gravid uterus of an adult female nematode (200X); (C) Shows microfilariae close to the epidermis and enclosed in a round to oval-shaped vitelline

membrane that also contains numerous small spherical eosinophilic bodies (a) and hyperaemia (b) with extensive inflammation in the superficial dermis

(200X); (D) shows acanthosis, severe hyperaemia and eosinophilic inflammation in Stephanofilaria-infected lesion (200X).

were significantly higher in lesions where bacteria were present

(Figures 6E–J). Notably, there was no difference in eosinophil

count between lesions with and without bacteria, in contrast

to the difference observed between Stephanofilaria positive and

negative lesions.

When the histopathological scores of Stephanofilaria positive

BF lesions were compared with bacteria-infected lesions, although

epidermal disruption was significantly higher in lesions with

bacteria (Figure 7B), total epidermal damage was not significantly

different (Figure 7A). Out of 17 bacteria-positive lesions, only

two had zero scores for epidermal disruption. The score for

total dermal damage was not significantly different between

bacteria and Stephanofilaria positive lesions (Figure 7C).

Adnexal damage was significantly higher in Stephanofilaria-

infected lesions than in bacteria-infected lesions (Figure 7D)

and Stephanofilaria-infected lesions had a significantly higher

inflammation score (Figure 7E). Infiltration of eosinophils,

neutrophils, macrophages, lymphocytes, and plasma cells was evident

in both lesion groups but the scores for eosinophils, lymphocytes

and plasma cells were significantly higher in Stephanofilaria-infected

lesions (Figures 7F–J).

4. Discussion

Our study has highlighted the complex interplay amongst BFs,

Stephanofiliaria and bacteria in BF lesion development. Johnson

et al. (4) were the first to report the association between BF lesions

and Stephanofilaria infection, which at that time was considered to

be the main etiological agent of these lesions. However, Johnson

et al. (5) only detected Stephanofilaria in 40% of the lesions they

examined, an observation which the authors (5) attributed to the low

sensitivity of histology and saline extraction techniques they used, the

only detection methods available at that time. It is notable however

that in controlled studies Johnson (3) was able to induce lesions

similar in appearance to field BF lesions by exposing cattle held in

fly proof cages to high numbers of BF not known to be infected with

Stephanofilaria sp.

The recent development of a more sensitive qPCR for detecting

the presence of Stephanofilaria in lesions and BFs (18) provided

further evidence that Stephanofilaria is not present in all BF lesions

and indeed appears to be completely absent from BF populations in

some regions where BF lesions are prevalent (10). The availability of

this test provided the opportunity to further examine the importance
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FIGURE 2

Photomicrograph (400X) of bu�alo fly lesions shows multiple clusters of coccoid shaped bacteria (arrow) within the superficial crust.

FIGURE 3

Gross appearance of the bu�alo fly lesions: (A) lesion adjacent to the medial canthus of the eye in a Brangus steer indicating raised, circumscribed,

hairless, ulcerative area partially covered with scab forming from the periphery; (B) multiple ulcerative to scab encrusted lesions near the ventral midline

of a Droughtmaster cow; (C) multiple raised scabbed lesions on the neck of a Droughtmaster cow.
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FIGURE 4

Boxplots showing the distribution of lesion areas and pathology scores for total gross damage, alopecia, ulceration, and hyperkeratosis. (A–E) Show gross

pathology comparisons between Stephanofilaria positive (Steph +ve) and negative (Steph -ve) lesions; (F–J) Show gross pathology comparisons between

bacteria positive (Bac +ve) and negative (Bac-ve) lesions; (K–O) Show gross pathology comparisons between Steph +ve and Bac +ve lesions (*P < 0.05,

**P < 0.01, ***P < 0.001).

of potential causal factors in the development of BF lesions. Our

study extended on previous work, comprehensively describing and

differentiating the gross and microscopic pathological features of

BF lesions involving potential comorbid etiological factors including

Stephanofilaria sp., bacteria, and host immune response.

When the size of the BF lesions which had Stephanofilaria

was compared to bacterial infected lesions or lesions negative for

both Stephanofilaria and bacteria, the area of the lesions with

Stephanofilaria was significantly greater than for either of the other

two groups, extending up to 54 cm2 area in some instances. However,

even in the absence of both Stephanofilaria and bacteria, BF lesions

could attain a lesion size up to 40 cm2 and it is hypothesized that

this could be a function of individual animal hypersensitivity to BF

antigens as has been previously suggested for HF-associated lesions

in some instances (16, 20). In addition, the presence of BF lesions

causes mild to severe pruritus (7) manifesting as frequent scratching

and rubbing of the lesions which could also act to increase the lesion

area and the severity of the tissue damage.

Hyperkeratosis and alopecia were more obvious gross features in

Stephanofilaria infected lesions than in lesions without nematodes

and there was no difference between bacteria-infected and non-

infected lesions for these gross changes. These observations

are consistent with previous reports for Stephanofilaria-infected

lesions (21, 22) and consistent with our casual observations that

hyperkeratotic hairless lesions are commonly present in cattle in

northern Queensland where Stephanofilaria is prevalent, but not

Frontiers in Veterinary Science 08 frontiersin.org
13

https://doi.org/10.3389/fvets.2022.971813
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Naseem et al. 10.3389/fvets.2022.971813

FIGURE 5

Boxplots (A–D) show the distribution of scores for total epidermal damage, epidermal disruption, total dermal damage and adnexal destruction scores for

Stephanofilaria positive (Steph +ve) and negative (Steph -ve) lesions. The boxplots (E–J) show the total inflammation and individual inflammatory cell

scores of these two groups (**P < 0.01, ***P < 0.001).

commonly seen in southern Queensland where no Stephanofilaria

was found (10). The occurrence of ulceration in bacteria-infected

lesions is consistent with observations of Devriese and Derycke (23)

and Hazarika et al. (24), who isolated Staphylococcus hyicus from

ulcerative cattle skin lesions. Although the difference in ulceration

scores between bacteria positive and negative lesions was not

significant in our study, ulceration was significantly higher in lesions

with bacteria than in lesions with Stephanofilaria.

Epidermal disruption was the most noticeable epidermal change

associated with the bacterial infection in our study, but was not

evident in Stephanofilaria-infected lesions. Johnson (3) also observed

breached epidermis associated with bacterial growth in some lesions,

but in common with the current study rarely observed this change

in the Stephanofilaria-infected lesions. Naseem et al. (25) isolated

Staphylococcus hyicus and S. agnetis from BF lesions and both these

bacterial species were found to have exfoliative toxin type A and

C genes. These toxins are epidermolytic serine proteases that can

digest skin desmoglein, destroying keratinocyte adhesion and can

cause epidermal damage (26). Similar toxins have been identified

in S. hyicus isolates associated with exudative epidermitis in pigs

(“greasy pig disease”) (27). However, clinical expression of exfoliative

toxins has not yet been confirmed and it is possible that these toxins

are not actively involved in lesion development as we observed

some uncircumscribed ulcerated lesions. Based on the isolation of

Staphylococcus spp. from ulcerative BF lesions by Naseem et al. (25),

it appears that the cocci-shaped bacterial colonies observed in this

study are likely to be S. hyicus or S. agnetis, although S. aureuswas also

reported from similar lesions in dairy cattle associated with HF (17).

The varying degrees of hyperkeratosis and serocellular crust

formation observed in all Stephanofilaria positive lesions are

consistent with the epidermal changes described with typical

Stephanofilaria spp. associated lesions (3, 21, 22). However, there was

also a significant difference between bacteria negative and positive

lesions in the hyperkeratotic score. Mild to moderate epidermal

changes including spongiosis, hyperkeratosis, acanthosis, epidermal

disruption and formation of serocelluar crust, were also noted in

sections examined from BF lesions negative for Stephanofilaria and

bacteria. Similar epidermal changes have also been reported byMosca

et al. (20) who attributed these lesions to an allergic response to HF

feeding. The failure to detect either Stephanofilaria or bacteria in

these lesions and the resemblance of these epidermal changes to those

seen in the HF-associated lesions suggests that these changes could

be immunopathological effects resulting from an immune response

to BF feeding.

Both Stephanofilaria-infected and bacteria-infected lesions had

more severe dermal damage and adnexal destruction than lesions

without infection. Johnson (3) suggests that in Stephanofilaria

infected lesions, this could be due to a severe localized host immune

reaction, comprising histiocytes, lymphocytes and eosinophils,

elicited by the adult nematodes present at the base of the hair follicle.

A similar response was seen in our study where eosinophils were seen

clustered around Stephanofilaria adult nematodes and microfilariae.
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FIGURE 6

Boxplots (A–D) indicate the distribution of scores for total epidermal damage, epidermal disruption, total dermal damage and adnexal destruction for

bacterial positive (Bac+ve) and negative (Bac-ve) lesions. Boxplots (E–J) show total inflammation and individual inflammatory cell scores of these two

groups (**P < 0.01, ***P < 0.001).

FIGURE 7

Boxplots (A–D) indicating the distribution of scores for total epidermal damage, epidermal disruption, total dermal damage and adnexal destruction

scores for bacterial positive lesions (Bac+ve) and Stephanofilaria positive lesions (Steph +ve). Boxplots (E–J) show total inflammation and individual

inflammatory cell scores of these two groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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This could subsequently result in the destruction of the hair follicles.

Our study also observed complete loss or early signs of adnexal

destruction in the BF lesions without Stephanofilaria infection. Thus

adnexal destruction could result from an allergic response triggered

by BF feeding in addition to the response to Stephanofilaria. Further

evidence for this is provided by Mosca et al. (20) and Guglielmone

et al. (28) who reported severe dermal oedema, folliculitis and

furunculosis in HF-associated skin lesions without the presence of

Stephanofilaria. There was also a significant difference in dermal

damage and adnexal destruction scores between bacteria-infected

and noninfected lesions, which suggest that bacterial infection could

also play a role.

Although eosinophil infiltration in the superficial dermal layer

was observed in all the BF lesions examined in this study,

Stephanofilaria infection produced significantly higher eosinophilic

infiltration, especially around the adult nematode and microfilariae.

Eosinophilic dermatitis has also been reported by Whittier et al.

(22) and Watrelot-Virieux and Pin (21) in Stephanofilaria-

infected lesions. In contrast to our finding of significantly

higher numbers of eosinophils, macrophages, and lymphocytes in

Stephanofilaria positive lesions, Johnson (3) indicated eosinophils

and neutrophils as the major inflammatory cells in lesions without

Stephanofilaria whereas he observed histiocytes and lymphocytes

were the predominant inflammatory cells in Stephanofilaria-infected

lesions. The difference between our observations and those of

Johnson (3) could be explained by difference in lesion stage when

biopsied, as Patnaik (29) also observed lymphocytes and histiocytes

dominated inflammatory response around dead worms in chronic

infections of Stephanofilaria assamensis. The eosinophil-dominant

inflammatory reaction in the BF lesions, without nematode or

bacterial infection, may also indicate that hypersensitivity responses

to BF feeding play a major role in lesion pathology, as a similar

inflammatory pattern was reported for Stephanofilaria sp.-negative

HF associated lesions (20, 28).

Overall our findings suggest that both Stephanofilaria and

bacteria can play a role in BF lesion development. However, it appears

that neither of these factors is essential for lesion development

as we did not find either in 49% of the samples studied. This

suggests that either there is a further unidentified factor involved,

or that BF feeding can initiate lesion development without the

involvement of other factors. Stephanofilaria infection caused more

severe damage to the dermal layer, and could be a key factor

in the formation of dry crusted type lesions often described in

association with Stephanofilaria infection, whereas bacteria-infected

lesions had more severe epidermal damage, which may drive the

development of more open ulcerative lesions. Hypersensitivity to

BF feeding is hypothesized to be an important contributing factor,

particularly in the case of highly allergic individuals, as tissue

damage and eosinophilic inflammation were important histological

features in the absence of Stephanofilaria or bacteria. In addition,

pruritis and rubbing of lesion areas, likely mediated by IgE based

responses, may exacerbate the severity of lesions and resultant

hemorrhage. Another possible explanation for the causality of

lesions with unidentified co-factors could be the physical damage

to skin caused by abrading mouthparts of BFs during feeding.

As BFs have been shown to vector both Stephanofilaria (3, 8)

nematodes and Staphylococcus spp. bacteria (25) they could also

contribute to the development and severity of lesions by this means.

Furthermore, lesions are often seen to persist well after the BF

season has ended, suggesting that infection with Stephanofilaria

or bacteria or any unknown factor may increase the longevity

of lesions.

Treatment of cutaneous lesions associated with BF or HF, most

commonly targeting Stephanofilaria nematodes, have given variable

results (3, 14). Notably, the best effect has generally been seen with

macrocyclic lactones that affect both the nematodes and flies (3, 14,

30), reported from the areas where both flies and Stephanofilaria are

prevalent. Our results suggest that approaches that directly target BF,

in addition to Stephanofilaria, could give more consistent treatment

results and including a bacteriaocide, may also help to limit the

severity of lesions.
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Stress and general anesthesia have an impact on the functional response of the

organism due to the detrimental e�ects on cardiovascular, immunological, and

metabolic function, which could limit the organism’s response to an infectious

event. Animal studies have formed an essential step in understanding and mitigating

infectious diseases, as the complexities of physiology and immunity cannot yet be

replicated in vivo. Using animals in research continues to come under increasing

societal scrutiny, and it is therefore crucial that the welfare of animals used in disease

research is optimized to meet both societal expectations and improve scientific

outcomes. Everyday management and procedures in animal studies are known to

cause stress, which can not only cause poorer welfare outcomes, but also introduces

variables in disease studies. Whilst general anesthesia is necessary at times to reduce

stress and enhance animal welfare in disease research, evidence of physiological

and immunological disruption caused by general anesthesia is increasing. To better

understand and quantify the e�ects of stress and anesthesia on disease study and

welfare outcomes, utilizing the most appropriate animal monitoring strategies is

imperative. This article aims to analyze recent scientific evidence about the impact

of stress and anesthesia as uncontrolled variables, as well as reviewing monitoring

strategies and technologies in animal models during infectious diseases.

KEYWORDS

infectious disease research, laboratory animal welfare, impacts of anesthesia, impacts of

stress, animal monitoring, animal models of disease, animal immunity, surgical stress

Introduction

The complex interplay of the immune system and physiology of infection can’t be replicated

in vitro and is very limited in ex vivo studies (1), meaning animal models are still essential to

the study of infectious disease (2). Animal models are used to study infectious diseases in both

human and veterinary medicine, but the results of these studies are vulnerable to a series of

variables such as handling, cage environment, and technical procedures, which can generate

varying degrees of stress (3). The physiological and immunological consequences of stress, in

addition to other factors such as the induction of general anesthesia, have the potential to alter

scientific outcomes resulting in less applicable science (4). Additional consequences of these

uncontrolled variables in infectious disease research are poorer animal welfare outcomes (5).

There is increasing societal scrutiny and expectations on how animal research is conducted by

the general public, with increasing expectations that research involving animals is both well-

justified and conducted in a manner that not only minimizes animal suffering but results in an

overall positive welfare experience (6). Continually improving the applicability of science from

the laboratory to real-world application is therefore crucial, in addition to enhancing animal

welfare by adapting and further developing best-practice methods of laboratory animal care

and management (5). Both objectives can be achieved via the identification and reduction of

study variables.
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Of the many variables that can impact upon studies of infectious

disease, the effects of stress on immunity and disease susceptibility

are well-documented (7, 8). Stress is a complex and multi-faceted

process (chronic vs. acute, beneficial vs. adverse effects) and

consequently, there are inherent difficulties in identifying what

causes stress in different species under diverse study conditions

(9). Stress experienced by animals in disease research can be

caused by the disease itself and accompanying inflammatory

responses (10, 11), as well as regular animal handling and

repeated procedures and interventions (3–5, 12). The factors

that cause stress also promote the organism’s response as a

homeostasis-related compensatory mechanism or returning to

homeostasis, by modifying the physiological parameters and

generating compensatory metabolic, hormonal or neurological

responses that can alter study results (13–16). The impacts of stress

can be detrimental to both animal welfare and scientific outcomes

in animal models (17), but stress is certainly not the only significant

cause of study variables in infectious disease research.

The administration of sedatives and anesthetics is a common

requirement in animal studies for sample collection (18). Yet despite

its accepted and regular use in animal studies of infectious disease,

general anesthesia has multi-modal effects on immune system

functioning (19). Although general anesthetics are known to interfere

with the immune system causing immunosuppression, repeated

and regular anesthetic events commonly occur throughout animal

studies.Whilst the use of anesthesia plays a crucial role in the effective

management of animal welfare and meeting scientific objectives,

potential immunomodulatory effects of anesthetic induction should

not be ignored. In addition, the induction of anesthesia often

introduces its own negative impacts on animal welfare such as

cognitive dysfunction (20). This dysfunction can present as a decrease

in learning, memory capacity or inability to concentrate, only if

the appearance of central inflammation and neuronal apoptosis is

induced, where synaptic loss could promote neuroinflammation (21).

Accurately quantifying the impacts of stress and anesthesia as

variables in animal models of infectious disease relies on the methods

of assessment being used. In addition to the more traditional clinical

and subjective assessment methods, recent developments in non-

invasive monitoring technology are beginning to be adapted and

utilized for the collection of physiological data in animal studies

of disease. This includes the measure of heart rate and heart

rate variability in rodent stroke models (22), the use of collar

monitors for the identification of subclinical mastitis in dairy cattle

(23), and the detection of respiratory disease in pigs using infra-

red and conventional imaging (24). This multi-faceted monitoring

approach leads to an improved understanding of disease, enhanced

animal welfare via monitoring and humane endpoint refinement,

and the potential to more effectively identify and mitigate the

detrimental effects of stress and anesthesia on infectious disease study

outcomes (25).

This review aims to describe how stress and anesthesia act

as uncontrolled variables that impact upon scientific and animal

welfare outcomes in animal studies of infectious disease. It discusses

how the effects of stress and anesthesia can be understood and

addressed during the planning and conduct of in vivo infectious

disease studies, and presents novel recommendations for future

research to better understand and mitigate the physiological and

immunological impacts of stress, pain, and anesthesia. Current and

emerging monitoring strategies and technologies to assess animal

health and disease most effectively are described. In addition, this

review presents recommendations for the future refinement and

enhanced uptake of optimized monitoring strategies in experimental

animal models of infectious disease.

Methodology

Literature was searched via PubMed, Google Scholar, and Scopus

via keyword searches for all topics reviewed. For the analysis

of animal monitoring methods between 2012/2013 to 2020/2021 a

search of title, abstract, and key words on web of science was

conducted using the following search categories: Veterinary Sciences,

Infectious Diseases, Agriculture multidisciplinary, and Zoology.

Animal monitoring methods were categorized and search terms used

as described in Table 1.

The impact of stress on infectious disease
study outcomes

In the context of laboratory animals stress can be defined

as a negative emotional experience accompanied by predictable

biochemical, physiological, cognitive, and behavioral changes that are

directed either toward altering the stressful event or accommodating

to its effects (26). This definition is in line with the founding

principles of humane animal research developed by Russel and

Burch (27), which defines distress in laboratory animals as a central

nervous state of a certain rank on a scale, in the direction of the

mass autonomic response which if protracted, would lead to the

physiologic stress syndrome (27). Animals maintained in laboratory

conditions are often far removed from their evolved or natural

environment, and this can predispose these animals to experiencing

greater levels of stress (4). In addition, keeping animals in controlled

environments away from stress factors may predispose animals to

experience a greater degree of stress, resulting in neurobiological,

hormonal, and metabolic compensatory responses that result in the

development of chronic stress (16, 28).

The effects of chronic stress on immunity and disease

susceptibility in humans and animals is well-established in the

literature, as demonstrated in a study by Cohen et al. (29).

The authors experimentally exposed healthy human volunteers

to rhinoviruses with varied histories of experience with chronic

stressors. Their results showed those individuals with recent long-

term exposure to a threatening stressful experience demonstrated

glucocorticoid receptor resistance and were at higher risk of

succumbing to a viral infection. In addition, glucocorticoid receptor

resistance predicted the production of higher levels of pro-

inflammatory cytokines and disease among infected subjects. This

is a clear demonstration of not only the effects of chronic stress on

increasing the risk of disease susceptibility, but also the mechanisms

that lead to reduced disease resistance. Zhou et al. (30) have also

demonstrated compromised immunity due to chronic stress in

animal cancer models. The authors applied chronic mild stress to

mice with cancerous tumors undergoing immunotherapy and found

that tumor regression occurred in mice undergoing immunotherapy,

but this regression was attenuated in mice undergoing mild chronic

stress (30). These results have implications for infectious disease
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TABLE 1 Categories of animal monitoring and search terms used per category.

Machine
learning and
algorithms

Subjective
assessment and
operator scoring

Clinical
parameter
assessment

Sensors and
wearable devices

Video monitoring

Search terms used

within category

- Machine learning

- Machine learning

animal disease

- Algorithm

animal disease

- Subjective assessment

animal disease

- Clinical scoring

animal disease

- Grimace score animal

disease

- Operator assessment

animal disease

- Heart rate animal

disease

- Rectal temperature

animal disease

- Blood pressure animal

disease

- Respiration

animal disease

- Sensors animal disease

- Wearable

animal disease

- Video monitoring

animal disease

- Infrared monitoring

animal disease

- Motion detection

monitoring animal disease

research, where compromised immunity can result in altered

disease outcomes.

Such altered disease outcomes were demonstrated by Gervasi

et al. (31). The authors experimentally altered levels of the stress

hormone corticosteroid via a hormone implant in two groups of

zebra finches (10 finches implanted with low corticosterone devices

and 10 finches implanted with high corticosterone devices), with a

third control group of 10 finches not receiving any corticosteroid

implants. Blood was collected from all finches prior to exposure to

West Nile virus, with the average corticosterone level of control birds

being ∼15 ng/ml, low dose corticosterone group birds ∼50 ng/ml,

and high dose corticosterone group birds ∼100 ng/ml (31). They

found that although all birds became infected, only birds with

elevated corticosteroid had viral loads at or above the infectious

threshold. Further, no mortality was observed in control birds, whilst

mortality rates of 40 and 70% were observed in low corticosterone

and high corticosterone implanted finches, respectively. This suggests

that immunosuppression caused by elevated glucocorticoid stress

hormones leads to a higher susceptibility to disease. In a similar

study in mice, Zhou et al. (32) inoculated cancer cells into mammary

fat pads of control, stress, and stress + chewing groups where

mice were provided wooden blocks to chew on whilst undergoing

psychosocial stress. They found that psychosocial stress enhanced

tumor growth, but chewing behavior markedly inhibited this growth

by ameliorating the effects of stress, and in turn modulating stress

hormones and their receptors (32). This highlights the importance

of identifying and reducing chronic stressors in animal studies in

order to prevent the development of physiological compensatory

mechanisms that lead to chronic stress responses, such as impaired

immune and altered metabolic, neurobiological, and cardiovascular

functions (16, 28). As laboratory animal stress can result from many

common animal husbandry, environmental, and procedural factors,

there is considerable potential for everyday stressors to impact upon

scientific outcomes in infectious disease studies (33).

Manual handling and blood collection are two such stressors that

are known to cause stress-induced immunomodulation in laboratory

animals. Balcombe et al. analyzed data from 80 published in vivo

studies and determined changes in physiologic parameters correlated

with stress (including elevated serum corticosterone, glucose, blood

pressure, and heart rate) were associated with both manual handling

and blood collection (34). Similar stress responses in mice resulting

from noise pollution were also observed in a study by Jafari et al. (35).

The authors compared glucocorticoid responses in 32 mice exposed

to daily traffic noise (16 mice exposed daily during the light cycle,

16 mice exposed daily during the dark cycle) and equal numbers of

control mice not exposed to noise. They found that mice exposed

to traffic noise had significantly higher glucocorticoid levels than

mice not exposed to traffic noise during both light and dark cycles,

regardless of sex (35). Noise sources and levels in animal laboratories

are numerous and varied, and can commonly include music, human

voices, incidental noise from animal husbandry, and vocalization

from other animals in the room (including distress vocalization).

The demonstration of elevated glucocorticoid responses in mice

exposed to traffic noise indicates the ease in which noise can act as

a chronic stressor that has the potential to influence study outcomes

and compromise animal welfare. This highlights the importance of

identifying and mitigating chronic animal stressors in the laboratory,

and indicates that the early recognition of stress factors could help

to prevent, control, and diminish the effect of these elements as

study variables. A study by Marcon et al. (36) investigated the

effects of environmental enrichment of zebrafish responses to chronic

stress. The authors submitted two groups of zebra fish, housed

with or without environmental enrichment, to unpredictable chronic

stress. They found that environmental enrichment attenuated the

effects of chronic stress, with zebrafish provided with environmental

enrichment displaying significantly less anxiety-like behaviors and

reduced cortisol and reactive oxygen species compared to controls

with no environmental enrichment (36). In all of these studies, the

mechanism of activation of stress responses was found to be directly

via the hypothalamic-pituitary-adrenal (HPA) axis in the form of

enhanced production of glucocorticoids, or via neural network

changes over time in response to enhanced activation of sympathetic

nervous activity and chronic exposure to glucocorticoids, rendering

glucocorticoid responses more sensitive to stress as described in

Figure 1 (16, 28, 37–39).

The HPA activation and stress responses observed in studies of

laboratory animal stressors demonstrate poorer welfare outcomes for

laboratory animals experiencing chronic stress. A study by Jin et al.

(40) takes this a step further, by directly demonstrating the effects

of heat stress on immunity and disease susceptibility in mice. The

authors infected mice with H5N1 highly pathogenic avian influenza

that were previously held in either thermoneutral conditions or

placed under chronic heat stress. They found that mice subjected

to chronic heat stress exhibited significantly reduced local immune

responses in the respiratory tract, in addition to reduced dendritic

cell maturation and reduced mRNA levels of IL-6 and interferon

(40). Mortality rate and viral load in lungs was also significantly

higher in mice that had experienced chronic heat stress, indicating

chronic heat stress caused reduced immunity and increased viral

susceptibility. When viewed as a whole, the literature demonstrates

substantial and varying impacts of stress on HPA axis activity and

immune responses in laboratory animals. When interpreting the
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FIGURE 1

Hypothalamic-pituitary axis (HPA) activation, sympathetic nervous system activation, and compensatory mechanisms in response to stress. Sympathetic

nervous system activation occurs as the primary response to stress, followed by HPA axis activation where the stressor is prolonged or chronic. A negative

feedback loop leads to compensatory mechanisms via the HPA axis in response to threats to homeostasis.

effects of stress in the context of animal studies of infectious disease,

it is important to consider whether the stressor is likely to be defined

as acute or chronic as described in Figure 2 (29, 30, 34, 35, 40, 41).

In infectious disease research, both immunosuppressive (commonly

resulting from chronic stress) and temporary immunoenhancing

/inflammatory (commonly resulting from acute stress) effects are

equally important to identify, but understanding the effect is critical

for both mitigation of the stressor and interpretation of potential

impacts on study results (42). Whilst decreasing laboratory animal

stress is crucial for reducing study variables, stress alone is not

the only variable that influences outcomes in studies of infectious

disease. The administration of preanesthetic drugs and those used

for the maintenance of general anesthesia generate a physiological

adaptation response that consists of metabolic, neuroendocrine,

hemodynamic, immunological, and behavioral changes through the

neurosecretion of chemical mediators, which also have the potential

to influence the results of infectious disease research (16).

Physiological impacts of general anesthesia
in infectious disease studies

Using anesthesia in animal studies of disease can be crucial

for the management of animal welfare, operator safety, and the

achievement of scientific objectives. This is particularly true for

performing invasive procedures, or when conscious restraint or

sample collections cause unacceptable stress (43). Whilst the benefits

of anesthesia are significant, the use of sedatives, analgesics and

anesthetics must be balanced with their own potential risks to animal

welfare and altered study outcomes from anesthesia effects (4).

Different authors mention that anesthetics can have a depressant

effect on the immune, cardiovascular, and metabolic response in

healthy animals (44–46). These effects are in addition to behavioral

and cognitive deficits, neuroinflammation, and mitochondrial

dysfunction (47–52). Figure 3 describes the commonly observed

effects of anesthesia (44–46, 48–55).

General anesthesia causes a multitude of physiological effects,

which are apparent even in healthy animals. Reductions in arterial

pressure of∼30% in healthy dogs have been reported after induction

with propofol (5 mg/Kg over 30 s followed by a continuous infusion

of 25 mg/Kg/h) (56), as well as medetomidine (0.01 mg/Kg),

butorphanol (0.2 mg/Kg) and acepromazine (0.02 mg/Kg) (57).

Mrazova et al. (57) further demonstrated an increased respiratory rate

and decreased heart rate after fentanyl administration (0.01 mg/Kg),

and decreased heart rate and respiratory rate after medetomidine

administration in healthy dogs. In sick animals, the effects

and potentially detrimental consequences of anesthesia can be

exacerbated. A cohort study conducted by Brodbelt et al. (58)
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FIGURE 2

E�ects of acute and chronic stress on glucocorticoid and immune responses in laboratory animals. Common routine stressors of laboratory animals

include manual handling, blood collection, and noise. When these stressors are acute, enhanced glucocorticoid production via stimulation of the

sympathetic nervous system and HPA axis result in an enhanced immune response. When stressors are chronic, the development of glucocorticoid

resistance leads to immunosuppression. This primarily occurs via a decreased and altered leukocyte production in addition to a reduced production of

anti-inflammatory cytokines via a negative feedback loop.

FIGURE 3

Clinical and subclinical e�ects of anesthesia lead directly and indirectly to immunosuppression. Clinical e�ects are those that can be detected by

monitoring and assessment, whilst sub-clinical e�ects are not readily detected. In both instances anesthetic e�ects either directly result in

immunosuppression or result in further physiological e�ects that in turn result in immunomodulation, most commonly immunosuppression via a

reduced inflammatory response. The incidence and significance of e�ects vary depending on the anesthetic agents used, time spent under anesthesia,

species being anesthetized and degree of supportive care provided.

surveyed 117 veterinary practices in the United Kingdom, analyzing

data obtained from 98,036 dogs, 79,178 cats and 8,209 rabbits

that had been anesthetized and sedated using various anesthetic

and sedation regimes. The authors found that in healthy animals

with no pre-existing disease, the risk of death from anesthesia or

sedation was 0.05% for dogs, 0.11% for cats, 0.73% for rabbits,

and 3.8% for guinea pigs (58). However, these risks increased

dramatically for sick animals-−1.33% (two–three-fold increase)
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for dogs, 1.40% (12–13-fold increase) for cats, and 7.37% (10-

fold increase) for rabbits. This dramatic increase in mortality risk

in sick compared to healthy animals illustrates the significantly

enhanced impacts of anesthesia on compromised animals. Given

that disease research models typically result in illness, the impact of

anesthesia on animal welfare and resultant study outcomes in disease

research is of concern. More specifically, the effects of a standard

ketamine/xylazine mouse anesthetic regime were investigated by

Schuetze et al. (59). By anesthetizing both young (2.14 ± 0.23

months) and aged (26.31 ± 2.15 months) mice with a standard dose,

the authors found that 0 of the 26 young mice died under anesthesia,

compared to 4 out of 26 agedmice (15.4%mortality) (59). In addition

to the physiological variables that could be introduced to surviving

mice in a disease study, the loss of such a large number of mice in

a study can reduce statistical power, risking the ability to achieve

study objectives (60). Studies into the mortality of commonly used

research species that are not commonly anesthetized in veterinary

practice, such as pigs, are needed to more accurately quantify the

mortality rate of anesthesia in these species. This will allow for further

understanding of anesthetic risk levels, which is important for study

design and improved research animal management practices (61).

An important consequence of general anesthesia is a reduced

ability to thermoregulate and maintain core body temperature within

a thermoneutral zone. Contributing factors to this reduced

thermoregulatory ability under general anesthesia include

vasodilation leading to greater heat loss to the surrounding

environment, changes to central brain structure activity, cooling

effects of disinfectant application, and heat loss resulting from

surgical penetration of the body cavity (62). These factors can be

mitigated by the use of management techniques peri- and post-

anesthesia such as effective warming and supportive care. However,

where this is not optimized, the physiological and physical effects of

anesthesia can be exacerbated (63). The ability to provide optimal

supportive care to reduce the impacts of anesthesia in research

animals is highly variable, and dependent on many factors. The core

temperature of smaller animals (such as rodents) is relatively easy to

maintain through portable heat mats and lamps and is largely deemed

necessary and considered standard practice (64). Even short-term

interruptions to thermoregulation from anesthetic induction can

easily lead to serious complications or death in smaller species, due

in part to the large surface-area-to-volume ratio of small mammals

(65). For larger research animals (such as pigs and cattle) the

management of anesthesia-associated issues is often more difficult,

due to the increased complexity of providing effective warming and

other means of supportive care to larger animals in the infectious

disease research setting. Rodriguez-Diaz et al. (66) analyzed the

incidence of perioperative inadvertent hypothermia in dogs and cats.

The authors demonstrated that despite the standard use of warming

equipment and supportive care protocols in veterinary practice, a

high incidence of perioperative anesthesia-associated hypothermia

was identified (66). Given that warming and supportive care for

larger animals undergoing anesthesia in infectious disease studies is

often less optimized compared to the clinical veterinary setting, it is

reasonable to expect the incidence and severity of hypothermia to

be even more pronounced than that identified by Rodriguez-Diaz

et al. (66). Hypothermia has significant and wide-ranging effects

on the immune response, with lowered core temperature driving

anti-inflammatory/resolution-type effector functions (67). In animal

infectious disease studies, using anesthesia and the associated varying

degrees of hypothermia that can result (often at repeated timepoints)

is therefore likely to impact upon the immune response to the

diseases being studied, but further direct research is required to

quantify these potential effects. Adverse neurological effects have

been described during an induced hypothermic circulatory arrest for

cardiac surgery (68), but this degree of hypothermia (reduction in

core temp to 18 degrees) is not seen as a consequence of standard

anesthesia (69).

Besides immunomodulation, anesthesia-associated hypothermia

results in an increased risk of coagulopathies, most likely to

occur via two mechanisms- reduced platelet function, and the

functional impairment of several enzymes of the coagulation

cascade and subsequent reduction in clot formation (70). This

has significance for infectious disease studies in general, but even

more specifically for the study of diseases that cause coagulopathies.

Petrilli et al. (71) demonstrated a mechanism by which coagulopathic

infectious disease morbidity outcomes are influenced by disruptions

to the coagulation cascade. The authors retrospectively studied

patients with COVID-19 and identified that elevated d-dimer levels

were strongly associated with critical illness (71). D-dimer is a

product of fibrin degradation and is only present in plasma as

a result of activation of the coagulation cascade, as occurs after

degradation of blood clots (72). The findings of Petrilli et al.

(71) therefore demonstrate that increased coagulopathy and clot

formation leads to increased morbidity in COVID-19 patients.

Building on this observation, Wang et al. (73) studied retrospective

cases of COVID-19 patients and found that elevated d-dimer is

a significant component of disseminated intravascular coagulation,

which develops due to abnormalities with the coagulation cascade

and is a leading cause of in-hospital deaths in COVID-19 patients.

These findings suggest that anesthesia-associated hypothermia could

result in altered study outcomes in SARS-CoV-2 animal studies,

by pre-disposing and increasing the susceptibility of research

animals to coagulopathies and clot formation which in turn

increases mortality risk (74). Additionally, hypothermia induces

multiple cardiopulmonary effects including reductions in heart rate,

respiratory rate, and systolic blood pressure (75). As COVID-19 can

elicit severe acute respiratory syndrome and cardiac and lung injury,

changes to cardiopulmonary function as a result of hypothermia may

also increase disease susceptibility or lead to alterations in disease

course and presentation (76). These effects may also be true for other

infectious diseases that can result in coagulopathy such as Ebola,

Dengue, and Chikungunya virus, but further investigation is required

to determine this.

Whilst there is a distinct lack of research demonstrating how

general anesthetic induction specifically affects infectious disease

study outcomes, a recent study by Nash (77) reported on the

administration of a low pathogenic strain of influenza to mice

anesthetized with ketamine/xylazine and to a control group not

administered anesthetic. They found that mice not administered

anesthetic displayed very mild or no signs of disease, whilst

anesthetized mice succumbed to disease (77). This study directly

demonstrates the effects of general anesthesia on disease outcomes

and shows the need for more direct studies in varied animal

models of infectious disease. The impact of anesthesia on disease

outcomes in mice was also demonstrated in an earlier study by

Penna et al. (78). Mice were anesthetized with either ketamine
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or halothane and inoculated with a non-lethal Influenza A virus.

They found that mice anesthetized with ketamine had higher viral

titres 12 h post-inoculation, and a more rapid lung infiltration of

neutrophils and monocytes suggesting differences in the recruitment

of immunological effector cells (78). This study shows that different

types of anesthesia can result in different immune responses, and

therefore cause different disease outcomes. As there are multiple

anesthetic combinations used in animal models of disease research,

the variables and immunomodulation that can be introduced by

different anesthetics are therefore many and varied.

Impacts of anesthesia-induced
immunomodulation on infectious disease
outcomes

The wide range of anesthetic combinations utilized in

animal models of disease makes identifying the effect of every

drug combination, on every species and animal strain, an

impossible task. Instead, identifying the known immune-altering

consequences of drug classes commonly used in infectious disease

research demonstrates the wide-ranging impacts of routinely

utilized anesthetics.

Alpha-2 adrenergic agonists
Commonly used alpha-2 adrenergic agonists include

medetomidine, dexmedetomidine, and xylazine, acting on alpha-2

receptors in the central nervous system and peripheral tissues

(79). The physiological impacts of these drugs, particularly on

the cardiovascular and pulmonary systems, are well-described in

laboratory and small animal medicine and most notably include

hypotension/hypertension, bradycardia, and decreased cardiac

output (80).

Literature on the immune effects of alpha-2 agonists in this

field is less abundant yet studies from human patients demonstrate

immunomodulation caused by alpha-2 adrenergic agonists (81–

83). Wang et al. (84) analyzed 4,842 human surgical patients,

approximately half of which were administered dexmedetomidine for

anesthesia. They found that patients administered dexmedetomidine

had significantly decreased interleukin (IL)-6 and tumor necrosis

factor-α (TNFα) in the blood, and increased IL-10 (84). Compared

to the control group the authors also found a significant increase in

natural killer cells, B cells, CD4+ T cells and a significant decrease

in CD8T cells. Additionally, they observed an increase in the ratios

of CD4:CD8T cells. Overall, the administration of dexmedetomidine

in the peri-operative period reduced hyper-inflammatory effects of

surgery on the immune system, resulting in improved immune

functioning. Interestingly, chickens administered clonidine, another

alpha adrenergic agonist, at various doses demonstrated that higher

clonidine doses resulted in increased circulating B cells and IgG

levels (85). As IgG is critical to host protection during infection and

virus neutralization (86), the increased levels caused by clonidine

may also have an immunoenhancing effect. However, further

studies are required to determine the binding mechanisms of the

circulating IgG observed to determine this. Studies in sepsis (87)

and myocardial injury (88) demonstrate anti-inflammatory effects of

dexmedetomidine primarily as a result of reduced cytokine activity.

Anti-inflammatory effects of dexmedetomidine in human infectious

disease was also demonstrated by Hamilton et al. (89). The authors

conducted a retrospective analysis of 214 adult human patients

with severe COVID-19 requiring invasive mechanical ventilation

and sedation. They found that risk of mortality was 58.2% lower

in patients that were administered dexmedetomidine for sedation

within 3.4 days of intubation compared to patients that were not

(89). In addition to the reduction in pro-inflammatory cytokine

production, dexmedetomidine has also been shown to reduce

inflammation by suppressing catecholamine release (90, 91) and

reducing immune cell activity and recruitment at sites undergoing

inflammatory signaling (92, 93). Further studies in animal models

are required to ascertain the anti-inflammatory effects of alpha-2

adrenergic agonists on various infectious disease models. Romifidine

is an alpha-2 agonist used primarily in horses, and of which

physiological effects have been studied and documented in the

literature (94). There is an absence of studies on the effects of

romifidine on the immune system, therefore the potential effects on

infectious disease study outcomes are currently not known.

Alpha-2 agonists are also known to cause neuroendocrine

changes, including blocking insulin release from beta cells and

elevating blood glucose levels (95). These effects were demonstrated

in a study by Connell et al. (96), who monitored blood glucose

levels of diabetic and non-diabetic rats anesthetized with xylazine,

medetomidine or pentobarbital. The authors found that both

medetomidine and xylazine, but not pentobarbital, elicited marked

hyperglycemia in non-diabetic rats. A study by Zhu et al. (97)

demonstrates how hyperglycemia may impact upon infectious

disease study outcomes. The authors conducted a retrospective,

multi-centered study of 7,337 human cases of COVID-19, among

which 752 had type 2 diabetes (97). They found that well-

controlled blood glucose was associated with markedly lower

mortality compared to individuals with poorly controlled blood

glucose and hyperglycemia. For studies of infectious disease, this

suggests that hyperglycemia induced by the use of alpha-2 agonists

could alter disease course and severity and impact upon study

outcomes. Alpha-2 agonist effects on beta cells also include the

suppression of growth hormone and testosterone (98) and changes to

serum prolactin, which acts as both a hormone and a cytokine and has

been demonstrated to play an important role in autoimmunity (99).

The effects of prolactin on infectious disease study outcomes are not

known, and further studies are needed to determine both the effects of

prolactin on infectious disease susceptibility and the neuroendocrine

impacts of alpha-2 agonists in infectious disease studies.

Overall, the literature is increasingly demonstrating that alpha-

2 adrenergic agonists have an overall anti-inflammatory effect on

immune responses in relation to infectious disease outcomes. It is

important to note that the bulk of research published on the immune

altering effects of this drug class is based on single use administration.

The immunomodulatory effects of repeated or chronic use, as is

common in infectious disease animal studies, is not known and

warrants further research.

NMDA receptor antagonists
N-methyl-D-aspartate (NMDA) receptor antagonists act by

blocking NMDA receptors in the brain, which interact with the

neurotransmitter glutamate (100). Ketamine is a commonly used

NMDA receptor antagonist that is known to have a range of effects on
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the immune system. Takahashi et al. (101) conducted laparotomies

on mice anesthetized with either sevoflurane or ketamine, followed

by intraperitoneal administration of Escherichia coli to induce

septicemia. The authors found that mice administered ketamine had

suppressed TNF-α and reduced phagocytosis. Immunosuppressive

effects of ketamine were also found in a study by Gao et al.

(102), who isolated peripheral blood mononuclear cells from

human blood samples and incubated the cells in either the

presence or absence of ketamine. They found that ketamine

inhibited Th2 cell differentiation, which are a key cell responsible

for the regulation of humoral immune responses (102). Braun

et al. (103) demonstrated further effects of ketamine in vitro by

exposing human immune cells to various doses of ketamine. The

authors found that ketamine induced apoptosis in lymphocytes

via the mitochondrial pathway at lower doses, and via necrosis

at higher concentrations (103). Additionally, a study by Zeng

et al. (104) investigated the effects of ketamine both in vitro and

in vivo, and found that ketamine inhibited the maturation of

dendritic cells. The mechanism of this dendritic cell inhibition

by ketamine was further explored by Laudanski et al. (105),

who obtained monocytes from 36 human subjects and stimulated

differentiation into immature dendritic cells in the absence or

presence of ketamine at (100, 10 or 1µg/ml for 5 days). The

authors found that at 10µg/ml or higher, ketamine diminished

the differentiation of monocytes into immature dendritic cells in

vitro (105). As a key role of dendritic cells is the presentation

of antigen during infection, the results from both Zeng et al.

(104) and Laudanski et al. (105) demonstrate ketamine to have

immunosuppressive effects.

As ketamine is administered for non-anesthetic purposes

such as chronic pain management, immunosuppressive and anti-

inflammatory effects of ketamine have also been demonstrated

over repeated use (106) including a reduction in pro-inflammatory

cytokines IL-6, IL-1, IL-8 and TNF-α (107). Li et al. (108) further

explored the effects of ketamine on hippocampal inflammatory

cytokines in both acute and chronic administration mouse models.

They found that in mice administered ketamine acutely or

chronically, IL-1β and IL-6 levels were both elevated in the

hippocampus (108). Additionally, levels of TNF-α were elevated

in the single dose model, but significantly decreased in mice

administered multiple dose or long-term ketamine. This finding

of elevated inflammatory cytokines differs from the bulk of

literature that demonstrates immunosuppressive effects of ketamine.

This may be due to this study measuring hippocampal cytokine

levels as opposed to serum levels, as changes in hippocampal

cytokines have been shown to not be reflective of serum cytokine

profiles (109). Whilst the measurement of hippocampal cytokines

is appropriate to the objectives of this study, in the context of

infectious disease serum cytokine levels provide a more relevant

and accurate measure of cytokine activity due to differences in

cytokine perfusion through the blood-brain barrier (110). The

downregulation of systemic inflammatory cytokines by ketamine

is also supported by the known mechanisms of ketamine-

induced immunosuppression, which includes the downregulation

of inflammatory cytokine-producing macrophages and associated

protein activation factors (111). Ketamine affects a variety of key

immune functions, with the literature demonstrating these effects

of be overwhelmingly immunosuppressive even as the result of a

single dose.

Inhalational anesthetics
Inhalational anesthetics provide the benefit of rapid induction

and recovery, the ability to swiftly adjust anesthetic depth as required,

and their suitability for use in a wide range of companion, laboratory

and livestock animal species (112). Rapid recovery from inhalational

anesthesia has the potential benefits of reduced physiological impacts

(for example, a reduced incidence and severity of hypothermia)

(53). However, immunosuppressive effects of commonly used

inhalational agents still occur. Isoflurane, and sevoflurane have all

been shown to decrease cytokines, neutrophil cell numbers and

adhesion, macrophages and phagocytosis, and natural killer cell

cytotoxicity (113). All of these immune effects result in isoflurane

and sevoflurane being immunosuppressive. Desflurane is another

volatile anesthetic that has also been studied for its effects on immune

responses, as demonstrated by Kalimeris et al. (114). The authors

compared bronchiolar lavage fluid from 27 pigs anesthetized with

either desflurane, sevoflurane or propofol (nine pigs per group),

or not anesthetized (an additional four pigs). They found that

pigs anesthetized with sevoflurane and desflurane had decreased

alveolar macrophages and increased lymphocyte counts compared

to controls and pigs anesthetized with propofol (114). The results of

these authors reaffirm the immunosuppressive effects of inhalational

anesthetics on possibly local cellular immunity, which coincided with

a study carried out byWoo et al. (115). The authors assessed immune

responses in patients undergoing anesthesia with desflurane. They

found that patients had higher levels of neutrophils after desflurane

anesthesia, providing an immune protective response (115). In

contrast to the literature on isoflurane, desflurane and sevoflurane,

Arruda et al. (116) collected blood from patients before and after

surgery with halothane anesthesia, and found significant increases in

proinflammatory cytokines IL-6 and IL-8. The significantly higher

degree of inflammation that halothane induces compared to other

inhalational anesthetics has resulted in the largely discontinued use

of halothane, as it is this increased production of pro-inflammatory

cytokines that can lead to halothane-induced liver injury (117).

Studies on desflurane indicate a combination of immunosuppressive

and immunoenhancing effects, whilst the literature on isoflurane

and sevoflurane demonstrates overwhelmingly immunosuppressive

effects. The literature demonstrates that halothane has a substantial

inflammatory effect on the immune response, leading to hyper-

inflammation which can ultimately result in organ damage and a

compromised immune response.

General anesthesia and viral proliferation
Besides these immunomodulatory effects of specific drug classes,

the administration of general anesthetics can directly affect viral

proliferation. A key mechanism of how this occurs is via changes

to the balanced redox state, which shifts toward oxidant conditions

during viral infection (118). Alternatively, a shift away from oxidant

conditions, due to higher levels of antioxidants as part of the balanced

redox stat, have variable effects on viral growth and can result

in viral inhibition or facilitation (119). Erbas et al. (120) studied

the effect of general anesthetic agents on the oxidant/antioxidant

redox balance in human patients after surgery. They found that

both sevoflurane and propofol significantly increased antioxidant

levels, whilst desflurane significantly increased oxidant levels (120).

Therefore, the antioxidant and immunomodulatory effects of

desflurane, sevoflurane, and propofol are likely to affect health
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and disease outcomes and may affect scientific outputs in animal

disease studies.

Opioids
Opioids act on mu and kappa receptors in differing ways;

as agonists (e.g., morphine, fentanyl), agonist-antagonists (e.g.,

butorphanol), antagonists (e.g., naloxone), or partial agonists (e.g.,

buprenorphine) (121). The main opioid receptors are expressed by

T lymphocytes and macrophages (122), making these immune cells

susceptible to modulation by opioids via binding to mu receptors

present on these cells (123). Morphine is the most used analgesic in

humans and is known to have a wide range of immunosuppressive

effects (124) but a more commonly used opioid in infectious

disease animal studies is buprenorphine. In a study by Filipczak-

Bryniarska et al. (125), mice were administered either buprenorphine,

morphine or oxycontin and immune responses compared to baseline.

The authors found that mice administered buprenorphine had an

enhanced humoral immune response via B cell activation, compared

to a reduced B cell response in mice administered morphine and

no B cell response in mice administered oxycontin (125). Allen

and Kendall (126) also investigated the immunosuppressive effects

of buprenorphine, by inoculating mice with ovalbumin followed

by either saline or slow-release buprenorphine. They found that

antibody responses between control and treatment groups did not

differ, though IL-10 was significantly higher in mice administered

slow-release buprenorphine compared to the control group (126).

This indicates that whilst buprenorphine did cause some degree of

immune suppression via an increase in IL-10 (an anti-inflammatory

cytokine), the effects on overall immune function was negligible.

Butorphanol is another commonly used opioid in laboratory

animal medicine and is known to have dose-dependent anti-

inflammatory and immunosuppressive effects (127). One mechanism

of the anti-inflammatory action of butorphanol was demonstrated in

a study by Luan et al. (128). The authors induced lung tissue injury

in mice via sepsis resulting from intraperitoneal lipopolysaccharide

injection, then administered butorphanol to one group of mice

whilst the other group remained untreated. They found that mice

administered butorphanol had lower numbers of pro-inflammatory

and higher numbers of anti-inflammatory macrophages compared to

untreated mice (128). A reduction in pro-inflammatory macrophages

result in a reduction in IL-1β, IL-6, and IL-12, whilst an increase

in anti-inflammatory macrophages causes an increase in cytokines

including IL-10 (129). These cytokines, both pro-inflammatory and

anti-inflammatory, play an important role in the immune response

to pathogens, particularly for the development in humoral immunity

(130). Modulation of cytokines by butorphanol may therefore affect

study outcomes in animal models of infectious disease.

The literature shows that opioids, including commonly used

veterinary opioids buprenorphine and butorphanol, can cause

immunosuppression via a reduced production and proliferation of

macrophages and T lymphocytes, with a subsequent modulation of

cytokines. When combined with the changes to innate immunity

via macrophage phagocytosis, both buprenorphine and butorphanol

can alter the immune response to pathogens in infectious

disease studies, potentially altering study outcomes by enhancing

disease susceptibility.

Whilst the literature demonstrates that the majority of opioids

have overwhelmingly immunosuppressive effects a notable

exception is tramadol, an opioid utilized for analgesia. The

immunomodulatory effects of tramadol have previously been shown

to cause immunoenhancement via significantly enhanced NK cell

activity and IL-2 production when administered acutely, but with

ongoing chronic administration these immune effects disappeared

(131). In other studies, the use of tramadol has been shown to

preserve, but not stimulate, immune function when compared

to other opioids such as morphine (132). This includes in vitro

studies showing that morphine decreased monocyte phagocytosis

but tramadol did not (133); morphine, methadone, and oxycodone

inhibited IL-6 production but tramadol did not (134); that NK

cell count decreases were less pronounced in gastric patients

administered tramadol compared to morphine (135); and that

tramadol administration reduced localized oedema and hyperalgesia

without affecting immune mechanisms (136). Whilst the majority

of literature demonstrates preservation of immune responses by

tramadol, particularly with multiple or chronic administration,

some studies have also shown immunosuppressive effects. Bastami

et al. (137) investigated the in vitro effects of various opioids on

TNF-α and IL-8 release. They found that tramadol had the greatest

inhibitory effects on IL-8 and TNF-α release compared to morphine,

ketobemidone and fentanyl (137). In the context of infectious

disease research, tramadol demonstrates potential as an analgesic for

moderate pain that results in less immunomodulation than other

opioids. Further research is required to determine the effects of

tramadol on disease presentation and course in animal models of

infectious disease.

Local anesthetics
Local anesthesia is a useful tool for both the reduction or

elimination of pain in minor procedures and as an addition to

multi-modal anesthesia in more invasive surgical procedures (138).

Local anesthetics work by blocking voltage-gated sodium channels,

which suppresses action potentials in excitable tissues and in turn

blocks the transmission of pain impulses (139). The effects of

amide local anesthetics (including lidocaine and bupivacaine) on

immune responses have been demonstrated in studies of human

cancer patients. By reducing the pain response post-surgery and

reducing the need for opioids, local anesthetics have been shown

to reduce the incidence of tumor recurrence (140). In addition,

Piegeler et al. (141) demonstrated direct effects of amide local

anesthetics on cancer metastases. The authors incubated lung cancer

cells with TNF-α in the presence or absence of amide local anesthetics

(lidocaine and ropivacaine). They found that both ropivacaine

and lidocaine inhibited tumor cell migration and had an anti-

inflammatory effect (141). In the context of infectious disease

research, an anti-inflammatory response may impact upon study

outcomes, with both ropivacaine and lidocaine being shown to reduce

TNF-α-induced upregulation of CD11b/CD18 surface expression

on polymorphonuclear leukocytes (PMNs) (142). Another study by

Kolle et al. (143) compared the effects of lidocaine and bupivacaine

in vitro on PMNs, and also found a reduction in granulocyte

defense mechanisms for both local anesthetics. These findings are

likely to be more relevant for some infectious disease models than

others; for example, where local anesthesia is applied to sites of

viral inoculation, resulting in reduced PMN activity at the sites

of viral replication. In most studies, the locally suppressive effects

of local anesthetics on PMNs are unlikely to be of concern given
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the broad and systemic nature of many infectious disease animal

models. Overall, local anesthetics are known for their ability to inhibit

excessive inflammatory responses, particularly at the regional level,

without causing excessive impairment to host immunity (144).

An additional consideration for the use of local anesthetics in

animal models of infectious disease is the potential for an overall

reduction in study variables introduced by pain or stress. Given that

the use of local anesthesia is so effective at reducing both pain and

stress responses (145, 146), the potential direct confounding effects

are likely less than the indirect confounding effects of pain and

stress if local anesthesia is warranted but not used. Further research

comparing different anesthetic and animal management regimes

(e.g., general vs. local anesthetic) is warranted in animal models of

disease to determine the impacts of local anesthesia on infectious

disease study outcomes.

Non-steroidal anti-inflammatory drugs
The use of non-steroidal anti-inflammatory drugs (NSAIDs)

for the management of pain and inflammation in animals has

the benefit of reduced immunomodulatory effects compared to

corticosteroids, and act by competitively inhibiting the formation

of the inflammatory mediator prostaglandin (147). This limiting

of prostaglandin formation occurs via NSAID inhibition of cyclo-

oxygenase enzymes, of which there are three forms; COX-1, a

constitutive member of most tissues including gastrointestinal

mucosa, platelets, endothelium, kidneys and uterus; COX-2, which

is also constitutive but highly restricted under basal conditions

but is upregulated significantly during inflammation; and COX-3,

which is mainly expressed in the heart and cerebral cortex (148).

Meloxicam is a commonly used NSAID in veterinary medicine and

research that inhibits COX-2 (149), and has been demonstrated

to effect the immune system by enhancing splenocyte IL-2 release

and inhibiting the production of TNF-α, IL-10, and IL-4 in mice

(150). In contrast, meloxicam has also been shown to increase TNF-

α production in guinea pigs, due to the negative feedback control

exerted by prostaglandins on TNF-α formation (151). Prostaglandins

play a crucial role in immune responses by supporting activation

of dendritic cells whilst suppressing their ability to attract naïve,

effector andmemory T-cells, modulating chemokine production, and

inhibiting the attraction of proinflammatory cells while enhancing

local accumulation of regulatory T-cells (152). As meloxicam

suppresses prostaglandin release (153), this is likely to have at least

some degree of immunosuppression during the infectious disease

process. However, a study by Kolstad et al. (154) investigated the

impacts of meloxicam, administered at the time of immunization, on

antibody titres of mice. They found that use of meloxicam to manage

immunization side effects did not affect antibody titres (154).

No effects on antibody titres post-immunization were also

demonstrated in rabbits administered carprofen, another commonly

used NSAID selective for COX-2 inhibition (155). Carprofen has also

been shown to reduce TNF-α activity in rats in a subcutaneous pouch

inflammatory model (156) and reduce inflammatory cell infiltrates

and serum levels of IL-6 in a mouse model of venous thrombosis

(157). These results demonstrate that carprofen and meloxicam have

similar anti-inflammatory and immune suppressive effects (158),

though whether these anti-inflammatory actions result in significant

impacts on disease outcomes in wider studies of infectious disease

is not known. Robenacoxib, is a NSAID that is highly selective

for COX-2, resulting in its high concentration in and targeting

of inflamed tissues (159). Robenacoxib at therapeutic levels has

been demonstrated to significantly reduce both lameness scores

and synovial fluid levels of C-reactive proteins (CRP), a marker

of inflammation, in dogs with osteoarthritis, but not significantly

affect CRP serum levels (160). This highly selective nature suggests

that robenocoxib may introduce less variables as a NSAID for the

management of localized pain and inflammation (e.g., post-surgery)

followed by infection in some systemic animals models of infectious

disease. However, as NSAIDs with higher selectivity for COX-2 have

been shown to have higher risk of cardiovascular complications,

their use in infectious disease models that induce cardiovascular

compromise may increase the risk of these events occurring (161).

Whilst non-selective COX-1 and COX-2 inhibiting NSAIDs (such as

piroxicam) have a greater risk of gastrointestinal complications such

as pain and bleeding due to their inhibition of COX-1 as well as COX-

2 enzymes, transdermal delivery has been shown to significantly

reduce these side effects (162). These may provide additional options

in infectious disease models where cardiovascular impacts of highly

selective COX-2 inhibiting NSAIDS may be of concern. Further

research investigating and comparing effects of various NSAIDs in

infectious disease studies is required to determine this.

The literature demonstrates that whilst the use of NSAIDs does

cause immunomodulation, namely immunosuppression, the impacts

on study outcomes in infectious disease studies are likely to be

varied and at times negligible depending on the study objectives. The

timing and use of NSAIDs should therefore be utilized where deemed

necessary for the management of animal welfare and the control of

potentially more confounding variables such as unresolved pain and

excessive inflammation (158).

Pain and uncontrolled inflammation in infectious
disease studies

Whilst the use of anesthetic and analgesia can cause

immunomodulation, literature showing the significant

immunosuppressive impacts of both pain and excessive inflammation

(often from tissue trauma or surgery) is extensive (163–165). It is

therefore crucial in animal research that in an attempt to reduce

variables by avoiding the use of anesthesia and analgesia, that

potentially more significant variables in the form of uncontrolled

pain and inflammation are not introduced (166). Pain in the absence

of tissue injury can suppress NK cell activity and mitogen induced

cell proliferation (167, 168) and reduced antibody production (169).

Surgical trauma, which commonly combines various degrees of tissue

trauma and pain, has been well-demonstrated to cause a variety of

immunomodulatory issues including the development of systemic

inflammatory immune responses, compensatory anti-inflammatory

immune responses, and overall immunosuppression resulting in

enhanced disease susceptibility (170). It is therefore crucial that

pain and excessive inflammation, for example post-surgery, are

well-controlled in studies of infectious disease for the protection

of animal welfare and reducing study variables. Despite the known

immunomodulatory effects, choosing and administering adequate

anesthesia and analgesia for the species and procedure should be

a paramount consideration. To minimize negative animal welfare

impacts and potential effects on study outcomes, care should be taken

to select the least invasive procedures and regimes for achieving

study objectives, and utilizing multi-model anesthesia and analgesia
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to reduce reliance on potentially more impactful drug classes such as

opioids (171).

Regardless of the mechanism of effect of anesthetics and

analgesics on immune functioning, or indeed whether the effect

is immunosuppressive or immunoenhancing, their use can

impact scientific outcomes in animal models of infectious disease

(65). Where anesthesia and analgesia use are deemed essential

for achieving scientific objectives, minimizing potentially more

impactful variables such as pain and excessive inflammation,

protecting animal welfare, and keeping regimes consistent wherever

possible is important. Where different anesthetic or analgesic

regimes are utilized, an understanding of their potential effects on

disease progression and outcomes is crucial for identifying and

understanding study impacts. One way of potentially identifying

the effects of study variables, such as stress and different anesthesia

regimes, is via the selection and use of appropriate and sensitive

animal monitoring strategies (172, 173).

Methods of animal disease and welfare
assessment

To assess health, disease state and welfare in infectious disease

animal research, a wide range of assessment methods are utilized

(174). To better observe and understand the potential effects of

stress and anesthesia, the methods of assessment and data collection

used need to measure parameters with adequate sensitivity (175).

In disease studies, a standardized approach to the assessment of

health, disease and welfare state can be difficult to implement due

to the large variation in the mechanisms of action and immune

responses induced by the diseases being studied (176). Figure 4

describes methods of animal assessment commonly utilized in animal

models of disease separated into five broad categories of assessment

techniques, and demonstrates the change in focus of these methods

of assessment over the past 7–9 years.

The increased prevalence in published literature of all methods

of animal assessment in recent years is likely due to the heightened

focus on animal welfare, leading to improved refinement of

monitoring practices and increased reporting. Between 2012/2013

and 2020/2021, a search utilizing the same search parameters as used

for Figure 4 shows a 48% increase in the term “welfare,” highlighting

the increasing focus on animal welfare in research over the past

10 years. The specific broad categories of animal monitoring as

represented in Figure 4 are explored in more detail below.

Subjective assessment and operator scoring
Subjective operator assessment of animals, for example using

grimace scores and visual activity assessment, is widely utilized in

animal studies of disease. The incidence of clinical assessment and

operator scoring reported in the literature has increased by 96%

between 2012/2013 to 2020/2021 (Figure 4). Of the five assessment

categories discussed in this review, this category of assessment has

seen the second lowest increase in recent years. Given the heightened

focus on reporting of factors affecting research animal welfare, this

increase is likely due to improved reporting in the literature, in

addition to the increased use of this assessment method over time.

In recent years, the development of grimace scores has attempted

to develop a more standardized approach to the assessment of

pain in a range of laboratory species. These scoring systems were

initially developed for laboratory mice but have since been expanded

to a range of research animal species (177). Using the grimace

score as a measure of pain and welfare in mice has resulted in an

overall improvement and enhanced sensitivity for the assessment

and detection of pain in a range of studies (178). More recently,

Reijgwart et al. (179) compared facial musculature of ferrets pre-

and post-surgery, to investigate and develop a ferret grimace score

system. They found differences in facial musculature presentations

and concluded that a ferret grimace score system could be useful in a

multifactorial pain assessment (179). Similarly, a feline grimace score

system has recently been developed by Evangelista et al. (180). They

assessed cats post-operatively, and determined that the facial scoring

system assessing ear position, orbital tightening, muzzle tension,

whisker change, and head position was a valid and reliable tool for

acute pain assessment in cats (180). Navarro et al. (181) developed a

facial recognition scale for sows as a measure of pain, with observers

reviewing photographs to score tension above eyes, snout angle,

neck tension, temporal tension and ear angle. They determined that

the scale was a useful tool for recognizing and assessing pain in

farrowing sows, which indicates scope for employing such a facial

pain assessment tool to further investigate its usefulness in infectious

disease research in pigs (181). Benato et al. (182) expanded upon

facial-based grimace scores by developing the Bristol rabbit pain

score, encompassing demeanor, posture, locomotion, ears, eyes and

grooming. A subsequent study by the authors where veterinary

professionals used the scoring system to assess rabbits in acute pain

determined it to be a suitable tool for quantifying pain in rabbits in a

useful, valid and reliable way (183). One limitation of facial grimace

scoring in infectious disease research is that clinical signs of disease

that affect the face (eg, facial swelling in influenza) can make facial

assessments less reliable (184). A pain recognition system such as the

Bristol rabbit pain score may act as a more reliable pain measure in

infectious disease research as it assesses more than just facial effects of

pain, and should be investigated for use in infectious disease animal

studies. There is scope to develop more holistic measures of pain and

welfare assessment for laboratory animals in disease research that are

more fit-for-purpose, with the potential to encompass facial, whole

body and behavioral elements (185).

Behavioral scoring systems such as play and interaction scores

are also commonly utilized in animal disease studies, which rely

upon a visual assessment of activity level and behavior as judged

by the assessor (186). These behavioral scoring systems are a

useful tool in the identification and grading of disease impact,

particularly for inquisitive and active species where changes in

activity and behavior are readily apparent to the assessor. However,

these scoring systems have limitations because they do not quantify

the state of disease progression alone (187). They therefore must

be utilized alongside the presence or absence of specific signs of

disease for the particular disease model (188). This multi-faceted

approach is an effective means of assessment of animals in disease

studies, yet it is still prone to error and variability due to the

inherent reliance on the subjective assessments of individuals. An

understanding of the physiological mechanisms of the clinical signs

exhibited can result in a more robust interpretation of health

state, however the ultimate interpretation will depend on the

assessor (188). The variability between research institutions will
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FIGURE 4

Data collected from Web of Science. Search refined by categories of Veterinary Sciences, Infectious Diseases, Agriculture multidisciplinary, Zoology.

Search conducted of title, abstract, and key words using these terms per category: *Machine learning animal disease, algorithm animal disease.
∧Subjective assessment animal disease, clinical scoring animal disease, grimace score animal disease, clinical assessment animal disease. ∼Heart rate

animal disease, rectal temperature animal disease, blood pressure animal disease, respiration. ∨Sensors animal disease, wearable animal disease. ¨Video

monitoring animal disease, infrared monitoring animal disease, motion detection monitoring animal disease.

also vary as often the finer details of animal scoring systems

and assessments are not published in the literature (189). This

decreases the reproducibility of results in animal disease research.

To enhance both scientific and welfare outcomes additional animal

assessment methods should be implemented in infectious disease

studies and details published, to complement existing subjective

assessment methods.

Measurement of clinical parameters
Continual monitoring of clinical parameters such as body

temperature and heart rate can be a useful means of data collection

and health assessment in research animals (190). The prevalence

of clinical parameter assessment in the literature has increased by

77% between 2012/2013 and 2020/2021 (Figure 4), which of the

five categories of assessment discussed in this review is the lowest

category to increase over the past 5 years. Due to enhanced reporting

on welfare related aspects of animal studies, this increase could be

reasonably attributed to an increase in the reporting of assessment

methods, in addition to increased use to some degree. Whilst

measurement of clinical parameters proves a useful monitoring

strategy, it commonly requires the surgical implantation of telemetry

devices where regular undisturbed data is required (191). The

alternative is manual handling and disturbed measurements, which

commonly leads to handling stress and artificially impacts clinical

readouts (4).

Whilst the ability to collect this data via surgically implanted

devices is invaluable in many disease studies, the effects of tissue

trauma and surgery on the immune response has been well-

categorized in the literature, with the strong consensus being

that tissue damage from both trauma and surgery result in

immunomodulation (38, 164, 192). Tissue damage caused by

surgery results in the emission of large amounts of damage-

associated molecular patterns, which induce a systemic cytokine

and chemokine-mediated hyperinflammatory response (193). These

responses typically result in immunoenhancement when these effects

are acute, and immunosuppression when effects become chronic.

However, hyperinflammation as a result of surgery can also result

in acute tissue damage, resulting in increased disease susceptibility

both acutely and chronically (170). This was demonstrated by

Jia et al. (194) by conducting a meta-analysis of 25 articles, to

investigate correlations between cytokine production capacity and

the development of inflammatory complications post-surgery. The

authors determined that elevated cytokine production capacity

correlated with inflammatory complications post-surgery (194).

This is consistent with previous theories that hyper-inflammation

post-surgery triggers an anti-inflammatory compensatory immune

response, causing immunosuppression and an increased risk of
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secondary complications (170). Whilst the degree of this response

typically correlates with the degree of tissue damage, even minor

surgery for telemetry implantation could be expected to result in

a degree of hyperinflammation which, in addition to the welfare

impacts of a surgical procedure, may affect disease study results (170).

The effects of a surgical procedure should therefore not be

underestimated in animal disease studies and must be carefully

weighed against the benefits of implanted telemetry devices. Using

devices that capture multiple clinical parameters, as opposed to single

measures like temperature alone, would assist in the risk/benefit

assessment of surgically implanted devices, and result in better

justification for the surgical procedures required for their use.

Where surgical procedures are deemed important for achieving

study outcomes, careful consideration of the time between surgery

and disease induction should occur to minimize impacts on study

objectives (195).

Sensors and wearable devices
Of the five categories of animal assessment and monitoring

discussed in this review, the use of sensors and wearable devices

has seen the most significant increase in published literature in

recent years. From 2012/2013 to 2020/2021 the reported use of

sensors and wearable devices has increased 1,025% (Figure 4), with

the significance of the increase over time being as a result of

limited reporting of this method in the literature using these search

parameters in 2012–2013. This substantial increase strongly indicates

a true increase in using these methods, more so than an increase in

the reporting of assessment methods. Using sensors for physiological

data collection in research has shown promise for the collection of

some, but not all, metrics. González-Sánchez et al. (196) developed

and trialed a circuit sensor system for the collection of heart activity

and breathing pattern data using contactless sensors in mice, to avoid

the need for restraint and sedation. Whilst they were able to collect

breathing pattern data in a contactless manner, the system required

a relatively complex set-up (196). This would likely prove to be an

obstacle for many infectious disease studies, due to the restrictive

nature of entry to rooms for troubleshooting complex technology

(176). Equipment in disease studies must also be disposable or

effectively decontaminated at the end of a study, and therefore

complex equipment is often not well-suited or cost effective (176). In

addition, González-Sánchez et al. (196) determined that heart activity

could not be reliably monitored via the contactless system, and

therefore required mice to stand on sensors to reliably collect data.

Whilst still an effective means of data gathering that avoids the need

for surgery, these results suggest that circuit sensor systems would

not provide a practical and continual means of clinical parameter

measurement in animal studies of infectious disease, and reliable

data collection for multiple clinical parameters would still depend on

anesthesia or handling.

In recent years, the uptake in wearable devices in the veterinary

profession and amongst pet owners has increased (197). These

devices typically involve sensor units attached to collars or bands

for ease of use and a non-invasive means of monitoring clinical

parameters. Heart rate variability (HRV) is being increasingly utilized

for the measure of physiological and welfare state, and acts as a

measure of cardiac autonomic modulation (198). The measurement

of HRV can be conducted in various ways, including via the use

of Holter-type monitors or electrocardiogram (199) using electrodes

attached to the skin. Wearable monitors increasingly allow for these

technologies to be used in a way that reduces the requirement for

complex technological setups. These devices typically involve sensor

units attached to collars or bands for ease of use. They can provide

a non-invasive means of monitoring clinical parameters, including

heart rate variability, and can be useful measures of pain (200) acute

systemic inflammation (201) and stress (202). Despite the ease of use

and apparent low welfare impacts, using wearable devices in animal

disease research is not common practice. As with other technology-

based data collection in disease research, complexity of set-up and use

in the research setting, in addition to devices requiring disposal at the

end of a study if they cannot be decontaminated, may be barriers to

the uptake of wearable devices in animal disease research. In addition,

the scarcity of published literature on the use of wearable devices in

research animals may be a contributing factor to lack of validation

of their effectiveness in off-label use for species commonly used in

disease research.

A preliminary observational study by Paci et al. (203)

demonstrated altered behaviors in a cat wearing a collar monitoring

device compared to a control (no collar). Significant increases in

grooming, scratching, biting, and head shaking were all observed

with wearing of the collar, indicating discomfort. The authors

propose that the focus on designing wearable data collection devices

is on the user (human), more so than from the perspective of

the animal wearing the device. For uptake of wearable devices in

animal research, there is a need to ensure devices are indeed “non-

invasive” from the experience of the animal. This ensures that

wearability of devices is optimized, leading to real welfare benefits

and optimized scientific outcomes by avoiding the introduction of

altered behaviors that may influence study results. If these elements

can be addressed, there is great promise in the ability to capturemulti-

parameter physiological data for the improvement of data collection,

monitoring of animals, and refinement of humane endpoints in

animal studies of infectious disease.

An area of research that has demonstrated successful

development and uptake of wearable devices for physiological data

collection is dairy cattle research. The successful implementation

of wearable collars and devices in the research arena has led to

uptake by dairy farmers for health management and production

optimisation in dairy herds (204). For many other species used in

research, the development of species-specific devices is likely not

feasible due to a lack of market demand for such technology. The

use and validation of devices already developed for production

and companion animals may therefore be a cost-effective way to

increase the uptake of wearable monitoring technologies in animal

disease studies.

Video monitoring
Video monitoring has seen an increased prevalence in published

literature of 325% between 2012/2013 and 2020/2021 (Figure 4).

Whilst this is likely in part attributable to an increase in reporting of

assessment methods, it also likely demonstrates a genuine increase in

using video monitoring assessment. The desire to remove surgery (as

required for implanted telemetry devices) as an experimental variable

and improve upon welfare outcomes has more recently led to the

advancement of less invasive vital sign and activity monitoring in

research animals, via video-based assessments. As a result, the use

and refinement of video monitoring in animal studies has increased
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significantly over the past decade, and is considered a useful tool

for the non- or minimally invasive collection of behavioral data and

clinical parameters in disease research (205).

Video monitoring systems are used in research to gather a wide

range of metrics including respiratory rate, temperature via infra-

red, heart rate, movement, and activity. These metrics can be a useful

indicator of not only disease and inflammatory state, but also as a

measure of pain and stress responses occurring via the autonomic

nervous system (206). Infra-red thermography technology is being

increasingly used in laboratory animal science to detect pain via

skin surface vasoconstriction and vasodilation, in order to detect the

effectiveness of analgesia and identify where pain may be causing

confounding effects within studies (207). Optimized use of infra-red

technology is dependent on a tailored approach to the species and

study objectives. For example, pain and stress detection has been

shown to be the most sensitive using ocular surfaces; aversive stimuli

are more greatly detected via lowered tail and ear temperatures;

and small mammal thermogenesis capacity can be most usefully

measured via an interscapular window (208). The accuracy of infra-

red detection can be affected by external factors such as wind speed,

temperature, and humidity, requiring additional system processes

to ensure consistency and accuracy of readings (209). Yet due to

the commonly more controlled containment conditions of infectious

disease research, the requirement for the control of these external

variables is likely to be less. The presence, thickness and color of fur is

another factor that can cause variability and lead to reduced reliability

of readings (210). However, Loughin and Marino (211) determined

that whilst the mean temperature of infra-red readings was lower in

unshaved vs. shaved dogs, the thermal pattern was equally consistent.

For infectious disease studies, where disease is commonly measured

by comparing repeated measures throughout the disease course to

healthy baseline data, the presence of fur would be unlikely to

preclude the collection of valuable data (212). This was demonstrated

by Schaefer et al. (213), who infected unshaved calves with type 2

bovine viral diarrhea virus and compared infra-red readings with

unshaved, uninfected control calves. They found that infected calves

displayed higher infra-red temperature readings prior to the onset

of clinical disease or serum acute phase proteins, suggesting infra-

red thermography successfully predicted clinical disease onset on

calves (213).

Video systems vary significantly in cost and technological

complexity, with simpler video setups commonly being restricted to

temperature, movement, and activity monitoring. For the collection

of these clinical parameters andmetrics, video systems are an effective

non-invasive method of collecting data on undisturbed animals. Yet

the collection of additional parameters such as heart and respiratory

rate generally requires a more technologically complex set-up and

the requirement for animals to be still during measurement periods,

leading to most studies using video monitoring for collection of heart

and respiratory rate being conducted in anesthetized animals (214).

In infectious disease studies, using video monitoring is uncommon,

likely because of the need to anesthetize animals to gain a broad

data set of clinical parameters. This presents additional safety risks

to operators resulting from increased handling of infected animals,

and an increased risk of sharps injury from parenteral anesthetic

administration (215). Increasing the number of anesthetic inductions

and/or time under anesthesia to measure clinical parameters via

video systems also has potential detrimental effects on animal welfare

and study outcomes, as already discussed in this review. Although

anesthesia is not required or conducive for the collection of activity

measurement, the measurement of activity in infectious disease

studies is not common practice. This may be due to the technical

aspects of activity monitoring via video capture, which commonly

requires restrictive enclosure set-ups and for the body of the animal

to represent much of the image (214). To overcome these issues,

Oh et al. (216) temporarily placed individual ferrets infected with

H1N1 and undergoing various antiviral treatments into a filming

box daily. They found that video-tracking was more sensitive than

manual behavior scoring in detecting activity changes, and that the

video-tracking demonstrated that oseltamivir treatment alleviated

the effect of influenza infection on activity in ferrets (216). These

results demonstrate the value in incorporating the measurement of

activity as a less subjective measure than operator assessments alone.

Overall, using video monitoring for the assessment of clinical

parameters and activity metrics in animal research has progressed

significantly in the past decade, yet the use of these technologies

has not been adapted well to infectious disease research. Further

studies into adapting technology to infectious disease research that

is non-invasive and continuous, in addition to investigating the use

of simpler technology that incorporates a range of measurements for

real-time assessment, is required for the increased uptake of video

monitoring in animal disease studies.

Machine learning and algorithms
There are a multitude of benefits to scientific outcomes and

animal welfare by performing basic assessments of individual

physical and physiological parameters in disease studies. However,

the collection and assessment of individual metrics can be unreliable

in capturing the complete disease and welfare state of an animal, and

reliable predictions can be difficult to make (174). Therefore, a gold-

standard approach to improving the assessment and prediction of

disease outcomes is the incorporation of these metrics into machine

learning algorithms (25). By feeding data of multiple physiological

and behavioral metrics of a species into a machine learning program,

algorithms can be developed that not only result in a more accurate

assessment of overall health and disease state, but also allow for

the prediction of short- and long-term outcomes of morbidity and

mortality (217). By using algorithms in this way, animals can be

identified as being at high risk of severe disease or death (218).

Machine learning has also be utilized for pain and welfare assessment

in animals, as has been done via the use of convolutional neural

networks or facial action coding systems to detect pain in cats (219).

The development and use of machine learning algorithms

in recent years, as described in Figure 4, has increased 867%.

However, the small number of animal studies utilizing machine

learning algorithms compared with other means of monitoring

and assessment means that whilst a substantial percentage increase

has occurred, this increase is inflated. The continued low relative

use of this method of assessment demonstrates the significant

potential for machine learning algorithms to be further adopted to

improve animal welfare and scientific outcomes in disease research.

An example of the benefits of machine learning algorithms is

seen in a study by Mei et al. (220), who used published data

from mouse models of stroke. They found large inter- and intra-

model variance in humane endpoint determination and application

due to varying animal models, lack of standardized experimental

protocols, and heterogeneity of performance metrics (220). The
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authors then used previously published data on weight, temperature,

and sickness scores from mouse models of sepsis and stroke and

applied machine learning models to assess the usefulness of this

method for parameter selection and endpoint definition across

models. They found that the machine learning algorithms identified

animals with a high risk of early death in both mouse models

of stroke (male: 93.2% at 72 h post-treatment; female: 93.0% at

48 h post-treatment) and sepsis (96.2% at 24 h post-treatment),

thus demonstrating generalizability of endpoint determination across

models. Such research demonstrates the significant potential for

machine learning algorithms in disease research, and strongly

suggests the great potential of utilizing machine learning more

broadly in animal models of infectious disease.

Hughes et al. (221) utilized machine learning and video footage

to develop an algorithm for a model of Parkinson’s disease in zebra

fish. By improving the detection of early onset Parkinson’s disease,

they were able to improve data collection for the development of

therapeutics (221). In addition, Ellmann et al. (222) developed a

machine learning algorithm for the early detection of metastases

in an experimental rat model, by utilizing various imaging data,

tomography analysis and calculation of tumor-take rate. They found

that the algorithm significantly outperformed the detection ability

of each individual parameter, and that in addition the algorithm

could be extrapolated for use with different organs or areas of

multimodal and multiparametric imaging research (222). These

studies further demonstrate both the feasibility and the potential for

machine learning algorithms to be utilized more widely in animal

disease research. In addition to this potential use of machine learning

in future animal studies, there is also substantial opportunity for

machine learning to be applied to existing data from previously

conducted animal studies, which can then be refined as technology

and the understanding of disease models advances.

Using behavioral and movement data collected via wearable

sensors and video monitoring has also enabled the successful

development of machine learning algorithms. Carslake et al. (223)

equipped dairy calves with collar-mounted sensors and monitored

their behavior with video cameras. They used sensor data and video

observations to develop an algorithm to predict locomotor play

behavior, which identified locomotor play (99.73% accuracy), self-

grooming (98.18% accuracy), ruminating (94.47% accuracy), non-

nutritive suckling (94.96% accuracy), nutritive suckling (96.44%

accuracy), active lying (90.38% accuracy) and non-active lying

(90.38% accuracy) (223). In animal disease research, the development

of similar behavioral and movement algorithms would likely lead to

an increased accuracy of detection of developing disease, by removing

the subjectivity of operator assessments, combining several metrics,

and allowing behavior and movement changes to be accurately

detected over prolonged periods of time where animals are not

disturbed by human presence.

The development and use of algorithms require specialist

knowledge, in addition to the time investment of identifying and

collecting the data required. However, the benefits of a significantly

more accurate assessment of disease and improved predictions of

humane endpoints holds great potential to improve both scientific

outcomes and animal welfare. It is likely that the initial time

investment to develop algorithms would lead to time savings in future

studies utilizing the model by reducing the reliance on subjective

operator assessments, and allowing for a more accurate and effective

use of resources for animal monitoring. In addition, the potential for

algorithms to be adapted between models would lead to further ease

of development and application to a wider range of animal models in

infectious disease research (224).

Future directions

A holistic approach to study design and animal management

practices in studies of infectious disease is crucial to reduce the

physiological and immune impacts of stress, pain and anesthesia.

Studies should firstly be designed to minimize the number of

potentially stressful interventions required to achieve study objectives

(such as sample collection events). To reduce the impacts of

necessary interventions on animal welfare and scientific outcomes,

further research is required to establish methods that reduce stress

and reliance on anesthesia, whilst not introducing additional or

unmanaged pain. This can undoubtedly be challenging in the field

of infectious disease research due to the requirement for strict

safety and biocontainment protocols. Yet small time investments

in animal management techniques in studies during the animal

habituation phase can reduce stress and the degree of chemical

and physical restraint, as demonstrated in the use of training and

restraint slings in research mini-pigs (225). The development of

species-specific positive reinforcement training protocols, combined

with multi-modal anesthesia regimes (such as local anesthetic with

additional sedation to effect if required), tailored to the high

biocontainment environment, should be explored as alternatives

to forced manual handling and general anesthesia for repeated

sample collections (226). Assessing and quantifying the impacts

of new animal management regimes on animal welfare, scientific

outcomes and staff safety, compared to methods that rely more

heavily on manual and chemical restraint, is required to encourage

the development and uptake of improved methods of conducting

infectious disease research. The use and validation of a broader range

of monitoring strategies and technologies, in particular minimally

invasive wearable devices and video monitoring systems for the

capture of physiological data, will aid in the comparative assessment

of new methods (227). Additionally, data captured from the use of

monitoring technologies will aid in an improved understanding of the

diseases under investigation, and allow for a greater focus onmachine

learning and algorithm development (228). This has the potential

to enhance our understanding of infectious disease processes, and

improve animal welfare by refining animal monitoring strategies and

refining humane endpoints in high-impact disease models.

Conclusion

Stress and general anesthesia can result in reduced animal welfare

and altered physiology and immunity. Both stress and general

anesthesia have been found to cause immunomodulation, most

commonly immunosuppression, which results in the introduction

of variables in animal studies of infectious disease. Using general

anesthesia in infectious disease research is integral where procedures

or management practices cause undue or unmanaged pain or

distress, but further research into improved management regimes

for research animals is important to determine where anesthesia

induction can be minimized without compromising animal welfare,

increasing stress or causing pain and excessive inflammation to be
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poorlymanaged. Usingmonitoring technologies such as non-invasive

wearable monitors, and the development of machine learning

algorithms to better predict and manage disease and welfare, are

required for a more multi-faceted monitoring approach in animal

studies of infectious disease. This will lead to both a reduced reliance

on subjective assessment measures and enhance our understanding

of the effects of stress and anesthesia in disease studies. Further

studies directly investigating the impacts of anesthesia and stress in

infectious disease studies are required to improve research animal

welfare and ensure greater science translatability from the laboratory

to real world outcomes. This can be achieved by designing animal

studies that use the least invasive techniques required to achieve

study objectives; utilizing multi-modal anesthesia and analgesia to

ensure pain, stress, and excessive inflammation are well-managed;

and developing improved methods of animal management that result

in less stress and a reduced reliance on anesthesia.
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Piscine orthoreovirus genotype 3 (PRV-3) was first discovered in Denmark in 2017

in relation to disease outbreaks in rainbow trout (Oncorhynchus mykiss). While the

virus appears to be widespread in farmed rainbow trout, disease outbreaks associated

with detection of PRV-3 have only occurred in recirculating aquaculture systems,

and has predominantly been observed during the winter months. To explore the

possible e�ects of water temperature on PRV-3 infection in rainbow trout, an in vivo

cohabitation trial was conducted at 5, 12, and 18◦C. For each water temperature, a

control tank containing mock-injected shedder fish and a tank with PRV-3 exposed

fish were included. Samples were collected from all experimental groups every 2nd

week post challenge (WPC) up until trial termination at 12 WPC. PRV-3 RNA load

measured in heart tissue of cohabitants peaked at 6 WPC for animals maintained at 12

and 18◦C, while it reached its peak at 12 WPC in fish maintained at 5◦C. In addition to

the time shift, significantly more virus was detected at the peak in fish maintained at

5◦C compared to 12 and 18◦C. In shedders, fish at 12 and 18◦C cleared the infection

considerably faster than the fish at 5◦C: while shedders at 18 and 12◦C had cleared

most of the virus at 4 and 6WPC, respectively, high virus load persisted in the shedders

at 5◦C until 12 WPC. Furthermore, a significant reduction in the hematocrit levels

was observed in the cohabitants at 12◦C in correlation with the peak in viremia at

6 WPC; no changes in hematocrit was observed at 18◦C, while a non-significant

reduction (due to large individual variation) trend was observed at cohabitants held

at 5◦C. Importantly, isg15 expression was positively correlated with PRV-3 virus load

in all PRV-3 exposed groups. Immune gene expression analysis showed a distinct

gene profile in PRV-3 exposed fish maintained at 5◦C compared to 12 and 18◦C. The

immune markers mostly di�erentially expressed in the group at 5◦C were important

antiviral genes including rigi, ifit5 and rsad2 (viperin). In conclusion, these data show

that low water temperature allow for significantly higher PRV-3 replication in rainbow

trout, and a tendency for more severe heart pathology development in PRV-3 injected

fish. Increased viral replication was mirrored by increased expression of important

antiviral genes. Despite no mortality being observed in the experimental trial, the data

comply with field observations of clinical disease outbreaks during winter and cold

months.
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1. Introduction

Piscine orthoreovirus is a double stranded RNA (dsRNA) virus,

with a genome consisting of 10 segments (1–3). The virus is non-

enveloped, with a double protein capsid in icosahedral structure

(1).

Three genotypes of PRV have been described (4, 5), each with

different host tropism:

PRV-1, which infects Atlantic salmon (Salmo salar), has been

shown to be the causative agent of heart and skeletal muscle

inflammation (HSMI) in Norway (6). Importantly, different strains

representing different geographic regions or time of detection show

different capabilities of inducing HSMI (6, 7). PRV-1 has also been

linked to alteration in color of Atlantic salmon fillet (8).

PRV-2, which has been shown as the putative causative agent

of erythrocytic inclusion body syndrome (EIBS) in coho salmon

(Oncorhynchus kisutch) in Japan (9).

PRV-3, which primarily infects rainbow trout (Oncorhynchus

mykiss), was first discovered in Norway in 2013 in a disease outbreak

in farmed rainbow trout (10). It was then detected in Denmark

in farmed rainbow trout in late 2017 and early 2018 in field cases

with increased mortality and signs of abnormal swimming behavior

(3, 11). As a result, a surveillance program was conducted in

Denmark including 53 farms, both flow-through and recirculated

aquaculture systems (RAS), in order to assess the spread of PRV-3

within Danish aquaculture (4). The study showed that ∼72% of the

farms in the surveillance program were positive for PRV-3 at least

once for the duration of the program (∼1.5 years). Notably, PRV-3

genotypes divide into two clades, which are geographically distinct.

PRV-3a has so far only been detected in Norway, while PRV-3b has

been detected in exchange and aeration, has shown no significant

Europe and Chile (4). However, only RAS farms experienced cases of

increased mortality in association with PRV-3 detection in Denmark

(4). The occurrence of PRV-3 infection is often associated with

other production pathogens [e.g., Flavobacterium psychrophilum,

Renibacterium salmoninarum, and infectious pancreatic necrosis

virus (IPNV); personal communication]. In the surveillance

conducted in 2017–2019, while PRV-3 was detected at RAS farms

throughout the year, all 14 disease outbreaks were recorded in

December to April where the water temperature was low (4).

Experimental infection both with infected blood and purified

viral particles have depicted the pathogenesis of the virus at the

temperature of 12◦C, and showed its capability of inducing heart

pathology. However, private practitioners and farmers report more

severe disease outbreaks where PRV-3 is detected during winter and

spring, when the water temperature is lower (12, 13).

Experimental infection trials with PRV-1, -2, and -3 have yet to

replicate the mortality observed in field cases despite observations of

heart inflammation and anemia (6, 9, 13). In some instances, reduced

survival is not observed experimentally even when fish are exposed

to additional stressors beyond PRV challenge (6, 9, 14–20), pointing

toward a complex host-pathogen-environment interaction to achieve

clinical disease development.

Fish are poikilothermic organisms, with temperature having a

measurable effect on energy metabolism (21). Notably, the host-

pathogen interaction is also affected by temperature, either by

the effect of temperature on the immune status of fish (22,

23), by affecting the capability of the pathogen to replicate at

different environmental temperature, or a combination of both (24).

Additionally, behavioral fever has been studied in fish; it induces fish

to move to warmer areas as a response to infections (particularly

viruses) (25). The increased water temperature has been shown to

both improve immune response and modulate replication of the

pathogen (26). This behavior has been reported for fish affected by

HSMI (27, 28), and in a study which has reported epigenetic changes

of the immune response in Atlantic salmon exposed to IPNV (29).

Considering that disease outbreaks in Danish farms associated with

PRV-3 havemostly been reported during winter, we attempt to dissect

the host-pathogen-environment interaction by examining the effect

of water temperature on PRV-3 infection kinetics.

By exposing rainbow trout to PRV-3 in a cohabitation trial at

three different temperatures (5, 12, and 18◦C), we have elucidated

its effect on viral load kinetics, hematocrit, heart histopathology, and

immune gene expression. The results of the experiment align with

field observations, supporting the fact that low water temperature

enhance PRV-3 replication and severe heart pathology.

2. Materials and methods

2.1. Production and preparation of inoculum

The experiment was conducted under license number 2019-

15-0201-00159, and the experimental protocols were approved

by the Danish Animal Research Authority. The PRV-3b isolate

(DK/PRV315, accession number MW012855.1) used for inoculum

was propagated in vivo following the procedure as previously

described (3).

Briefly, Specific Pathogen Free (SPF) rainbow trout (average size

of 30 g) were anesthetized in water containing benzocaine (80 mg/L,

Sigma) and injected i.p. with 0.1 mL homogenized blood cell pellet

from PRV-3b infected fish diluted 1:3 (v/v) in L-15 medium. The

PRV-3 levels were monitored weekly by non-lethal blood sampling

from five fish, which were marked by clipping of the adipose fin to

avoid repeated sampling of the same fish. At 3 weeks post challenge

(WPC), all of the fish were euthanized by immersing fish in water

containing high concentration of benzocaine (800 mg/L). Blood was

collected in heparin tubes, tested for PRV-3 levels by RT-qPCR (see

below), and stored at 4◦C.

The PRV-3 positive inoculum for the experiment consisted of

10 mL PRV-3b positive blood diluted in 10 mL L-15 medium and

500 µL gentamycin (Life technologies, Carlsbad, CA, USA). This

inoculum was tested by RT-qPCR, with a Ct value of 29.4. The mock

inoculum consisted of 5 mL blood from naive fish diluted in 15 mL L-

15 medium and 500 µL gentamycin. Mock inoculum was confirmed

negative by RT-qPCR.

2.2. Experimental Trial

The experiment was conducted under license as previously

described.

Rainbow trout were obtained from eyed eggs provided by a

Danish commercial fish farm registered officially free of infectious

pancreatic necrosis virus (IPNV), infectious hematopoietic necrosis

virus (IHNV), viral hemorrhagic septicemia virus (VHSV), and

Renibacterium salmoninarum (bacterial kidney disease, BKD). After
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FIGURE 1

Experimental trial setup. The trial was conducted as a cohabitation

trial, with one control and one PRV-3 exposed tank per temperature.

The fish were kept at 12◦C until i.p., injection, and were then moved to

the respective temperatures (5, 12, and 18◦C). Samples were collected

every 2nd week post challenge according to the sampling table.

disinfection procedures using iodine, the eggs were hatched and

grown in the wet laboratory facilities of section for fish and shellfish

diseases, DTUAqua, Kgs. Lyngby, Denmark) in recirculating andUV

disinfected tap water (12◦C).

Before beginning the trial, SPF rainbow trout were moved into

the high containment infection facility at EURL. Six-hundred fish

of ∼15 g were divided into six 180 L tanks run with 15 L/h flow-

through fresh water renewal at the following conditions: L:D 12:12,

stocking density below 60 kg/m3, and feeding at 1% of the biomass.

The water temperature was set to 5, 12, and 18◦C, with two tanks

for each temperature (see Figure 1). The temperature was monitored

throughout the trial (±2◦ in all temperatures). The experimental

setting, including biomass, feeding ration, water exchange and

aeration, has shown no significant difference in the level of oxygen

and saturation in the water at the three temperatures. Fish were not

acclimatized before the start of the experiment, but all started at 12◦C

before treatment.

The experimental trial was conducted as a cohabitation trial

with a 50:50 distribution of shedders (intraperitoneal injection,

i.p.) and cohabitants. Shedders were anesthetized by immersion in

benzocaine-containing water (80 mg/L), and i.p. injected with 40 µL

PRV-3b or mock inoculum. To later identify shedders, the adipose fin

was clipped.

To confirm that the fish were infected with PRV-3b, RNA was

extracted from the fish (heart tissue) at the peak of viral load at each

temperature, with magnetic bead-based extraction using Indimag

Pathogen Kit in an IndiMag48 automated extraction system (Indical

Biosciences) according to manufacturer’s recommendations.

RT-PCR targeting the S1 segment (10) of PRV-3 was

performed using OneStep RT-PCR kit (Qiagen) according to

manufacturer’s recommendations. The PCR products were separated

by electrophoresis using 1.2% E-gels (ThermoFisher Scientific)

and E-gel powerbase version 4 (Invitrogen) as instructed by the

manufacturer. PCR fragments were cleaned with the QIAquick

PCR Purification kit (Qiagen) according to manufacturer’s

recommendations, and Sanger sequencing was performed by

Eurofins Genomics (Ebersberg, Germany). Sequence analysis

was done using CLC Main Workbench 8 (version 11.0.1) and

subsequently run through nucleotide BLAST, confirming that the

experimental fish were infected with PRV-3b.

2.3. Sample collection

Samples were collected every 2nd week post challenge fromweeks

2 to 12. At each sampling point, 6:6 and 3:3 shedders:cohabitants

from PRV-3b exposed and control groups, respectively, were

euthanized in benzocaine-containing water (800 mg/L) and then

sampled. Blood was collected from the caudal vein in heparin-

coated 1.5 mL tubes (Eppendorf) from the cohabitants. From all

experimental groups, heart, spleen, and kidney were collected in 1.5

mL tubes containing 500 µL RNAlater (Invitrogen). Additionally,

heart, spleen, gill, brain, kidney, and intestine were collected in 10%

neutral buffered formalin (4% formaldehyde (VWR International

A/S) for histopathological examination. For further details, see

sampling plan in Table 1.

2.4. Improved RT-qPCR assay for PRV-3
detection

Based on previous sequence analysis of isolates from Denmark,

a mismatch was observed in the region of S1 segment targeted by

the RT-qPCR developed by Olsen et al. (10). In order to ensure

optimal detection, a new assay was designed targeting the L1 segment.

See Table 2 for primer and probe sequences. The new assay was

tested against a panel of fish pathogens for specificity, and against

both PRV-3 subgenotypes (PRV-3a and -3b) and an artificial control

(PRV-3 gBlock, IDT, see Supplementary Table S1) to ensure equal and

efficient detection of both.

2.5. Virus detection by RT-qPCR

Approximately 25 mg of heart tissue was homogenized in 600 µL

PBS with a 5 mm stainless steel bead (Qiagen) for 2 min at 25

Hz on TissueLyzer II (Qiagen). The samples were centrifuged at

14,000 x g for 5 min at 4◦C, and total RNA was extracted from

200 µL supernatant using the IndiMag Pathogen extraction (Indical

Biosciences) kit previously described.

Viral load was assessed by RT-qPCR using TaqPath 1-Step

Master Mix (Applied Biosystems) according to manufacturer’s

recommendations, using 5 µL RNA template in a total volume of

25 µL. As the starting amount of RNA template was not standardized

among samples, the L1PRV3 assay was multiplexed with ELF1a assay

(30, 31) in the concentrations shown in Table 2, with the following
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TABLE 1 Sampling plan for all experimental groups (5, 12, and 18◦C).

Group Number of fish Fish sampled per time point Sampling points (WPC) Sample Purpose

Negative control 50 shedders (mock injected) 3 2, 4, 6, 8, 10, 12 Heart PRV-3 qPCR Viral load

50 cohabitants 3 Spleen Immune gene expression

PRV-3 50 shedders (PRV-3 exposed) 6 Kidney Backup

Blood hematocrit

50 cohabitants 6 Organs Histopathology

TABLE 2 Sequences and final concentration of primers and probes for PRV-3 detection by RT-qPCR.

Primer/probe Sequence Concentration (nM) References

L1PRV3-951F TACAGGTCGTGTTCCCGTTG 700 This paper

L1PRV3-1042R TCCAGCCACGAGGTAGATCA 700 This paper

L1PRV3-1003 probe /56-FAM/TTCAGGTTG/ZEN/ GATGGAGCGCG/3IABkFQ/ 200 This paper

ELF1a_FW CCC CTC CAG GAT GTC TAC AAA 200 (30)

ELF1a_BW CAC ACG GCC CAC GGG TAC T 200 (30)

ELF1a_P /5HEX/-ATC GGC GGT/ZEN/ATT GGA AC-/3IABkFQ/ 50 (31)

thermal profile: 30 min at 50◦C, 15 min at 95◦C, 50 cycles of 15 s at

94◦C and 1 min at 60◦C.

Data was collected and analyzed using mxPro–mx3005P v4.10

Build 389, Schema 85 (Stratagene). The threshold was set using an

inter-plate callibrator (PRV-3 positive tissue PCR control) for both

PRV-3 and ELF1A. Data was exported to Excel 2016 (Microsoft), and

Ct values of PRV-3 were normalized:

Ct(PRV − 3)− Ct(ELF1a) = dCt

Statistical analyses for virus RNA load was performed on log2

transformed data of PRV-3 positive samples at selected time points.

2.6. Immune gene expression by high
throughput microfluidic qPCR

Samples for immune gene expression analyses were selected

based on the virus load in each experimental group, selecting samples

collected before, during, and after highest virus RNA load. For

shedders, samples collected at all time points at 5◦C were selected,

and at 12 and 18◦C samples collected at 2–6 WPC were selected.

For cohabitants, 8–12 WPC was selected for 5◦C, and 2–8 WPC was

selected for 12 and 18◦C.

For immune gene expression analyses, RNA was extracted from

spleen with RNeasy Mini Kit (Qiagen) using QiaCube (Qiagen)

according to manufacturer’s recommendations. Briefly, ∼25 mg

tissue was homogenized in 700 µL RLT buffer with a 5 mm stainless

steel bead (Qiagen) for 2 min at 25 Hz on TissueLyzer II (Qiagen).

The lysate was centrifuged for 5 min at 4◦C at 14,000 x g, and 600 µL

supernatant was transferred to a clean tube for automatic extraction

on QiaCube.

The concentration was measured by Nanodrop (Nanodrop 1000,

Thermo Scientific), and the quality of the RNA was checked on

a Bioanalyzer 2100 (Agilent) using RNA 6000 Nano Kit (Agilent)

according tomanufacturer’s recommendations with an input of∼100

ng total RNA. RNA integrity number (RIN) above 6 was accepted for

downstream applications.

cDNA synthesis was performed using QuantiTect Reverse

Transcription Kit (Qiagen) according to manufacturer’s

recommendations and as previously described (32), with an

input of 500 ng total RNA. As control for genomic DNA (gDNA)

contamination, samples with high RIN value were chosen as

non-reverse transcription controls. After cDNA synthesis, all

samples were diluted 2 µL cDNA in 18 µL Low EDTA TE-buffer

(VWR).

Pre-amplification was performed using TaqMan PreAmp Master

Mix (Applied Biosystems) as previously described (32). Briefly, pre-

amplification was performed with a 20 µM primer mix containing

all assays as shown in Table 3, with the following thermal cycling

conditions: 95◦C for 10 min, 20 cycles: 95◦C for 15 s and 60◦C

for 4 min. After pre-amplification, all samples were treated with

Exonuclease 1 (4 units/µL, New England Biolabs).

High throughput microfluidic qPCR on the pre-amplified,

exonuclease treated cDNA samples was performed using 192.24

Dynamic Array IFC (Fluidigm/Standard Biotools) as previously

described (33).

Briefly, 21 genes of interest (GOI) were selected along with

the references genes listed in Table 3. The 192.24 Dynamic Array

combines 192 samples with 24 different assays, resulting in 4,608

individual qPCR reactions running simultaneously.

Raw data analysis was performed in the Fluidigm Real-Time

PCR Analysis software (version 4.7.1, build 20200930.1707, Fluidigm

Corporation), and then exported to GenEx (version 7, MultiD

Analyses AB).

To calibrate for variation between IFCs (integrated fluidic

circuits), four samples were selected as interplate calibrators and

included in each IFC run. After interplate calibration, all data

was efficiency corrected based on the efficiency for each individual

assay. To identify the most suitable reference genes, GeNorm
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TABLE 3 Primers used for immune gene expression in spleen tissue.

Target Primer name Sequence

RBT_mx_OI_73F CTCATCTCAGCACACTTTATGATG

mx RBT_mx_OI_73R GGCAGGGATTTCTCGATATG

RBT_cd4_OI_89_F CACACTGAAGATCGAGCGAGT

cd4 RBT_cd4_OI_89_R GGATGAGGAGGAGGACGAAT

RBT_cd8A_77_F CCACGACGACTACACCAATG

cd8 RBT_cd8A_77_R CTTTCCCACTTTGCACGACT

RBT_ifng_70_F ACACCGGGAAGTTGATCTTG

ifng RBT_ifng_70_R CTCCCCCAATCCTAACCTTC

RBT_rsad2_OI_78_F GCTGGAAGGTGTTCCAGTGT

rsad2 RBT_rsad2_OI_78_R GGTCGCTGATGAGAAACCTC

RBT_ifnc3_OI_78_F CACAGTTGAGCAGCAGTGGT

ifnc3 RBT_ifnc3_OI_78_R GGTCGTCAGCTCCAAACAAT

RBT_tnf_OI_88_F CTGGCAACGATGCAGGA

tnf RBT_tnf_OI_88_R CGGCAATCTGCTTCAATGTA

RBT_il1b_OI_82_F CAGCAGCTACCACAAAGTGC

il1b RBT_il1b_OI_82_R GGCTACAGGTCTGGCTTCAG

RBT_irf8_OI_90_F CGACGCCTCTATCTTCAAGG

irf8 RBT_irf8_OI_ 90_R AGCCTGGTCTTCCATGTAGC

RBT_MHCclassII_

100_F

CAGGTTTCTACCCCAGTGGA

mhc class

II

RBT_MHCclassII_

100_R

CCATCATCGTTTGGGAGAGT

RBT_gzma_82_F CAAGACCAGGGTGGACTCAT

gzma RBT_gzma_82_R GAACGACACGACTCCCCTTA

RBT_DDX58_105_F ACTGAGATGCTCCGCAAGAT

rigi RBT_DDX58_105_R CTGGTAGCTGCCTTCAGTCC

RBT_isg15_85_F ATCCTGAATGCAGGCCATAG

isg15 RBT_isg15_85_R CAGAGGCTGTCAGGTGTCAA

RBT_tlr3_83_F CTCTAACGGCAACCAGAAGC

tlr3 RBT_tlr3_83_R CTCTCCCCAGCATCAGAGTC

RBT_cxcl10/IP-

10/11-1_107_F

ATCCATGACCAACACGATGA

cxcl10 RBT_cxcl10/IP-

10/11-1_107_R

ACAGGCACCGAGCTTTAGAA

RBT_saa_i_78_F CCCTCGTTGTAGGAGCTCAA

saa RBT_saa_i_78_R CACGCCACATGTCTTTAGCA

RBT_hp_84_F GCCTTGATCTTGTAAAACTCTCTCAA

hp RBT_hp_84_R TCAACATCGGAAGACATACTCAATC

RBT_ifit5_73_F AGAGAGGTGGCAGGCTAACA

ifit5 RBT_ifit5_73_R CCTCTCCTGTTTGAGGAACG

RBT_ifi44_OI_76_F GGAAAGCTGAGAGGAGAAAGG

ifi44 RBT_ifi44_OI_76_R GCCTGACCCACAGAACTGAT

RBT_irf1_OI_96_F CACCCCACAGACTATGAAGACAG

(Continued)

TABLE 3 (Continued)

Target Primer name Sequence

irf1 RBT_irf1_OI_96_R GCTCAGGAACCTCTTGTCGT

RBT_csf1r_OI_71_F GCAGCCAAGAACTGTATTCACC

csf1 RBT_csf1r_OI_71_R TTAGCCACATGGAGGTCTGTC

RBT_actb_OI_84_F GAAGATGACCCAGATTATGTTTGAG

actb RBT_actb_OI_84_R GAGGCGTACAGGGACAACAC

RBT_hprt1_OI_73_F CCTTGACAGGACAGAGAGGCTA

hprt1 RBT_hprt1_OI_73_R GCAGAGGGCCACGATATG

RBT_eef1a1_OI_76_F CGGTGGTATTGGAACTGTACCT

eef1a1 RBT_eef1a1_OI_76_R GGCGAAGGTGACGATCATA

“OI” indicates that the forward primer has been designed to cross an intron.

and GeNormFinder in GenEx were used. Of the three reference

genes, hprt1 and eef1a1 were selected and the geometric mean

of the two selected reference genes was used to normalize all

genes.

2.7. Hematocrit

Hematocrit (hct) was measured by centrifuging an aliquot of

heparinized full blood in glass microhematocrit tubes (manufacturer)

at 2,000 x g for 10 min. The hematocrit value (% red blood cells) was

read on a visual analogue scale. The remaining blood was centrifuged

at the same speed and time for separation of plasma and blood

cells.

2.8. Histopathology of heart

According to Olsen et al. (10),the heart was the organ most

consistently affected in diseased rainbow trout naturally infected

with PRV-3. Accordingly, heart was chosen as the indicator of

tissue effect visible by light microscopy. Heart sampled from all

experimental groups (see Table 1) were fixed in 10% neutral buffered

formalin, and processed as previously described (10). The slides were

assessed blinded. Histopathological findings were scored as none or

very sparse (0–0.5), mild (1), moderate (1.5), and severe (2) (see

Supplementary Figure S5).

2.9. Statistical analysis

Statistical analyses and plots of virus RNA load, hematocrit, and

histopathology was performed in Graphpad Prism 9 [version 9.4.1

(681)]. Kruskuall-Wallis and Mann-Whitney test was selected for

comparison between groups where relevant. Area under the curve

(AUC) was used to assess the differences in virus load in shedders

at two to eight WPC, and cohabitants at four to ten WPC at 18 and

12◦C.

Data analysis of immune gene expression data was performed

as previously described (34). Briefly, for fold-change calculation of
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immune genes between control and PRV-3 exposed groups, relative

quantities (RQ) of the PRV-3 exposed groups were scaled according

the control of the corresponding control group, setting the mean

value of the controls to 1. Statistical analyses were performed in Excel

2016 on log2 transformed non-scaled RQ values. T-test was selected,

as gene expression values are assumed to be normally distributed

within the given groups. Only genes with both p < 0.05 in addition to

fold change> 2.0 or< 0.5 were considered significantly up- or down-

regulated. Heatmaps were created in R (version 4.0.5) with Rstudio

(version 1.4.1106), using the pheatmap package, and were based on

the median value of the log2 transformed RQ values for each group.

Graphs of individual genes weremade based on non-scaled RQ values

in Graphpad Prism 9.

Pearson’s correlation was calculated using GenEx (version 7,

MultiD Analyses AB).

3. Results

3.1. New RT-qPCR assay performance

To assess the specificity and sensitivity of the newly developed

PRV-3 qPCR assay targeting the L1 segment, the assay was tested

against a series of pathogens, and standard curves based on both

subgenotypes of PRV-3 along with the PRV-3 gblock (artificial

control). Of the following pathogens, none besides PRV-3 were

detected by the assay: R. salmoninarum, CEV, A. invadans, IHNV,

IPNV, ISAV, KHV, MLO/RMS, NODA virus, OMV, PFRV, P.

salmonis, T. bryosalmonae, PMCV, SGPV, PRV-1, PRV-2, SAV, SVCV,

TSV, VHSV, and WSSV.

Limit of detection was 7.6 copies per reaction (tested in

quadruplicates) at Ct 31.

3.2. Virus load across temperatures

Figure 2 shows the dCt values of PRV-3 positive fish for both

cohabitants (Figure 2A) and shedders (Figure 2B) measured in heart

tissue. Table 4 shows the number of PRV-3 positive fish in the PRV-3

exposed groups at the different temperatures and time points.

In cohabitants (see Figure 2A), virus RNA load peaked at 6 weeks

post challenge for both 12 and 18◦C, with a lower amount at 18◦C

(not statistically different, p = 0.16 Mann-Whitney test). At this time

point, six out of six and five out of six fish at 12 and 18◦C, respectively,

were positive for PRV-3. From 6 to 12 WPC, the virus RNA load

steadily decreased in both groups; four and zero out of six fish were

positive for PRV-3 at 12 WPC at 12 and 18◦C, respectively (see

Table 4).

At 5◦C, only four cohabitant fish had tested positive up until

10 WPC, and at very low virus levels. However, at 10 weeks post

challenge, all six fish were positive with medium-high virus load.

At 12 WPC, six out of six fish were positive with high virus load.

Comparing the time point with highest virus load at the three

different temperature (6WPC for 12 and 18◦C, and 12WPC for 5◦C),

there was significantlymore virus detected at 5◦C compared to 12 and

18◦C (p = 0.024 and p = 0.009, respectively).

In shedders (see Figure 2B), fish kept at 18 and 12◦C had high

virus load with all six fish testing positive for PRV-3 at 2 and 4 WPC,

respectively, after which the virus load decreases. At the end of the

FIGURE 2

PRV-3 virus load shown as dCt [= Ct(PRV-3)-Ct(Reference gene)] for

(A) cohabitants, and (B) shedders. Only individuals that tested positive

are shown on the graphs. In cohabitants, a significant di�erence in

virus load was detected at 5◦C at 12 WPC compared to 6 WPC at 12

and 18◦C (time point of highest virus load, p = 0.024 and p = 0.009,

respectively). Similar tendency was observed in the shedders: at 5◦C 8

WPC, a significantly higher amount of virus was detected compared to

2 WPC at 18◦C and 4 WPC at 12◦C (p = 0.041 and p = 0.026,

respectively).

experiment, one and four fish at 18 and 12◦C were PRV-3 positive at

low virus levels, respectively.

Shedders at 5◦C experienced a time delay in virus load. Here,

high virus load is detected at 6 WPC where all six fish tested positive.

Interestingly, for the remainder of the experiment, all shedders kept at

5◦Cwere PRV-3 positive, and at high virus load. The fish seem unable

to clear the infection, unlike what is typically observed at higher

temperatures. Comparing the time points with highest virus load at

the different conditions, fish kept at 5◦C at 8 WPC had significantly

higher virus load compared to fish at 18◦C at 2 WPC (p = 0.041), and

compared to 12◦C at 4WPC (p = 0.026). No significant difference was

observed between shedders maintained at 12 and 18◦C (p = 0.818).

3.3. Hematocrit fluctuations due to
temperature and PRV-3 infection

Cohabitants exposed to PRV-3 kept at 12◦C experienced a

significant reduction in hct levels compared to cohabitants kept at

5 and 18◦C at 6 weeks post challenge (p = 0,005 and p = 0.026,

respectively), corresponding to the time of highest virus load in the

12◦C group. Here, a reduction from ∼50 to 30% hct was observed

(see Figure 3).
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TABLE 4 Number of PRV-3 positive fish at a given time-point and temperature.

WPC/ temperature 2 4 6 8 10 12 Total no. of positive
fish

Cohabitants

5◦C 1 0 3 0 6 6 16/36

12◦C 0 5 6 6 6 4 27/36

18◦C 2 5 5 3 1 0 16/36

Shedders

5◦C 1 5 6 6 6 6 30/36

12◦C 6 6 6 5 6 4 33/36

18◦C 6 5 3 2 0 1 17/36

FIGURE 3

Hematocrit levels of cohabitants exposed to PRV-3. Significant

di�erence observed in PRV-3 exposed cohabitants at 12◦C compared

to 5 and 18◦C at six WPC (p = 0.05 and p = 0.026, respectively).

Likewise, a significant di�erence was observed at 5◦C compared to 12

and 18◦C at 12 WPC (p = 0.026 and p = 0.0096, respectively). Error

bars show SD.

Similar was observed for the cohabitants exposed to PRV-3

kept at 5◦C: a significant reduction in hct occurred at 12 weeks

post challenge, corresponding to the time point of highest virus

load in this group (p = 0.0268 and p = 0.0096 for 12 and

18◦C, respectively).

No reduction in hct was observed at 18◦C in PRV-3 exposed

cohabitants.

However, when comparing to non-infected control fish at each

temperature, there was no significant difference from control to

exposed at 5◦C due to the large variation both within the control and

the exposed group (data not shown). Additionally, the mock-infected

fish at 18◦C had a significantly lower hct at the time of highest virus

load compared to the PRV-3 exposed fish at this temperature (data

not shown).

3.4. Histopathology in the heart

Histopathological findings in hearts consistent with PRV-3

associated pathology described earlier (10, 12) were observed in the

cohabitants at 12◦C 2 weeks post peak load of virus. Six out of six

fish had heart lesions at 8 WPC, with highest histoscore of 1.5 (see

Figure 4B).

Cohabitants kept at 5◦C did not show any signs of lesions in the

heart (Figure 4A). However, heart lesions were seen in the shedders

at 10 WPC, i.e., 4 weeks post peak virus load (five out of six fish,

Figure 4D). At 12 WPC, all six 5◦C shedders had heart lesions, and

to severe degrees (3:3 with histoscores 1.5 and 2, Figure 4E). This is

compared to shedders at 12◦C at 8WPC, at which three out of six fish

had heart lesions, 1:1:1 with histoscores 1, 1.5, and 2. No statistically

significant difference between heart lesions in the shedders at 12◦C

8 WPC and 5◦C 12 WPC was observed, however there was a trend

toward more severe lesions at 5◦C (p = 0.0563).

No heart histopathology was observed in cohabitants and

shedders kept at 18◦C during the experiment (see Figures 4C, F).

3.5. Immune gene profiles

In order to assess the impact of water temperature on the immune

gene status of both control and PRV-3 exposed fish, 21 different

immune genes covering both the innate and the adaptive immune

system were selected for immune gene expression by microfluidic

qPCR (see Table 3 for a full list of the genes and primer sequences).

Typically, in our experimental facility, standard in vivo studies in

rainbow trout are conducted at 12◦C, and therefore this group was

considered the baseline in this study.

3.5.1. Temperature induced regulation of anti-viral
genes in non-infected control fish

In mock-injected shedders, fish at all three temperatures had a

relatively similar immune gene expression profile forming a single

cluster (see Figure 6). Overall, the immune profile of PRV-3 exposed

fish differed from the relatively homogeneous profile of control fish

regardless the temperature. However, significant differences in the

immune profile expression of certain genes were observed between 5

and 18◦C controls: Up-regulation of cd4, rigi, isg15, saa, ifit5 and ifi44
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FIGURE 4

Heart histopathology of shedders (A–C) and cohabitants (D–F) of PRV-3 exposed fish in comparison to dCt values (G–I). Histoscore 0 = no lesions, 1 =

mild, 1.5 = moderate, 2 = severe. Error bars show SD.

was observed at 18◦C compared to 5◦C (p < 0.01). At 5◦C, down-

regulation of ifnc3 was observed compared to 12◦C (p = 0.001). No

significant differences between 12 and 18◦C were observed.

In cohabitant controls, fish maintained at 5 and 12◦C showed

similar gene expression profiles, while 18◦C formed a separate group

(see Figure 5). 18◦C controls grouped together with PRV-3 exposed

fish of the same temperature (with exception of 2 WPC), with only

mhc class II and saa showing significant differences between the

control and the exposed fish of 18◦C (p = 0.003 with fold change of

2.03 and p = 0.017 with fold change 0.17, respectively).

Cohabitants control fish at 18◦C had up-regulation of mx, cd4,

rsad2, gzma, rigi, isg15, cxcl10, saa and ifit5 compared to control fish

at 12◦C (fold change above 2.5 and p < 0.05 in all genes listed).

3.5.2. Temperature induced e�ect on immune
profile of PRV-3 exposed fish

PRV-3 exposed shedder fish of all three temperatures grouped

together with the exception of 5◦C at 2 WPC (see Figure 6). Across

the trial, significant differences were observed at 5◦C in saa (p = 0.002

with fold change 4.6) and 18◦C in cxcl10 (p = 0.02 with fold change

0.18) compared to 12◦C.

The temperature pattern of saa at 5◦C changes after viral

infection, probably reflecting high viral load and inflammation in the

infected spleens at this low temperature.

In cohabitants, fish maintained at 5 and 12◦C at the time of

highest virus RNA load formed a separate group (10 and 12 WPC

at 5◦C and 6 WPC at 12◦C, see Figure 5). 18◦C PRV-3 exposed

cohabitants (with the exception of 2 WPC) grouped together with

controls of 12◦C and 5◦C. At the time point of highest virus load

at the respective temperatures (6 WPC for both 12 and 18◦C, 12

WPC for 5◦C), significant differences were observed particularly at

18◦C compared to 12◦C: here,mx, rsad2, ifnc3, gzma, rigi, isg15, saa,

and ifit5 were significantly down-regulated (p < 0.05 in all genes),

while cd8 was up-regulated (p < 0.05). At 5◦C, ifnc3 and cxcl10

were up-regulated compared to 12◦C at time of high virus load (p

= 0.0008 with fold change of 4.9 and p = 0.018 with fold change of

2.5, respectively).

By comparing the virus load to the immune gene expression

of each individual fish, a positive correlation was found in the

genes shown in Table 5. Importantly, isg15 was positively correlated

with PRV-3 virus load in all groups, and rsad2 (viperin) was

positively correlated in all groups except 18◦C shedders (see

Supplementary Figure S4).

Frontiers in Veterinary Science 08 frontiersin.org
45

https://doi.org/10.3389/fvets.2023.1112466
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Sørensen et al. 10.3389/fvets.2023.1112466

FIGURE 5

Heatmap of median log2 transformed relative quantities of immune gene expression analyses of selected cohabitant groups. Arrows indicate time point

for peak in virus load. ∗Low value corresponds to high virus load (dCt = Ct[PRV-3] − Ct[Reference gene]). SD values of each group are shown in

Supplementary material.

4. Discussion

RAS farms report to experience severe losses in association with

PRV-3 infection, especially during winter and early spring with low

water temperature. Hence, in this study, we set out to explore the

effect of water temperature on PRV-3 infection in rainbow trout.

In this study, low water temperature (5◦C) negatively impacted

rainbow trout exposed to PRV-3, inducing a longer incubation

period, and yielding higher virus load in shedders with more

severe lesions in heart of exposed fish. Shedders at 5◦C seemed

unable to clear the infection during the course of the experiment:

while there was a reduction in virus RNA at 10 weeks post

challenge, high virus load persisted until the end of the trial at

12 weeks post challenge. This resembles the observations by Páez

et al., showed that long virus persistence and higher long-term

virulence was favored at cold water temperature (6◦C) in steelhead

trout (Oncorhynchus mykiss) infected with infectious hematopoietic

necrosis virus (IHNV). Complementarily, that study showed that

virus persisted for a shorter time and resulted in lower mortality at

higher temperatures (10 and 15◦C) (24).

Typically, changes in the heart due to PRV infection occur 2

weeks after viral peak under experimental conditions (6, 13). This was

delayed in shedder fish at 5◦C. Although high virus load (dCt value

below 5) was measured starting at 6 WPC, heart lesions were not

observed until 10 WPC. However, more severe lesions were found,

with half of the fish having the highest histoscore and the other

half the second highest histoscore at 12 WPC. Comparing the heart

lesions at their respective peak across the three water temperatures

(12 WPC at 5◦C and 8 WPC at 12◦C), there was a tendency toward

worse lesions although not significant (p = 0.0563).

In cohabitants, low amount of virus was detected until 10 weeks

post challenge in the 5◦C group, and high virus load was not reached

until 12 WPC. Despite the late detection of PRV-3 in this group,

there was a significantly higher amount of virus RNA compared

to the corresponding time point at 12◦C (6 WPC). In contrast to

fish at 18◦C, fish at 5◦C had a reduction of hematocrit at 12 WPC

synchronized with the peak in virus RNA load. Heart pathology was

not observed in the cohabitants at 5◦C, but as changes in the heart

are typically observed 2 weeks post highest virus load, it could be

expected to show at a later time point which was not covered by

the experiment. Additionally, the gene expression profile of the 5◦C

shedders at 12 WPC differed from the 12◦C shedders at 6 WPC: This

group had up-regulation of saa (p = 0.002 with a fold change at 4.6),

and down-regulation of cd8 and cxcl10 (p < 0.001 and p = 0.002 at

fold change 0.4 and 0.3, respectively).

The PRV-3 exposed shedder fish at 5◦C at 2 WPC had immune

gene expression profile more similar to the controls than the other

exposed fish (see Figure 6). It seems that, despite the i.p. injection of
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FIGURE 6

Heatmap of median log2 transformed relative quantities of immune gene expression profiles of selected cohabitant groups. Arrows indicate time point

for peak in virus load. ∗Low value corresponds to high virus load (dCt = Ct[PRV-3] − Ct[Reference gene]). SD values of each group are shown in

Supplementary material.

TABLE 5 Genes with positive Pearson’s correlation to the PRV-3 virus load

for all time points with p < 0.05.

Temperature Group Genes

5◦C Cohabitant mx, cd4, ifng, rsad2, irf8, gzma, rigi,

isg15, tlr3, cxcl10, saa, ifit5, ifi44, irf1,

csf1r

Shedder mx, rsad2, gzma, rigi, isg15, cxcl10,

ifit5, ifi44, irf1

12◦C Cohabitant mx, cd4, rsad2, ifnc3, gzma, rigi, isg15,

tlr3, cxcl10, ifit5, ifi44, irf1

Shedder mx, rsad2, isg15, saa

18◦C Cohabitant ifng, rsad2, gzma, isg15, cxcl10, ifit5,

irf1

Shedder mx, gzma, isg15, cxcl10, ifit5

PRV-3 positive inoculum, it took longer time to trigger the immune

response due to the low water temperature.

Cohabitants at 10 and 12 weeks post challenge (high virus RNA

load) at 5◦C had a similar gene expression profile as fish in 12◦Cwater

at the corresponding time point (6 weeks post challenge), with up-

regulation of ifng. However, comparing 5◦C at 12 WPC to 12◦C at

6 WPC, a significant up-regulation of ifnc3 and cxcl10 was observed

at 5◦C.

The protective effect of interferon C has already been shown in

Atlantic salmon challenged with ISAV. By injecting ifnc encoding

plasmid along with ISAV vaccine, it was possible to highlight the role

of IFN in promoting ISG expression and boosting specific protection

and antibody response (35, 36). Similarly, Zhang et al. (37) have

shown that early activation of interferon pathway prevent second

replication of the virus using as experimental model fish hirame

rhabdovirus in flounders, a similar effect has also been shown for

a number of fish viral infections [e.g., VHSV, IHNV, and RGNNV

(red grouper nervous necrosis virus)] (38–41). In our experiment, we

report significant overexpression of ifnc3 in shedder fish at 12 and

18◦C compared to 5◦C (p = 6.1E-05 and p = 0.0132, respectively),

when grouping together all time points. ifnc3 overexpression likely

limited the replication of PRV-3, preventing further shedding, and

heart pathology development. Additionally, cxcl10 is highly expressed

in a wide range of tissues following viral infection, including

influenza A virus and SARS-CoV-2 (42, 43). Expression of cxcl10 is

stimulated by IFN and involved in inflammation and chemotaxis of
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lymphocytes including T lymphocytes and natural killer cells during

viral infections.

cxcl10 is an important antiviral gene and is highly correlated

with viral load in the present study (Table 5). cxcl10 is expressed in

a wide range of tissues following viral infection, including influenza

A virus and SARS-CoV-2 (42, 43). Expression of cxcl10 is stimulated

by IFN and involved in inflammation and chemotaxis of lymphocytes

including T lymphocytes and NK cells during viral infections. Thus,

the high level of this anti-viral chemokine at 5◦C might be explained

by the high viral load found at the same temperature. In agreement

with exposed shedders, cohabitant fishmaintained at 5◦C show a high

expression of the ISG cxcl10, reflecting the high viral load. Type 1

interferon expression (ifnc3) was likewise found to be increased at

low temperatures. ifnc has previously been shown to protect against

Salmonid alphavirus 3 (SAV3), probably by inducing expression of

the ISGmx also found to be correlated with viral titers in the present

study (44).

Shedder control fish at 5◦C showed down-regulation of ifnc3

compared to 12◦C group. The significant down-regulation of ifnc3

at 5◦C could be a result of low levels of the pattern recognition

receptor (PRR) rigi also found at 5◦C. rigi is central in activating

a wide range of IFNs after nucleic acid recognition from invading

viral pathogens. Low levels of IFN including ifnc3 will results in

compromised activation of important interferon stimulated genes

(ISG) including isg15, ifit5 and ifi44. The combined action of these

and other ISG are crucial in control and disease outcome after

viral infections. Importantly, reduced expression of ISG at 5◦C

might affect the course and outcome of subsequent viral infections

including PRV-3. Significant upregulation of the acute-phase protein

(APP) saa at 18◦C was also seen in the mock-injected shedders.

APPs are normally produced in the liver and rises as a response to

inflammation and tissue injury. Extra-hepatic changes of APPs upon

viral infection has previously been reported during influenza A virus

infection in pigs (34), but the link between saa, inflammation and

water temperature still needs to be elucidated.

In this experiment, we observe little to no regulation of both

cd4 and cd8. In a previous experiment with PRV-3, these two genes

have been up-regulated in relation to heart pathology (13). However,

it is important to note that in the aforementioned study, immune

gene expression was performed on heart tissue, while we here

looked at the spleen. This may explain the lack of regulation of cd4

and cd8.

Importantly, isg15 was shown to be positively correlated with

PRV-3 virus load in all PRV-3 exposed groups, while rsad2 (viperin)

andmx were positively correlated with PRV-3 virus load in all groups

with exception of 18◦C shedders and 18◦C cohabitants, respectively

(see Supplementary Tables S2–S14 and Supplementary Figure S4).

Rainbow trout are poikilothermic animals, which has significant

effect on the kinetics of a large number of metabolic processes

including immune response. To normalize the effect of temperature,

we explored the data of viral load as function of degree

days (Supplementary Figure S1). Overall, this approach shows an

interesting alignment in degree days for reaching viral peak in

shedders at 5 and 12◦C. High PRV-3 virus load is detected earlier

at 5◦C than at 12 and 18◦C in both cohabitants and shedders (see

Supplementary Figure S1). This is likely to reflect slight changes in

sampling point. Notably, worse heart pathology was observed at 5◦C

shedders at peak of infection.

In fish, the phenomenon of behavioral fever has been studied

as a response to infections, particularly to viruses (25). Behavioral

fever induces the fish to shift from optimal temperature moving to

a warmer area with increased oxygen consumption and reduction

of oxygen dissolved in the water. The increase of environmental

temperature has a double effect both boosting the immune response

and modulating the replication capacity of the pathogen (26).

Induction of behavioral fever has been shown in zebra fish exposed

to dsRNA (45). With regards to PRV infection in salmonids, it is

reported that HSMI outbreaks tend to appear more frequently late

spring-early summer (27), and it is documented that HSMI affected

fish in sea cage are close to the surface (28). Similarly, rainbow trout

suffer severe disease outbreak during winter, and during the outbreak

tend to swim in close proximity of the surface, possibly searching for

the warmest temperature available in the confined environment to

develop a behavioral fever. Recent studies by Boltana and colleagues

(29) highlight how behavioral fever modulates epigenetic expression

of immune response, showing how Atlantic salmon exposed to

another double stranded RNA virus (IPNV); by shifting to higher

water temperature fish activates transcription of a specific subset of

mRNA for innate and adaptive immune response, potentiating its

mitigating effect on infection.

In our experiment, high water temperature (18◦C) had a positive

effect in mitigating the infection. At 18◦C water temperature,

both shedders and cohabitants had a tendency toward lower virus

RNA load compared to 12◦C (AUC, p < 0.0001). Although we

demonstrated some PRV-3 replication, the reduction in hematocrit,

which is normally observed at the same time point as peak in

virus RNA, did not occur. Strikingly, these fish (18◦C shedders and

cohabitants) did not develop any heart pathology either. Cohabitants

maintained at 18◦C had an up-regulation of cd8, and down-

regulation of immune genes of the innate response (mx, rsad2, ifnc3,

gzma, rigi, isg15, and saa) compared to 12◦C at 6 weeks post challenge

(p < 0.05 in all genes) which mitigated the negative effect of PRV-3

infection in rainbow trout. Further studies will focus on how water

temperature control could be practically implemented in future RAS

farm design for mitigation of infectious diseases.

Taking into consideration the viral kinetics and heart pathology

development both at 12 and 18◦C, it appears that a threshold in

virus load is required in order to trigger the development of heart

pathology in rainbow trout due to PRV-3 infection. In shedder fish

at 12◦C, but not at 18◦C, heart lesions were observed following high

virus load. Here, a dCt value below 5 dCt at 12◦C resulted in heart

lesions, while a dCt value above 5 in 18◦C did not trigger heart

pathology. The same case can be observed in the cohabitants at 12 and

18◦C; a dCt value above 5 did not result in histopathology in contrast

to a dCt value below 5 (Figures 4G, H, I). Additionally, rigi appear

to be a possible immune marker predictive of heart histopathology

for PRV-3 infection. Within the pool of rigi, ifit5, and rsad2, this

gene was highly expressed 2–4 weeks prior to the occurrence of

lesions in the heart of both shedder and cohabitant fish at 5 and

12◦C, but not at 18◦C (see Supplementary Figure S2). In a study using

human cardiac fibroblasts, rigi has been shown to be involved in

cardiac cell pathology, as expression of rigi promoted production of

pro-inflammatory cytokines which contributed to heart injury (46).

Fish were not acclimatized before the exposure to PRV-3, thus it is

important to consider the potential impact of the sudden temperature

shift on the fish. In cohabitants, controls of 5 and 12◦Chad a relatively
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similar gene expression profile, while controls of 18◦C formed a

separate group (see Figure 5), primarily driven by the deferentially

expression of mx, cd4, rsad2, gzma, rigi, isg15, cxcl10, saa, and ifit5

(up-regulated in controls of 18◦C compared to 12◦C). However, these

differences persisted throughout the trial, and should therefore not

be attributed to the lack of acclimatization, but rather an impact of

the temperature on the base level of immune gene expression. In

shedders, all controls showed similar gene profile. In the shedder

control fish of 12◦C two and four WPC and 18◦C four WPC,

high expression of interferon’s was observed. This short increase

in interferon expression could be a reaction to the mock-injection.

Nevertheless, the expression of both ifng and ifnc3 decreased after

some time.

In conclusion, low water temperature negatively impacts PRV-

3 exposed fish, as virus replication persists for longer compared to

higher temperatures. Additionally, heart pathology was indicated to

be worsened by low temperature, while high temperature negates

the negative impact of PRV-3 infection. It could be speculated, if

the movement of at risk fish batches into warm water compartments

could prevent disease outbreaks caused by PRV-3.
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Tuberculosis (TB) remains a very significant infectious disease worldwide. New 
vaccines and therapies are needed, even more crucially with the increase of 
multi-drug resistant Mycobacterium tuberculosis strains. Preclinical animal 
models are very valuable for the development of these new disease control 
strategies. Guinea pigs are one of the best models of TB, sharing many features 
with the pathology observed in human TB. Here we describe the development of 
TB lesions in a guinea pig model of infection. We characterise the granulomatous 
lesions in four developmental stages (I–IV), using histopathological analysis and 
immunohistochemical (IHC) techniques to study macrophages, T cells, B cells 
and granulocytes. The granulomas in the guinea pigs start as aggregations of 
macrophages and few heterophils, evolving to larger lesions showing central 
caseous necrosis with mineralisation and abundant acid-fast bacilli, surrounded 
by a rim of macrophages and lymphocytes in the outer layers of the granuloma. 
Multinucleated giant cells are very rare and fibrotic capsules are not formed in this 
animal model.

KEYWORDS

tuberculosis, guinea pig, granuloma, pathology, animal model, immunohistochemistry, 
cell marker, Mycobacterium tuberculosis

1. Introduction

Tuberculosis (TB) is a chronic disease which remains a significant global health threat, 
particularly to immunosuppressed individuals (1, 2). TB accounts for over 1.6 million human 
deaths worldwide (3), 191.000 of which were due to resistance to antibiotic treatment in 2021 
(4). Because of this, animal models have been used historically to gain a better understanding 
of the disease and evaluate new therapies and vaccines (5).

The tuberculous granuloma is the hallmark lesion induced by Mycobacterium tuberculosis 
complex (MTBC) bacteria (6). These granulomas exhibit similar features in human disease, as 
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well as in both experimental and natural animal infections, with 
differences dependent on the animal species and type of MTBC 
bacteria involved. Granulomas are mainly composed of an 
accumulation of epithelioid macrophages, lymphocytes, some plasma 
cells and granulocytes which, depending on the chronicity, may 
include a necrotic centre with or without dystrophic mineralisation, 
and surrounded by a connective tissue capsule (7–16).

Guinea pigs have been widely used as an animal model for the 
study of various infectious diseases (17, 18) and have been found to 
be more susceptible to tuberculosis compared to other animal models 
(19, 20). Laboratory mice, for example, develop granulomatous lesions 
that differ significantly from those observed in humans, including the 
cellular composition as well as the progression to necrosis and lack of 
mineralisation (7, 19, 21). Non-human primates are very good models 
of human TB, showing many similarities with the granulomatous 
lesions observed in humans (15, 22). However, this animal model is 
costly and, due to its similarity to people and the ethical considerations 
alongside this, its use is strictly regulated (19, 23). Tuberculous 
granulomas in rabbits and guinea pigs share many similarities to those 
observed in humans (7, 20, 23); however, the number of reagents 
available to evaluate immune responses and cellular composition of 
granulomas in these species is scarce (19). Immunohistochemistry 
(IHC) provides additional information to conventional 
histopathological studies by using specific antibodies against MTBC 
antigens or cell markers, helping to understand the mechanisms of 
immune response, granuloma formation and the interaction of the 
bacteria with the host (8, 24).

It is believed that guinea pigs are thought to be  the most 
susceptible animal model of TB (7) and previous reports have briefly 
described the development and characterisation of tuberculous 
granulomas in this species (11, 12, 25–28). Whilst much research has 
been focused on this model, currently, there is no robust scoring 
system for assessing the microscopic features of pulmonary 
granulomas to aid the evaluation of disease severity and progression 
in studies that assess new vaccines and therapeutics. Furthermore, 
there is scope to expand the understanding of cellular composition 
for each granuloma stage using various immunochemical markers, 
as well as investigating the presence and frequency of mycobacteria. 
In this study, we  have used archived and new material from 
Mycobacterium tuberculosis (Mtb) infected guinea pigs, to 
characterise and categorise the development of pulmonary 
granulomas post-infection. Moreover, we have employed a panel of 
commercially available antibodies to study the different cell 
populations within the granulomas.

2. Materials and methods

2.1. Experimental animals

Wherever possible, analyses of existing, formalin-fixed paraffin-
embedded (FFPE) lung tissues from an archive of historical 
experiments (equating to 44 animals), were used in this study to 
reduce the number of additional animals needed for analyses. Twelve 
additional adult, female Dunkin Hartley guinea pigs (Cavia porcellus), 
free from pathogen-specific infection, with a body weight of 
300–400 g, were obtained from a UK Home Office accredited facility 
(Envigo, United  Kingdom). Animals were randomly assigned to 

groups and identified using subcutaneously implanted microchips 
(Plexx, Netherlands) to enable blinding of the analyses. Animals were 
housed at ACDP (Advisory Committee on Dangerous Pathogens) 
level 3, post-infection in groups of up to eight, with access to food 
and water ad libitum. The housing environment was maintained 
within a temperature range of 15–21°C and a relative humidity range 
of 45 to 65%. Group sizes were determined by statistical power 
calculations (Minitab, version 16) performed using previous data 
(SD, approximately 0.5) to reliably detect a difference of 1.0 log10 in 
the median number of colony-forming units (cfu) per millilitre. All 
animal procedures were approved by the United Kingdom Health 
Security Agency, Porton Down Establishment Animal Welfare and 
Ethical Review Body and authorised under an appropriate UK Home 
Office project license. Animals’ clinical and behavioural status were 
monitored daily.

2.2. Inoculum

The Mtb H37Rv strain was used for the challenge. National 
Collection of Type Cultures (NCTC) 7,416 challenge stock was 
generated from a chemostat grown to steady state under controlled 
conditions at 37°C ± 0.1, pH 7.0 ± 0.1 and a dissolved oxygen tension 
of 10% ± 0.1, in a defined medium, the details of which have been 
previously described (29). Aliquots were stored at −80°C. Titre of the 
stock suspension was determined from thawed aliquots by 
enumeration of Cfus cultured onto Middlebrook 7H11 OADC 
selective agar.

2.3. Infection

Challenge for each group of animals was by the aerosol route with 
Mtb strain H37Rv. Animals were challenged using a contained 
Henderson apparatus in conjunction with an AeroMP control unit as 
previously described (30, 31). Aerosol particles generated were 
delivered to the animals via both nares using a 3-jet Collison 
nebuliser, for an exposure time of 5 min. The challenge suspension in 
the nebuliser was adjusted by dilution in sterile water to a 
concentration of between 5 × 105 to 1 × 106 cfu/mL to deliver the 
required estimated, retained, inhaled, dose of 10–50 cfus to the lungs 
of each animal. The suspension of Mtb in the nebuliser was plated 
onto Middlebrook 7H11 OADC selective agar to measure the 
concentration and confirm retrospectively that the expected doses 
had been delivered (30).

Within this study, six guinea pigs were euthanised at each of day 
5 and 10 days post-infection (dpi) by an overdose of sodium 
pentobarbital via the intraperitoneal route. Archived, FFPE lung 
tissues came from previously performed studies whereby the same 
strain of guinea pigs received the same dose, route of delivery and 
batch Mtb H37Rv but were euthanised at 3 weeks (n = 8), 4 weeks 
(n = 8), and 8 weeks (n = 8) post-infection. Guinea pigs necropsied at 
24–27 weeks post-infection (wpi) (n = 20: n = 2,167 dpi; n = 1,169 dpi; 
n = 1,178 dpi; n = 14,188 dpi; n = 2,189 dpi), were given once daily 
(Monday to Friday) oral treatment of Rifampicin (10 mg/Kg) and 
Isoniazid (50 mg/Kg) drug regimen between 3–7 wpi to reduce 
bacterial load and induce relapse of disease between weeks 7 
and 28 wpi.
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2.4. Bacteriology

At necropsy, representative tissue from the lung of each animal 
(left: cranial lobe; right: cranial lobe and caudal lobe) were removed 
and placed into sterile Precellys tubes containing ceramic zirconium 
oxide beads were homogenised in 5 mL of phosphate buffered saline 
(PBS). Serial dilutions were plated (0.1 mL per plate, in duplicate) onto 
Middlebrook 7H11 OADC selective agar. After up to 4 weeks of 
incubation at 37°C, bacterial colonies were counted and duplicate data 
averaged to measure cfu/mL of viable Mtb in each lung sample 
homogenate. Where no colonies were observed, a minimum detection 
limit was set by assigning an average count of 0.5 colonies, equating 
to 5 cfu/mL.

2.5. Histopathology

At necropsy, lungs were removed and fixed by immersion in 10% 
neutral-buffered formalin [NBF] (Solmedia Ltd., Shrewsbury, 
United Kingdom). Tissue from pre-defined areas of each lung lobe 
(left: middle and caudal lung lobes; right: middle and accessory lung 
lobes) were sampled using a standard protocol to ensure consistency, 
routinely processed and embedded in paraffin blocks. All tissue blocks 
were sectioned at 4 μm and stained with haematoxylin and 
eosin (H&E).

Additionally, serial sections were stained with Ziehl-Neelsen (ZN) 
technique for the identification of acid-fast bacilli (AFB). Numbers of 
AFBs were quantified by light microscopy from ZN-stained slides, as 
previously described by Garcia-Jimenez et al. (2012) (8). The total 
number of AFBs present in each granuloma was counted and recorded 
using a scoring system as follows: 0 = no AFBs, 1 = 1–10 AFBs, 
2 = 11–50 AFBs, and 3 ≥ 50 AFBs.

Martius Scarlet Blue (MSB) staining was performed on 
representative tissue sections containing lesions of different 
developmental stages to evaluate the presence of fibrous tissue. In 
sections where focally extensive pyogranulomatous lesions were 
observed, additional Gram staining was carried out to detect 
non-mycobacterial colonies.

H&E stained slides were scanned with a Hamamatsu S360 
(Hamamatsu Photonics, Shizuoka, Japan) digital scanner and e-slides 
were evaluated using ndp.view2 software (v 2.9.29) (Hamamatsu 
Phonics, Japan). Slides stained with ZN or MSB special stains were 
evaluated using light microscopy.

2.6. Immunohistochemistry

Immunohistochemical staining (IHC) was performed to study 
different cell populations within the lung granulomas, including 
macrophages (Iba-1), myeloid cells (calprotectin positive; MAC387), 
heterophils (myeloperoxidase positive; MPO), B-cells (Specific 
Activator Protein; Pax-5) and T cells (CD3). Selected tissue sections 
from lungs at each time point were selected apart from those at 5 and 
10 dpi, due to the very low number of lesions present. At 3, 4 and 8 
wpi, tissues from three animals per group were included, whereas 
from 24–27 wpi, tissues from a total of 11 animals were included. 
Details of primary antibodies and IHC methods are summarised in 
Table 1. Briefly, in all cases, deparaffinisation and heat-induced epitope 

retrieval were performed on the Leica BOND-RXm using BOND 
Epitope Retrieval Solution 1 (ER1, pH 6.0) for 20 min at 95°C. After 
primary antibody incubation, immunostaining was performed with 
the Dako Real EnVision Detection System Peroxidase/DAB, Rabbit/
Mouse (Agilent, CA, United States) and counterstained with Gill’s 
haematoxylin. Finally, slides were routinely dehydrated and mounted 
using the Ecomount medium (Biocare Medical, CA, United States). 
Negative controls, consisting of replacement of primary antibody by 
blocking solution, were included in each run to detect potential 
non-specific binding. Likewise, IHC stained slides were scanned and 
subjected to digital image analysis to calculate the percentage of 
positively stained area in each granuloma (excluding the necrotic 
cores in all stains except for the MPO IHC runs) by using Nikon 
NIS-Ar software (Nikon Instruments Inc., NY, United States).

Histopathological and immunohistochemical evaluations were 
carried out in a ISO9001:2015 and GLP compliant laboratory and 
evaluated by two veterinary pathologists blinded to the animal details 
and methodology.

2.7. Statistical analysis

Differences between granuloma stages and time point were 
evaluated for statistical significance, which was set at 0.05, using the 
X-sq for trend test. Figures and data analyses were performed using 
GraphPad Prism 9.0 software (GraphPad Prism software 9.0, Inc., San 
Diego, CA, United States).

3. Results

3.1. Description of granuloma stages (I–IV)

In the lung, granulomatous lesions were differentiated into four 
distinct stages, broadly reflecting a temporal pattern of lesion 
development (Table 2). Lesions were located randomly within the 
parenchyma, or in the fibrous broncho-vascular connective tissue 
surrounding blood vessels and airways. In general, there was a 
tendency for granuloma size to increase through progression of the 
stages. A description of the morphological appearance of each stage is 
given below:

Stage I: these lesions comprised small, unorganised structures 
which lacked a distinct, circumscribed appearance, with borders that 
were poorly demarcated from the surrounding parenchyma. They 
consisted primarily of macrophages and interspersed lymphocytes, 
with occasional, scattered heterophils and eosinophils; these cells 
expanded alveolar walls and infiltrated alveolar spaces and/or 
broncho-vascular connective tissue. In some stage I  granulomas, 
epithelioid macrophages (Figures  1A,B) and few Langhan’s type 
multinucleated giant cells (MNGCs) were also observed (Figure 2A).

Stage II: these lesions were often larger than stage I, circumscribed, 
and contained well-demarcated borders. They represented a variable 
morphology, from round to any shape, that included poorly organised 
or non-necrotic granulomas with initial signs of organisation. Less 
organised stage II granulomas comprised primarily of scattered 
lymphocytes and macrophages, the latter often epithelioid, alongside 
variable numbers of centrally located heterophils (Figures  1C,D). 
Other more organised granulomas showed a prominent peripheral 
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rim of lymphocytes surrounding a central core of macrophages and 
variable numbers of heterophils. The majority of heterophils observed 
were viable, although a small number of degenerate cells were noted 
in the centre of the lesions. Occasional MNGCs were also present 
(Figure 2B).

Stage III: central necrosis, often mild to moderate, was the key 
feature observed in stage III lesions. This was characterised by 
numerous degenerate heterophils with concomitant nuclear pyknosis 
and karyorrhexis. Variable amounts of early, caseous necrosis were 
also presented, predominantly comprising homogenous, eosinophilic 
material. The necrotic core was surrounded by a rim of inflammatory 
cells, containing variable numbers of heterophils and encircled by 
epithelioid macrophages and variable numbers of MNGCs. 
Lymphocytes and plasma cells constituted the outer peripheral rim 
(Figures 1E,F).

Stage IV: these granulomas exhibited extensive, central, caseous 
necrosis and concomitant, dystrophic calcification (Figures 1G,H). 
The surrounding tissue comprised primarily of epithelioid 
macrophages and some lymphocytes. MNGCs were noted variably.

Reactive fibroplasia, with the formation of a fibrous capsule, was not 
observed in the examined lung tissue (Figure 3A). Occasionally, in some 
granulomas that developed adjacent to airways or blood vessels, 
pre-existing broncho-vascular connective tissue was incorporated into 
the granuloma structure, as confirmed by MSB staining (Figure 3B). 
This feature was also observed in granulomas located close to the pleural 
membrane, irrespective of the stage of the granuloma. Furthermore, 
local expansion of the pleura by inflammatory cells, was also noted. 
Gram staining did not reveal the presence of non-mycobacterial 
bacteria in the severe extensive lesions observed in some animals.

3.2. Time course development of disease

A temporal association was noted between the progression in the 
stage of lesion development and an increase in the total number of 
granulomas observed in the lung (Figure 4). The total number of 
granulomas at each developmental stage for each time point is 
summarised in Table 2 and plotted in Figure 4. At 5 and 10 dpi, only 
stage I  granulomas were present (n = 12 and n = 9 respectively), 
representing early-stage granuloma formation. By contrast, at 3 wpi, 
the majority of granulomas were stage II (n = 28), with fewer numbers 
of stage III (n = 14) and stage I granulomas (n = 9). By 4 wpi, there 
were abundant stage I granulomas (n = 126) together with numerous 
stage II (n = 130) and lesser numbers of stage III granulomas (n = 37). 
A predominance of stage I (n = 185) and stage II (n = 209) granulomas 
were noted by 8 wpi. In addition, there were a small number of stage 
IV granulomas with partially to fully mineralised necrotic centres 
(n = 16), as well as stage III granulomas (n = 8). At the final time point 
of 24–27 wpi, some lung lobes showed extensive, coalescing 
pneumonia and marked consolidation affecting the majority of the 
parenchyma. Most of the granulomas observed were stage II 
(n = 458); abundant stage I granulomas were also noted (n = 346) and 
a smaller number of stage III (n = 48) and stage IV granulomas 
(n = 40).

The presence and frequency of AFB in each granuloma stage at 
different time points are summarised in Table 3. In the early time 
points (5 and 10 dpi), AFBs were not detected in the small number of 
observed lesions. However, by 3 and 4 wpi, AFBs were noted in stage 
II (Figure 2A) and III granulomas with a tendency for higher numbers 
of AFBs visible in stage III (Figure 2B); stage I lesions did not show 
any AFB at these time points. By 8 wpi, AFB were observed in low 
numbers in a small proportion of stage I and II granulomas. However, 
the majority of stage III and IV granulomas showed abundant AFBs. 
At 24–27 wpi, abundant AFBs were observed in all granuloma stages.

3.3. Viable Mycobacterium tuberculosis in 
lung

Bacterial load data measured as cfu/mL of M. tuberculosis 
measured in lung at 5 and 10 days, and 3, 4, 8, and 24–27 weeks post-
infection, is represented in Figure 5. Although at 5 and 10 dpi expected 
low values (around 102 cfu/mL) of bacterial burden were detected, at 
3 wpi, numbers of viable bacilli had more than doubled (around 
105 cfu/mL). Peak bacterial loads were detected at 4 wpi with values 
around 106 cfu/mL. Similar values than found at 3 wpi were found at 

TABLE 1 Summary of immunohistochemical methods: primary antibody details, source, dilution, and blocking solution.

Specificity/Clone Type of antibody Source Blocking solution Dilution

IBA1 mAb (clone, GT10312) Invitrogen, MA, United States Superblock1 1:1002

MAC387 pAb Bio-techne, OX, United Kingdom 10% NGS 1:1002

MPO pAb Invitrogen, MA, United States Superblock1 1:1002

CD3 mAb (clone, LN10) Leica Microsystems, MK, United Kingdom Superblock1 1:503

B-Cell-SAP mAb (clone, DAK-Pax5) Agilent, CA, United States Superblock1 1:503

1Superblock (TBS) Blocking Buffer (Thermo Scientific, United States).
2Primary antibody incubation 1 h in the oven at 37°C.
3Primary antibody incubation overnight at 4°C. MAb, monoclonal antibody; pAb, polyclonal antibody; NGS, normal goat serum; MPO, myeloperoxidase; B-cell SAP, B-cell Specific Activator 
Protein.

TABLE 2 Total number of granulomas observed at each stage and time 
point in guinea pig lungs.

Days/weeks 
post-
inoculation

Granuloma stage Total 
count

I II III IV

5 dpi (n = 6) 12 0 0 0 12

10 dpi (n = 6) 9 0 0 0 9

3 wpi (n = 8)* 9 28 14 0 51

4 wpi (n = 8)* 126 130 37 0 293

8 wpi (n = 8)*,** 185 209 8 16 418

24–27 wpi (n = 20)*,** 346 458 48 40 892

dpi, days post infection; wpi, weeks post infection. *X-sq for trend p < 0.05 compared to 5 
and 10 dpi and **X-sq for trend p < 0.05 compared to 3 and 4 wpi.
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8 wpi to increase progressively until the end of the study (107 cfu/mL). 
A greater range of bacterial load (averaging at around 104 cfu/mL) 
were observed in animals at 24–27 weeks, following relapse from 
sub-optimal drug treatment (Figure 5).

3.4. Distribution of cell populations within 
granulomas

Iba1 was the most predominant marker in all stages of granulomas 
throughout the experiment (Figure 6). The staining was detected on 

the cell membrane of macrophages, including epithelioid and foamy 
macrophages and MNGCs, and diffusely extended in all the lesions, 
mainly from stage I and stage II granulomas (Figures 6B,C). In stage 
III and IV granulomas, the staining was also demonstrated in 
epithelioid macrophages surrounding the necrotic cores and central 
calcification, as well as in foamy macrophages at the periphery of the 
lesions (Figures 6D,E). No significant differences were observed in the 
percentage of Iba1+ staining between the different stages throughout 
the study.

Results from MAC387 positive staining quantification are 
represented in Figure 7A. MAC387+ staining was detected in the 

FIGURE 1

Representative microphotographs of the four stages of tuberculous granulomas in lungs from guinea pigs (H&E). (A, B) Stage I. Small with epithelioid 
macrophages (black arrows) with interspersed lymphocytes and heterophils (red arrows). (C, D) Stage II. Organised granulomas with heterophils (red 
arrows) in the centre and surrounded by epithelioid macrophages interspersed with polymorphonuclear cells (black arrows). (E, F) Stage III. Organised, 
with initial to caseous necrosis with degenerated and/or viable heterophils (red arrows). (G, H) Stage IV. Organised, advanced tuberculous lesion with 
extensive caseous necrosis and mineralisation. Scale bars  =  250  μm (insets B, D, F, and H  =  100  μm).
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cytoplasm of scattered macrophages and granulocytes within the 
tuberculous granulomas (Figures 7B–E). An increase in MAC387+ 
staining was observed coinciding with the progression of the 
lesion, being the maximum percentage observed in stage III 
(Figures 7A,D). In this stage, MAC387+ cells formed a rim of 
inflammatory cells surrounding the necrotic core (Figure 7D). 
These differences were specially observed at 3 and 4 wpi 
(Figure 7A). At 8 and 24–27 wpi, no significant differences were 
found in the percentage of staining between the different stages 
of granulomas.

Similar kinetic expression pattern was observed for the 
myeloperoxidase (MPO) marker (Figure 8A). However, MPO was also 
highly expressed in stage IV granulomas at the late time points (8 and 
24–27 wpi) (Figure  8E). MPO was expressed in scattered 

granulocyte-like cells of stage I and II granulomas (Figures 8B,C), as 
well as in the necrotic areas and inflammatory infiltrates of stage III 
and IV granulomas (Figures 8D,E).

Results from B-cell marker quantification are represented in 
Figure 9A. At 3, 4, and 8 wpi, a progressive increase in the percentage 
of this immunostaining was observed from stage I  to stage IV 
(Figure 9). Higher expression of this marker was detected at 8 wpi in 
comparison with 4 and 24–27 wpi in stage I  and II granulomas. 
Positive staining to B-cell SAP was found in the nuclei of B 
lymphocytes within multifocal inflammatory infiltrates in all 
granuloma stages (Figures 9B–E). In stage III and IV granulomas, the 
B-cell SAP+ infiltrates were present in the outer rims of the 
granulomas and within the stage I  and II “satellite” granulomas 
surrounding the larger lesions (Figures 9D,E).

FIGURE 2

Representative microphotographs of multinucleated giant cells (MNGCs) (H&E) and Ziehl-Neelsen (ZN) staining. (A) Epithelioid macrophages forming 
an initial MNGC (arrows) in a stage I granuloma at 4 wpi and (B) several MNGCs (arrows) in a stage II granuloma at 8 wpi. (C) Acid-fast bacilli (AFBs, 
arrows) in lungs of guinea pigs with stage II (4 wpi) and (D) stage III (24 wpi) tuberculous granuloma (ZN staining). Scale bars A and B  =  100  μm (insets, 
and C and D  =  50  μm).

FIGURE 3

Representative microphotographs of Martius Scarlet Blue (MSB; blue for collagen) staining in lungs of guinea pigs with tuberculous granulomas. 
(A) Stage IV granuloma within the lung parenchyma, not showing a fibrotic capsule surrounding the lesion. (B) Stage IV granuloma located between an 
artery (A) and a bronchiole (B) showing normal collagen (blue stain) from the lung around the granuloma. Scale bars  =  250  μm.
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Lower percentage of CD3+ staining was detected at 3 wpi in all 
granuloma stages compared to 4, 8, and 24–27 wpi, being the 
maximum expression observed at 8 wpi (Figure 10A). At 8 and 24–27 
wpi, similar expression of CD3+ staining was detected in the different 
granuloma stages (Figure  10A). The staining was detected in the 
cytoplasm and cell membrane of T lymphocytes diffusely scattered 
within stage I and II granulomas and located at the periphery of stage 
III and IV granulomas (Figures 10B–E).

4. Discussion

The results describe the morphological features observed in the 
formation and progression of tuberculous granulomas in the lungs of 
guinea pigs and provide a clearly defined methodology for their 
classification into stages. These stages can be used to assess the severity 
and progression of tuberculosis in this animal model and aid in the 
evaluation of therapeutics and prophylactics against human disease.

The guinea pig model is widely used in tuberculosis research due to 
its similarities with human disease, specifically regarding disease 
progression and immunopathology (11). The pathology of tuberculous 
granuloma formation in the lung of the guinea pig has already been well 
documented in the literature (11, 12, 20, 30, 32–35). Microscopic 
evaluation of morphological changes using subjective scoring 
methodologies have been used for many years to evaluate disease 
severity and progression in multiple, pre-defined lung lobes; these 
include assessment of the percentage of lung parenchyma affected by 
tuberculous granulomatous inflammation, ranging from multifocal, 
discrete granulomas to consolidative changes, as well as microscopic 

features such as presence/absence of necrosis, dystrophic calcification 
and extent of lymphocytic infiltration of granulomas (36). Outputs, 
such as mean scores from lung lobes of individual animals, as well as 
group mean scores, can be compared alongside bacterial, immunological 
and other relevant data to discriminate between test and control groups. 
Similar scoring systems have been devised in other animal models of 
tuberculosis, such as macaques (15, 22, 37, 38), cattle (13, 39–41), 
badgers (42, 43), deer (8), swine (44), or mice (45). The current study 
aimed to enhance histopathological outputs through the provision of a 
semi-quantitative method characterising granuloma morphology. This 
approach provides additional discriminatory power, helping to 
overcome potential limitations associated with semi-quantitative 
scoring, such as experience and personal bias of the pathologist.

The granuloma developmental stages described here are similar 
to those described in cattle, from stage I (initial) to stage IV (necrotic 
and mineralised) (13, 39–41). The cellular composition of the 
granulomas is also similar to what is observed in other animal models 
of MTBC infection, with heavy presence of activated macrophages 
from the early stages, polymorphonuclear cells (neutrophils or 
heterophils), and rims of T and B cells surrounding the necrotic cores 
in the late stages of granuloma development. A large quantity of 
heterophils and activated macrophages is observed in late-stage 
granulomas, with high expression of MPO at the necrotic core and 
inner layers of the granulomas. The number of AFBs also increase 
concomitantly with lesion development, as seen in other animal 
models (37, 40). As expected, the viable bacterial burden in lung 
measured by plating homogenates onto selective medium, also 
increased concurrently with increased presence of AFBs and lesion 
development. The reduction of viable bacteria in lungs between 4 and 

FIGURE 4

Number of different granulomas from different developmental stages (I–IV) observed in guinea pig lungs at different time points after inoculation (from 
5 dpi to 24–27 wpi). Each dot represents a lung section and bars represent median values.

TABLE 3 Total score for the number of AFB in granulomas at each stage and time point in the guinea pig lungs.

Granuloma 
stage

5 dpi 10 dpi 3 wpi 4 wpi 8 wpi 24–27 wpi

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

Stage I 6 0 0 0 3 0 0 0 2 0 0 0 5 0 0 0 21 2 0 0 27 11 5 0

Stage II 0 0 0 0 0 0 0 0 0 2 1 0 2 8 0 0 17 9 0 0 24 23 3 10

Stage III 0 0 0 0 0 0 0 0 0 0 0 2 0 2 4 7 0 1 1 0 2 10 3 1

Stage IV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 1 2 3 0

Total count 6 0 0 0 3 0 0 0 2 2 1 2 7 10 4 7 38 15 4 3 54 46 14 11

The total number of AFBs present in each granuloma were counted and recorded using a scoring system: 0 = no AFBs, 1 = 1–10 AFBs, 2 = 11–50 AFBs, and 3 ≥ 50 AFBs. AFB, acid fast bacilli; 
dpi, days post infection; wpi, weeks post infection.
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8 weeks post-infection is commonly observed, and thought to 
be  related to the switching of innate to adaptive host immune 
responses (20, 46, 47).

The presence of MNGCs is not prominent and only occasional in 
some granulomas, in contrast to what is observed in other models 
such as non-human primates (37, 48) or cattle (40, 41). MNGCs are 
normally formed by the fusion of macrophages responding to the 
intracellular persistence of mycobacteria. Their role in the different 
animal models of TB is under constant review, with some authors 
showing a possible correlation of vaccine protection with fewer 
presence of MNGCs (40).

The findings indicated that fibroplasia was not a feature in the 
formation of pulmonary granulomas in guinea pigs at this 
exposure dose and time points post-challenge. In general, the 
prominence of peripheral fibrosis in granuloma development 
varies between species, with non-human primates or cattle 
exhibiting prominent fibrous deposition (13, 37, 39–41, 48), 
whereas being sparse or absent in other animal models like mice, 
except for specific genetically modified strains (49). This fact 
represents a limitation of the guinea pig model for testing some 
potential therapies where fibrosis plays an important role. 

FIGURE 5

Number of viable Mtb H37Rv in lung at day 5 and 10, and weeks, 3, 4, 
and 8  weeks post-infection by the aerosol route of delivery. Bacterial 
load in lungs at 24–27  weeks post-infection represent the result of 
relapse of disease following sub-optimal delivery of drug treatment 
delivered between weeks 3–7 post-infection. Individual dots 
represent each animal in each group. Viable bacterial load are 
expressed as Log10 cfu/mL, each animal in the group represented as 
black circles, and group mean expressed as horizontal black bars, in 
violin plots.

FIGURE 6

Iba1+ immunohistochemical detection in stage I, II, III, and IV granulomas throughout the experiment. (A) Percentage of Iba1+ staining in stage I to IV 
granulomas at 3, 4, 8, and 24–27 wpi. Dots show the individual percentage of staining in each granuloma. Lines show the median value of the 
percentage of staining in the different stages throughout the study. (B) Iba1 expression in stage I granuloma at 8 wpi. (C) Iba1 expression in stage II 
granuloma at 8 wpi. (D) Iba1 expression in stage III granuloma at 4 wpi. (E) Iba1 expression in stage IV granuloma at 8 wpi. Insets show close-up images 
at higher magnification showing Iba1+ macrophages. Scale bars  =  500  μm (insets  =  100  μm).

58

https://doi.org/10.3389/fvets.2023.1264200
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Larenas-Muñoz et al. 10.3389/fvets.2023.1264200

Frontiers in Veterinary Science 09 frontiersin.org

FIGURE 7

MAC387+ immunohistochemical detection in stage I, II, III, and IV granulomas throughout the experiment. (A) Percentage of MAC387+ cells in stage I to IV 
granulomas at 3, 4, 8, and 24–27 wpi. Dots show the individual percentage of staining in each granuloma. Lines show the median value of the percentage of 
staining in the different stages throughout the study. (B) MAC387 expression in stage I granuloma at 4 wpi. (C) MAC387 expression in stage II granuloma at 4 
wpi. (D) MAC387 expression surrounding a necrotic core (arrowhead) in stage III granuloma at 4 wpi. (E) MAC387 expression in stage IV granuloma at 8 wpi. 
Insets show close-up images at higher magnification showing MAC387+ cells: macrophages and polymorphonuclear cells. Scale bars = 500 μm 
(insets = 100 μm).

FIGURE 8

Myeloperoxidase (MPO)  +  immunohistochemical detection in stage I, II, III, and IV granulomas throughout the experiment. (A) Percentage of MPO+ 
staining in stage I to IV granulomas at 3, 4, 8, and 24–27 wpi. Dots show the individual percentage of staining in each granuloma. Lines show the 
median value of the percentage of staining in the different stages throughout the study. (B) MPO expression in stage I granuloma at 4 wpi. (C) MPO 
expression in stage II granuloma at 4 wpi. (D) MPO expression in stage III granuloma at 4 wpi. (E) MPO expression in stage IV granuloma at 8 wpi. Insets 
show close-up images at higher magnification showing MPO+ polymorphonuclear cells. Scale bars  =  500  μm (insets  =  100  μm).
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FIGURE 9

B-cell Specific Activator Protein+ (SAP+) immunohistochemical detection in stage I, II, III, and IV granulomas throughout the experiment. 
(A) Percentage of B-cell SAP+ staining in all stages granulomas at 3, 4, 8, and 24–27 wpi. Dots show the individual percentage of staining in each 
granuloma. Lines show the median value of the percentage of staining in the different stages throughout the study. (B) B-cell SAP expression in stage 
I granuloma at 8 wpi. (C) B-cell SAP expression in stage II granuloma at 8 wpi. (D) B-cell SAP expression in stage III granuloma at 4 wpi. (E) B-cell SAP 
expression in stage IV granuloma at 8 wpi. Insets show close-up images at higher magnification showing B cell SAP+ lymphocytes. Scale bars  =  500  μm 
(insets  =  100  μm).

Conversely, the lack of a fibrotic capsule in late stages granulomas 
can be  an advantage in this animal model for target therapies 
directed to advanced lesions where a xenobiotic can access the 
inner layers of the granuloma in the absence of a significant, 
fibrotic barrier.

Interestingly, the lesion development and cellular composition of 
granulomas observed in this study show many similarities to 
pulmonary TB granulomas in human patients, including the presence 
of solid non-necrotising early lesions to advanced necrotic 
granulomas categorised in four stages like in cattle and guinea 
pigs (50).

5. Conclusion

The guinea pig model provides a reliable, cost-effective method 
of evaluating potential new therapeutics and prophylactics in the 
treatment and prevention of human tuberculosis. This study 
demonstrates a refinement in the evaluation of the severity and 
extent of pulmonary tuberculous disease in the guinea pig model 
through the provision of a quantitative methodology for staging 

granuloma progression; this, in turn, can provide additional data to 
aid in the evaluation of future, potential drug and vaccine targets 
against human tuberculosis. Moreover, the IHC techniques 
developed may be valuable tools to characterise the local immune 
responses and lesions in other animal models of disease using 
guinea pigs.
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FIGURE 10

CD3+ immunohistochemical detection in stage I, II, III, and IV granulomas throughout the experiment. (A) Percentage of CD3+ staining in stage I to IV 
granulomas at 3 to 24–27 wpi. Dots show the individual percentage of staining in each granuloma. Lines show the median value of the percentage of 
staining in the different stages throughout the study. (B) CD3 expression in stage I granuloma (arrowheads) at 24–27 wpi. (C) CD3 expression in stage II 
granuloma at 24–27 wpi. (D) CD3 expression in stage III granuloma (arrowheads) at 24–27 wpi. (E) CD3 expression in stage IV granuloma at 8 wpi. 
Insets show close-up images at higher magnification showing CD3+ T lymphocytes. Scale bars  =  500  μm (insets  =  100  μm).
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Research in human tuberculosis (TB) is limited by the availability of human tissues 
from patients, which is often altered by therapy and treatment. Thus, the use of 
animal models is a key tool in increasing our understanding of the pathogenesis, 
disease progression and preclinical evaluation of new therapies and vaccines. The 
granuloma is the hallmark lesion of pulmonary tuberculosis, regardless of the 
species or animal model used. Although animal models may not fully replicate 
all the histopathological characteristics observed in natural, human TB disease, 
each one brings its own attributes which enable researchers to answer specific 
questions regarding TB immunopathogenesis. This review delves into the 
pulmonary pathology induced by Mycobacterium tuberculosis complex (MTBC) 
bacteria in different animal models (non-human primates, rodents, guinea pigs, 
rabbits, cattle, goats, and others) and compares how they relate to the pulmonary 
disease described in humans. Although the described models have demonstrated 
some histopathological features in common with human pulmonary TB, these 
data should be considered carefully in the context of this disease. Further research 
is necessary to establish the most appropriate model for the study of TB, and to 
carry out a standard characterisation and score of pulmonary lesions.

KEYWORDS

tuberculosis, animal models, pathology, granuloma, mycobacteria, lung

1. Introduction

Tuberculosis (TB) is the second leading infectious disease killer in humans after COVID-19 
(SARS-2) (1). Mycobacterium tuberculosis (Mtb) is part of the Mycobacterium tuberculosis 
complex (MTBC), which consists of nine closely related species (M. tuberculosis, M. bovis, 
M. africanum, M. canetti, M. microti, M. mungi, M. orygis, M. caprae, M. pinnipedii and 
M. suricattae) that can cause TB in both humans and animals.

Although TB has been studied for many decades, there are still many aspects of the 
immunopathogenesis which are not fully understood. The only licenced vaccine, the Bacillus 
Calmette-Guérin (BCG), has variable efficacy dependant on various factors including the target 
population and the age at vaccination. Therefore, there is still much research ongoing to find 
new vaccines and therapeutics.

Research into human TB is limited by the availability of infected human tissues due to the 
challenges associated with obtaining serial lung biopsies throughout the progression of the 
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disease (2–4). Furthermore, pathogenic characteristics and severity is 
inherently altered by therapy and treatment, which is a major 
barrier (2, 3).

Whilst humans are the natural host for Mtb, infection and 
subsequent disease is observed in many animal species, making 
these good models in which to study the disease progression in a 
way that is prohibited in humans (3, 4). No animal model of TB 
fully replicates all the pathological characteristics observed in 
human TB disease progression; therefore, the vast majority of data 
is generated using many different animal models and must 
be  considered carefully when relating to human disease (2, 3). 
Mycobacteria within the MTBC are also important pathogens for 
animal health, and animal models provide a useful tool for bovine 
TB (bTB) research (5–8).

Regardless of the species, the lung granuloma is the hallmark of 
pulmonary tuberculosis (9). Its first description was made by Anton 
Ghon, an Austrian pathologist, who made significant contributions 
to the understanding of primary TB and its anatomical pathology in 
humans (10, 11). It is known that Mtb infects alveolar macrophages, 
which release multiple cytokines to recruit additional macrophages, 
dendritic cells, and lymphocytes, leading to the formation of an early 
granuloma (9). This event triggers the recruitment of various types of 
immune cells, including neutrophils, which can produce chemokines 
and cytokines in response to the infection, attracting additional 
immune cells to the site of infection (9, 12). Infected macrophages 
play an important role during granuloma formation, serving as a 
central platform around where the rest of the immune cells are 
located, and giving rise to the typical, spherical morphology (9, 12). 
With the progression of the infection, mature macrophages undergo 
a morphological change, referred to as ‘epithelioid differentiation’ due 
to its capacity to form tight, interdigitated, cellular junctions, also 
known as epithelioid histiocytes (12–14). Macrophages can also fuse 
together to form multinucleated giant cells (MNGCs, also known as 
Langhans giant cells) or differentiate into foamy macrophages, 
characterised by the accumulation of lipids within their cytoplasm 
(9, 12–14).

This review paper will focus on the histopathological features of 
pulmonary granulomas in different animal models of experimental 
and natural MTBC infection (Table 1) and how they relate to the 
disease progression observed in humans.

2. Tuberculosis in humans

Early pulmonary granulomas induced by Mtb in human lungs 
are characterised by a central region of large epithelioid cells 
(CD68+ cells by immunohistochemistry [IHC]), surrounded by a 
mixture of macrophages and predominantly CD4+ T cells, with a 
smaller number of CD8+ T cells and MNGCs (15). The advanced 
model of human tuberculous granulomas describes well-structured 
and organised lesions, characterised by a central area of necrosis 
that harbours the mycobacteria (9, 11, 14–17) (Figure 1; Table 1). 
This necrosis is the result of the death of infected macrophages that 
form the central region of the granuloma and receives the name of 
caseum due to its ‘cheese-like’ consistency observed grossly (9, 12, 
18). The necrotic core provides nutritional support and leads the 
mycobacteria to survive for decades in a latent state (9, 11). The 
initial layer surrounding the necrotic centre is populated with T 

lymphocytes (mainly CD4+ T cells), macrophages and MNGCs 
(CD68+ cells), diffusely distributed (9, 11, 14, 17, 19). These 
MNGCs are an important feature of human TB in lung tissue (17). 
In the outer layers there are large numbers of CD8+ T cells (15). 
Some authors also describe the presence of prominent, B cell 
aggregates which are located more distant to the necrotic core, and 
which are situated in a background of T lymphocytes and 
mycobacteria-containing macrophages diffusely distributed (15, 
17). Whilst this leukocyte infiltration contributes to the local 
immune response, it can also lead to significant damage in the 
affected lung (11). As the disease progresses, the necrotic core can 
calcify (dystrophic mineralisation) and be encapsulated by a fibrotic 
rim (12, 16). Calcification is usually demonstrated with Von Kossa 
staining and fibrosis can be visualised with trichome stains such as 
Martius Scarlett Blue (MSB) or Masson’s Trichrome (16). It is 
thought that the main function of the granuloma is to prevent the 
mycobacterial spread, but it could also serve as a physical barrier to 
prevent the penetration of anti-TB drugs (14).

Zieh-Neelsen (ZN) staining is the routine technique to detect the 
presence of acid-fast bacilli (AFB) in tissues (15, 16, 19–21). However, 
IHC and immunofluorescence (IF) are also applied to identify AFB in 
tissue specimens (11, 22–24).

During human disease where TB reactivation has occurred, it is 
typical to observe the formation of thin-walled cavities (2, 18). These 
derive from the replacement of large areas of necrosis in primary 
granulomas with an open space that often contains a high number of 
neutrophils and necrotic cellular debris (2). The wall of the cavity is 
composed of mixed inflammatory cells, resembling primary 
granulomas, and is separated from the surrounding normal 
parenchyma by a fibrous capsule (2). The underlying mechanisms of 
this phenomenon are still a subject of debate within the field of 
pathophysiology (25). However, the most widely accepted model 
proposes a central liquefaction of the necrotic centre, followed by 
erosion of the nearby airways and release of the liquefied contents 
resulting in the formation of an air-filled cavity (25). Whilst 
tuberculous bacilli do not multiply well in the cytoplasm of activated 
macrophages or in the solid caseous centres, both extracellular and 
intracellular bacilli can do so easily in an immunologically privileged 
location and be  transmitted between individuals through aerosol 
spread (2, 14, 26). The advanced stage of post-primary disease in 
humans is likely the key aspect that animal models are unable to 
replicate in TB infections, creating a significant gap in our 
understanding of the disease (2). As well as the characteristics above, 
tissue hypoxia studies have revealed that areas of necrosis in 
pulmonary tissues from Mtb infected patients are developed in 
anaerobic conditions (17, 27–29). Hypoxia induces the secretion of 
matrix metalloproteinase-1 (MMP-1), which produce lung destruction 
mainly in areas of lung consolidation and around pulmonary 
cavities (29).

Lung samples from uncontrolled TB infections in humans are 
difficult to acquire so there is a lack of information regarding specific 
stages of granuloma development (17). For that reason, contrary to 
what happens in many TB animal models, there is not a clear 
classification of pulmonary granulomas from TB-infected humans. A 
first approach was performed by Canetti et al. (30), in 1955 and later 
by Ridley and Ridley (16) in 1987. Ridley and Ridley describe 6 groups 
of tuberculous granulomas: 1a, 1b, 2a, 2b, 3a and 3b, relating to the 
number of bacilli, the extension of the necrosis, and the cell 
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composition. In samples from group 1a, neither necrosis nor AFB 
were present and mature epithelioid cells were the main cell type, 
whereas in samples from group  3b extensive necrosis, scanty 
macrophages and over 3 AFB per granuloma were observed (16). 
Fenhalls et al. (19) in 2002 classified the lesions from seven patients 
evaluated as necrotic and non-necrotic granulomas. Later, in 2016, 

Marakala et  al. (18) described a different histopathological 
classification, including solid granulomas that lacked necrosis, caseous 
granulomas and cavitary granulomas. Further classification has been 
described by other authors, such as the following example for 
pulmonary granulomas: nascent, caseous, fibrocaseous and resolved 
granulomas (54).

TABLE 1 Main histopathological features in pulmonary granulomas in the different TB models.

Necrosis Mineralisation Fibrosis MNGCs AFB Cavitary lesions References and comments

Human + + + + + + (8, 10, 13–30).

Cavitary lesions are common (2, 17, 24).

Liquefaction (necrosis) present (24).

Mouse −/+ −/+ −/+ − + −/+ (8, 12, 19, 20, 31–43).

Absence of central necrosis in common strains (8, 

12, 19, 20, 31).

MNGCs not present, only occasional (16, 19, 32).

Fibrosis seen in C5BL/6 mice (19).

Foamy macrophages essential in mice (19, 32).

Central necrosis seen in C3HeB/FeJ and HIS-NSG 

mice (35, 37–39).

Development of cavitary lesions in C3HeB/FeJ mice 

strain (37).

Abundant AFBs

Rat −/+ −/+ −/+ + + − Absence of central necrosis in common rats (40, 41)

F344/N-rnu rat strain develops central non-caseous 

necrosis (40)

MNGCs are present (40, 41, 43).

Cotton rats develop caseous necrosis and 

calcification (42)

Guinea 

Pig

+ + −/+ + + − (44–53).

Fibrosis is occasional (45).

Mineralisation is a key feature (47).

Associated lymphadenopathy and lymphangitis are 

important (51).

NHP + + + + + + (29, 33, 35, 36, 54–71).

Cavitation is rare in Old World Monkeys but seen in 

New World Monkeys such as the common 

marmoset (36).

Rabbit + + −/+ + + + (25, 72–75, 88)

Development of liquefaction is present (72–75).

Good model for TB meningitis (75).

Mineralisation and evidence of scant AFBs (91).

Fibrosis is present (25, 88).

Zebrafish + − + + + − (66, 92, 94, 95, 97, 101)

Absence of mineralisation (76–78).

Fewer lymphocytes than in other models (76–78).

Cattle + + + + + − (6, 67, 93, 96, 98, 102)

AFB abundant in more developed necrotic lesions 

(5, 66, 92)

MNGCs and foamy macrophages are abundant (94)

Goats + + + + + + (79, 80, 103, 105, 106).

Liquefactive necrosis is observed (79, 80, 103).

Cavitary lesions are present (79, 80, 103).

Key: +, presence of feature, −, absence of feature, +/−, differing results. MNGCs – Multinucleated giant cells. AFB – Acid fast bacilli.
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FIGURE 1

Diagram of a general pulmonary tuberculous granuloma. Mtb infects alveolar macrophages which release cytokines to attract additional macrophages, 
dendritic cells and lymphocytes, leading to an early granuloma. With the progression of the infection, tuberculous granulomas become bigger, more 
structured, and organised lesions, characterised by a central area of necrosis (infected macrophages) that harbours the mycobacteria. Surrounding this 
necrotic core there are mature macrophages, called “epithelioid macrophages” (due to its capacity to from interdigital junctions), multinucleated giant 
cells (MNGCs) and other immune cell types such as lymphocytes, neutrophils, natural killer cells, and dendritic cells to a less extent. In the outer layer 
there are large number of T cells and fibroblasts which try to encapsule the lesion. Image created with BioRender.com.

3. Comparative pathology of animal 
models

3.1. Non-human primates

Old World monkeys, including the rhesus (Macaca mulatta) and 
cynomolgus (Macaca fascicularis) macaques, and New World 
monkeys (Callithrix jacchus, the common marmoset), are used as 
experimental models of human TB disease. They all develop the full 
range of Mtb disease observed in humans, including children and 
immunosuppressed patients, ranging from solid lesions to caseation, 
calcification, and cavitation (30, 56–59, 81). Each NHP model has 
benefits for certain types of studies; for instance, rhesus macaques 
have been shown to be more susceptible to Mtb infection compared 
with cynomolgus macaques who can show active as well as latent TB 
infection (58, 60). Depending on the strain of Mtb used, different rates 
of disease progression, as well as varying degrees of cavitation, are 
observed in the common marmoset (59). Two different outcomes of 
infection from Mtb have been seen in the cynomolgus macaque, 
depending on the challenge dose. It has been shown that when high 
doses of Mtb are administered, severe disease develops (acute TB) 
(55); conversely, a low-dose can result in asymptomatic infection 
which is similar to latent TB in humans (56, 61, 62).

Varying the route of infection does not result in different outcomes 
in terms of clinical parameters and behavioural changes between the 
macaque subspecies (63); however, lesion distribution does vary in the 
lung, with diffuse lesions more commonly associated with the aerosol 
route as compared to the intra-bronchial route (63, 64).

A range of pulmonary granulomas are observed in active TB in 
all NHP models. These range from early lesions consisting of small 
aggregates of immune cells, mainly macrophages with variable 

numbers of lymphocytes and neutrophils, and lacking clearly defined 
boundaries (65); the classical, organised, ‘solid’ structured granulomas 
which comprise abundant, epithelioid macrophages, neutrophils and 
some MNGCs in the absence of necrosis; granulomas that have a 
central core of necrosis but are not caseous and are surrounded by a 
rim of epithelioid macrophages and a peripheral rim of lymphocytes; 
and, large, well-defined, caseous granulomas (57, 62, 65). Cavitary 
lesions are rarely observed in the Old World NHP models during 
active disease (62); however, they have been noted in the common 
marmoset between 58 and 70-days post-challenge (dpc) when 
infected with the CDC1551 strain (59). TB pneumonia is also 
observed during active TB in all NHP models, and it is usually 
surrounding multicentric, often coalescing, large, caseous granulomas 
(59, 62). A summary of the main histopathological features in NHPs 
is represented in Table 1.

The majority of more advanced lesions mentioned above are also 
observed during latent TB infection (LTBI); however, granulomas 
without necrotic centres have not been noted. Large caseous 
granulomas are observed although the caseous core has often been 
replaced by mineralisation and/or collagenous material (62) defined 
as ‘fibro-calcified’ lesions by some groups (62). Also observed are 
lesions that are termed ‘sclerotic or fibrosing’ granulomas; lack visible 
mineralisation and comprise compacted, sclerotic material (62).

Depending on the strain of Mtb used and the species of NHPs, 
microscopic granulomas can be seen as early as 2–5 weeks post-
challenge (wpc) (57, 65, 66). In rhesus macaques, early granulomas 
often lack clearly defined boundaries, but by 3 wpc, more ‘classical’ 
granulomas are seen (66). Central necrosis is also seen this 
timepoint when infected with H37Rv (65, 66). In cynomolgus 
macaques, however, the earliest manifestations of granulomas 
within the lung are present at 4–5 wpc, comprising multifocal to 
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coalescing, caseous lesions (57). These granulomas are more like the 
‘classical’ granuloma. A centre core of necrotic cells and amorphous 
material that is surrounded by a peripheral rim of epithelioid 
macrophages. In this zone, MNGCs may be  observed where a 
number of macrophages have joined together to create a Langhan’s 
type giant cell (67, 68). In smaller, unorganised granulomas, 
MNGCs tend to be scattered throughout the lesion rather than in 
an outer rim (68). MNGC’s tend to be more abundant in the later, 
more advanced granulomas compared to the earlier manifestations 
(68). Beyond this there is rim of lymphocytes that consists of a 
mixture of B and T cells. It has been observed that as granulomas 
increase in size, B cell populations become more contained as 
‘follicle-like’ structure in the lymphocyte rim, whereas in the 
smaller granulomas they tend to be scattered throughout this layer 
and the granuloma (15, 68–70). This is in contrast to findings from 
Fuller et al. (71) who state that B cells are only observed in follicle-
like structures in caseous granulomas in cynomolgus macaques. 
Depending on the stage and extent of healing and containment of 
the granuloma a thin layer of fibrosis can develop around the 
external rim of lymphocytes (82). AFB are seen in most granulomas, 
but they are more abundant in larger granulomas with caseous 
necrosis (83).

The cellular composition of granulomas in NHPs used to 
distinguish between the type and severity of disease have been 
evaluated in various ways including semi-quantitative methods, for 
example, scoring systems (57, 65) as well as quantitative methods such 
as using image analysis to count the percentage of cells stained within 
a granuloma (31, 68). Scoring systems and lesion classifications have 

been used in NHP models in recent years and there are two that lead 
in the field; Lin et al. (57) whose system is based on 3 characteristics; 
the type of granulomas (caseous, solid, suppurative or mixed); the 
cellular composition (presence or absence of lymphocytic cuff, 
mineralisation, fibrosis, MNGCs and epithelioid macrophages) and 
the distribution pattern (focal, multifocal, coalescing and invasive). 
Lin et  al. (57) have applied this to both active and latent TB 
experiments. The second is Rayner et al. (63, 65, 66) who published a 
more detailed description of the granulomas seen in active, early-stage 
TB infection which uses different stages of development to categorise 
the granulomas (stages 1–6). Briefly, stage 1 granulomas are small 
diffuse foci of cells including macrophages and lymphocytes and a few 
disperse neutrophils. They do not have clearly defined boundaries and 
they infiltrate alveolar walls and extend into the alveoli (Figure 2A). 
Stage 2 granulomas are unorganised but have a more defined 
boundary and they are larger than stage 1 but have the same mix of 
inflammatory cells (Figure 2B). Stage 3 granulomas are similar to stage 
2, but they have a focal necrosis which is characterised by nuclear 
pyknosis and karyorrhexis with the loss of cellular architecture. Stage 
4 lesions are circumscribed and primarily consist of macrophages 
mixed with neutrophils and other leucocytes and a few peripheral 
lymphocytes. Stage 5 granulomas are organised with a necrotic foci 
and degenerate neutrophils (Figure 2C). Finally, stage 6 is the classical, 
well demarcated granuloma that consists of central, caseous necrosis 
and has a variable rim of lymphocytes, mainly B cells, around the 
periphery (63, 65, 66) (Figures 2D–F). The use of this scoring system 
has been of great value evaluating vaccine candidates at the preclinical 
stage (32, 83).

FIGURE 2

Representative histopathological images of the rhesus macaque (NHP) TB model in lung: (H&E) and CD20 staining (IHC). (A) Stage 1 granuloma 
characterized by the infiltration of the alveolar wall with macrophages and lymphocytes. (B) Stage 2 granuloma, well demarcated lesion composed by 
epithelioid macrophages (inset), macrophages and scattered MNGCs (arrow). (C) Stage 5 granuloma, larger lesion with a focal necrotic core composed 
of degenerated neutrophils and macrophages surrounded by viable cells. (D, E) Stage 6 granuloma, well demarcated lesion with central caseous 
necrosis surrounded by a layer of macrophages and an external rim of lymphocytes, with abundant B cells (CD20+) around the periphery forming 
“nests”. Inset shows some MNGCs (D) and CD20+ B cells (E). (F) Late stage 6 granuloma, partially encapsulated by a fibrotic capsule (inset), 
characterized by the presence of a necrotic centre with dystrophic mineralization surrounded by viable immune cells. MNGCs are also present (inset). 
Scale bars = A, 100 µm; B and C, 250 µm; D and E, 2.5 mm; F, 1 mm.
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FIGURE 3

Representative histopathological images of the mouse (Balb/C) TB model in lung: (H&E) and Ziehl-Neelsen (ZN) staining. (A) Early-stage granuloma, 
non-demarcated and non-encapsulated, consisting mainly of macrophages, aggregates of lymphocytes and scattered polymorphonuclear cells. 
(B) Large foamy macrophages and polymorphonuclear cells in a late-stage granuloma. (C) Abundant AFB in the cytoplasm of foamy macrophages and 
cell debris within a bronchiolar lumen. (D) Large foamy macrophages with abundant intracellular AFB in a late-stage granuloma. Scale bars = A, 
250 µm; B, C and D, 20 µm.

3.2. Rodents

The mouse (Mus musculus) was one model utilised by Robert 
Koch to demonstrate that Mtb induced comparable lesions in mice to 
those observed in humans during natural infection (33, 34). The broad 
utilisation of mice in TB immunology research is attributed to the 
abundance of immunological tools and reagents, as well as the 
availability of inbred strains, which facilitate classical genetics and 
adoptive transfer experiments (13).

In general, mice tend to develop an acute rather than chronic 
infection with Mtb, and the granulomas formed in their lungs lack the 
structured and organised appearance observed in human granulomas 
(9) (Figure 3A). It should be noted that in most of the conventional 
strains of mouse models, granulomas do not develop the necrotic 
caseous centre, which is the primary characteristic of human TB (9, 
13, 20, 35). Infected macrophages tend to show an enlarged cytoplasm 
with high lipidic content (foamy macrophages) that are interspersed 
with lymphocytes and neutrophils (Figure 3B). The presence of AFB 
is abundant within the macrophage cytoplasm and the necrotic cells 
(Figures 3C,D). Additionally, the lack of MNGCs in mice makes the 
tuberculous granulomas of mice histopathologically different from 
those observed in humans (17, 20, 36) (Figure 3). Table 1 summarises 
the main histopathological features in mice model observed during 
experimental pulmonary TB.

Numerous mouse models of infection have been developed, using 
mostly the intranasal infection route with the aim of mimicking 
pulmonary TB in humans as close to a natural infection route as 
possible (20, 24, 28, 36–41).

Rhoades et al. (20) infected C57BL/6 mice via the aerosol route 
with varying doses of three different Mtb strains and studied the 
development of a granuloma for a period of 1 year in the lung. 
Although the different conditions failed to induce a caseating necrosis, 
the mice developed a chronic form of pulmonary TB in all cases. 
Rhoades et  al. (20) described five histopathological stages of 
granuloma development; category 1: small, isolated lesions diffusely 
distributed throughout infected lungs, composed of a few adjacent 
alveoli with thickened septae, consisting primarily of mononuclear 
phagocytes, alveolar macrophages and occasional lymphocytes; 
category 2: scattered, discrete foci of alveolitis filled with mononuclear 
phagocytes and a few epithelioid and foamy macrophages, with 
perivascular and peribronchiolar lymphocytes; category 3: moderate 
lesions characterised by sheets of epithelioid and foamy macrophages 
that fill the alveoli, with mild interstitial fibrosis and tight associations 
of lymphocytes. In this case, while evidence of irreversible cell 
degeneration and death was noticed, no central necrosis was detected. 
In category 4 enlarged, coalescing granulomatous lesions were 
detected, consisting mainly of the presence of macrophages, 
epithelioid macrophages, and large foamy macrophages. Small foci of 
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necrosis and polymorphonuclear cells were associated with cleft of 
cholesterol and fibrosis of alveolar septae was more advanced. Finally, 
lesions in category five are defined as extensive chronic, interstitial 
fibrosing granulomas, characterised by thickened alveolar septae 
demarcated areas filled with dead/dying epithelioid and foamy 
macrophages (20). With high doses of Mtb, single AFB were detected 
by ZN stain in several alveolar macrophages and polymorphonuclear 
cells of category 2 granulomas after 20 dpc. Multiple AFB were more 
apparent after 60 dpc in epithelioid cells and foamy macrophages and 
no differences between categories 3 and 4 were found (20).

Cardona et al. (36) also used the same mouse model, although 
with different conditions, and they proposed a new histopathological 
approach in the development of pulmonary lesions: primary, 
secondary, and tertiary granulomas. Primary granulomas (category 
3 in Rhoades et al. (20) classification) consisted of an initially poorly 
structured lesion with neutrophils, lymphocytes and infected 
macrophages surrounded by a thick mantle of lymphocytes, in which 
periphery foamy macrophages filled the alveolar spaces. By day 220 
post-challenge, macrophages are the predominant cellular element at 
the core of granulomas. In secondary granulomas, small numbers of 
infected macrophages are surrounded by lymphocytes. On day 60 
post-challenge, peripheral lymphocytes formed a thick mantle which 
is surrounded by foamy macrophages. Tertiary granulomas consist of 
several neighbouring granulomas coalescing and remain confined 
within the alveolar spaces and did not elicit any significant fibrous 
reaction. Tertiary granulomas could be considered as categories 2, 4 
and 5 from Rhoades et  al. (20) classification because they may 
represent primary and/or secondary granulomas linked with foamy 
macrophages (36). Although Cardona et al. (36) remarked on the 
absence of MNGCs and the scarcity of epithelioid cells, both authors 
agree that foamy macrophages are a fundamental cell in mouse 
tuberculous granulomas (20, 36). Indeed, the continued enlargement 
of granulomas is heavily reliant on the presence of this particular cell 
type, as its proliferation plays a major role in the merging of lesions 
and the subsequent formation of large-sized granulomas (36).

Tsai et al. (17) evaluated significant differences as well as common 
characteristics in lung granulomas from humans and C57BL/6 mice 
with TB. A common feature observed in both human and mouse 
granulomas was the presence of B lymphocyte aggregates (17). 
However, some differences were observed between the two species. 
While in mouse lungs B cell aggregates were surrounded by 
macrophages, in human tissues this was not observed. In the latter, a 
characteristic association of B cells and T cells was observed, with two 
different patterns of expression (17).

Other groups have used the Balb/C mouse model for the study 
of pulmonary tuberculosis (28, 39–41). This model showed two 
histopathological phases of the disease. The first one or acute phase 
was characterised by an infiltrate of inflammatory cells in the alveoli, 
blood vessel and bronchiole with the formation of granulomas. The 
second phase was chronic pneumonia characterised by focal necrosis 
(40). Using the same mouse strain, Irwin et al. (39) demonstrated 
similar lesions to category two described by Rhoades et al. (20) at 3 
wpc which became multifocal to coalescing with the progression of 
the disease. No evidence of necrosis or fibrosis was described with 
this model (28, 39–42). Pan et al. (43) demonstrated that C3HeB/FeJ 
mice (commonly referred to as the Kramnik mouse model) displayed 
lung pathology with a central caseous necrosis and encapsulation, 
similar to what is observed in human tissues (43). Using the same 

model, it had been observed that these lesions were also hypoxic 
(pimidazole+ by IHC), another key feature of human TB lesion, as 
previously mentioned (27, 28). C3HeB/FeJ mice develop three 
different pulmonary lesions following aerosol infection; type I is the 
one that most resembles classical human TB granulomas. They 
become evident after 35–45 dpc and are characterised by acellular 
caseum in the centre of the lesion, karyorrhectic debris and a distinct 
band of darkly stained intact neutrophils. This band is surrounded 
by a rim of foamy macrophages and a fibrotic capsule (24, 28, 39, 
41). In humans, the central core is composed primarily of 
macrophages and foamy macrophages, however, in this mouse 
model it appears to be composed mainly of neutrophils and, to a 
lesser extent, foamy macrophages (24). SYBR Gold acid-fast stain, 
revealed large number of intracellular bacilli in the foamy 
macrophages and intact neutrophils and extracellular bacilli within 
the necrotic caseum (24). The type II lesions in infected C3HeB/FeJ 
mice presented fulminant granulocytic pneumonia and type III were 
similar to lesions found in Balb/c mice following aerosol infection 
(24). Occasionally, this model demonstrated the development of 
central cavities, like the ones observed in human tuberculosis (28, 
41). Recently, a ‘humanised’ mouse model generated by transplanted 
human foetal liver derived haematopoietic stem cells have been 
proposed (HIS-NSG mice) (42). TB granulomas in these HIS-NSG 
mice comprised solid non-necrotic granulomas, tuberculoid 
pneumonia, and caseous necrotic granulomas, having the ability to 
model human-like pulmonary granuloma initiation and 
formation (42).

In contrast to mice, the use of rats (Rattus spp.) for the study of 
human tuberculosis is less common. However, this species could also 
represent a good model due to the well documented immunology and 
the number of monoclonal antibodies which are commercially 
available (84). Studies before 2006 described lung granulomas as 
histologically similar to classic murine models, with the absence of 
central necrosis (21, 84, 85). In the Lewis rat strain, Sugawara et al. 
(85) described granulomas of various sizes from 3 wpc, observing 
foamy macrophages and MNGCs with the progression of the disease 
(84, 85). Sugawara et al. (84) described a model of TB in F344/N-rnu 
nude rat strain which developed granulomas with central necrosis and 
encapsulated by thick collagen fibres, mimicking those observed in 
humans. However, unlike humans, the central necrosis was not 
caseous (84).

The American cotton rat (Sigmodon hispidus) is a useful model in 
many human respiratory diseases such as respiratory syncytial virus 
(RSV) or influenza virus (86). In 2007, Elwood et al. also demonstrated 
its value as a model for pulmonary TB (21). Cotton rats developed a 
granulomatous inflammation, which was visible macroscopically, 
demonstrating multiple white nodules in the lung parenchyma. At 8 
wpc, localised and discrete granulomas surrounded by healthy lung 
tissue and composed of epithelioid macrophages in the centre and 
lymphocytes at the periphery were observed. Caseous necrosis was 
frequently observed which became calcified with disease progression. 
Multiple AFB were noted within the cytoplasm of epithelioid cells and 
intracellular and extracellular in necrotic granulomas (21). Later, 
Singhal et al. proposed another model in Wistar rats endotracheally 
infected with different strains and doses of Mtb, which revealed some 
similarities with human TB (44). Histopathological analysis of lung 
from rats infected with high dose of W4 Mtb strain revealed 
granulomas with a central area of epithelioid macrophages and a cuff 
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FIGURE 4

Representative histopathological images of the guinea pig TB model in lung: (H&E) and Ziehl-Neelsen (ZN) staining. (A) Stage III granuloma. 
Circumscribed and well demarcated granuloma, characterised by the presence of central necrosis surrounded by epithelioid macrophages and a 
peripheral rim of lymphocytes and plasma cells. Insets shows epithelioid macrophages and few necrotic heterophils. (B) Stage IV granuloma. Large 
non-encapsulated granuloma with central necrosis and dystrophic mineralisation, surrounded by epithelioid macrophages, foamy macrophages, and 
diffuse aggregates of lymphocytes. Inset shows foamy macrophages and lymphocyte aggregates. (C) Abundant intracellular and extracellular AFB in a 
stage II granuloma. Scale bars = A, 250 µm; B, 500 µm; C, 20 µm.

of lymphocytes, together with small peribronchial aggregates from 28 
dpc onwards. At 60 dpc, well organised granulomas with many 
lymphocytes, foamy macrophages and occasional MNGCs were 
observed, although necrosis and fibrosis were seldom seen (44).

3.3. Guinea pigs

Guinea pigs have been used extensively in TB research; they share 
many features of disease with humans, making this species a popular 
choice as an animal model of TB model of human disease. The 
histopathological features of the TB lesions in the guinea pig, 
represented in Table 1 and Figure 4, have been well documented. 
Small lesions comprising mainly macrophages, with some neutrophils 
and lymphocytes, arise after a few days post aerosol challenge with 
Mtb. These lesions are often located close to large airways (45) and it 
has been suggested that these initial lesions are more likely to originate 
in the interstitium rather than alveolar spaces (46). This occurs 
through a process whereby bacilli escape from macrophages adhered 
to the alveolar epithelial surface and subsequently infiltrate into the 
surrounding, pulmonary tissue. Furthermore, neutrophils are thought 
to facilitate early lesion growth via degranulation and release of 
hydrolytic enzymes. At these early time points, the pulmonary 
lymphatics are also affected, with lymphangitis observed as early as 
5–15 dpc and involving the connective tissue supporting delicate, 
peribronchial and perivascular, lymphatic vessels (47). These 
lymphangio-centric lesions continue to develop into granulomas in 
parallel with those located in the parenchyma. Macrophages, both 
epithelioid and foamy, and lymphocytes, continue to infiltrate lesions, 
resulting in larger, circumscribed ‘solid’ granulomas by days 15–20 
post-challenge. As the granuloma enlarges, it compresses adjacent 
blood vessels, causing tissue hypoxia (48, 49). Although collagen 
deposition may form around the periphery of the granuloma as part 
of its progressive, structural development, fibrosis does not play as 
prominent a role as in other animal models such as NHPs or cattle 
with bTB; furthermore, pre-existing collagen in broncho-vascular 
connective tissue can be incorporated into the periphery of lesions 
that develop in these areas.

In addition, around days 15–20 post-challenge, signs of necrosis 
become evident; alongside this are increased numbers of granulocytes. 

Around this time point, the number of acid-fast bacilli observed in 
lesions also plateaus, coincident with the development of adaptive 
immunity (50).

This process rapidly progresses to prominent, central necrosis by 
around day 30 post-challenge (Figure 4A). It has been proposed that 
neutrophils are likely to be the key cells that initiate necrosis formation 
(46), as opposed to macrophage ‘softening’ and degradation. 
Dystrophic mineralisation, mainly calcification, of the necrotic core, 
a key feature in disease progression in this species, follows shortly 
afterwards (Figure 4B). Advanced staining techniques have identified 
numerous clumps of over 15 AFB within the necrotic core and its 
periphery, the latter of which is often observed as highly eosinophilic 
rim (51). Moreover, special stains have identified accumulation of 
extracellular ferric iron in areas of lesion necrosis, and iron 
accumulation in macrophages at the periphery of granulomas (52); 
this is commensurate with the requirement of Mtb for host iron to 
facilitate growth and promote increased virulence.

A prominent feature of pulmonary TB in guinea pigs is the 
formation of secondary lesions which may arise from a number of 
scenarios and reflect fundamental differences in host environments 
(53). Orme and Basaraba (46), propose that those located in a 
subpleural location may arise from the passive transportation of bacilli 
from primary lesions through pulmonary lymphatics towards the 
pleura where they lodge and develop lesions. Haematogenous spread 
can also result in secondary lung lesions; this has been demonstrated 
to occur within 2–3 wpc (53). As an adaptive immune response is 
likely to have established by the time secondary lesions are developing, 
their structure differs from their primary counterparts. In general, 
they are small, predominantly lymphocytic, lack the discrete 
granuloma morphology as well as neutrophils, necrosis and 
calcification; the number of intra-lesional bacilli are also reduced (53). 
This microscopic appearance is akin to primary lesions that form in 
the lungs of guinea pigs vaccinated with BCG prior to infection with 
Mtb (53); this results in partial protection from the adaptive immune 
response stimulated by the vaccine, and a reduction in the severity of 
the inflammatory response. Infection invariably leads to progressive 
disease, with the time taken to reach humane endpoints dependent on 
variables such as the mycobacterial strain and dose (87).

Many of the features described for guinea pigs are observed in TB 
infection in people. Both species develop large, pulmonary granulomas 
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with central, caseating necrosis and surrounded by epithelioid 
macrophages, occasional MNGCs and a rim of lymphocytes and 
chronic, fibrous encapsulation (Table 1). Furthermore, prominent 
lymphadenopathy and lymphangitis are also shared features, as well 
as disease dissemination. Despite the paucity of other key 
morphological features noted in human disease, such as post-primary, 
cavitating lesions that facilitate rapid spread but that are observed 
uncommonly in the guinea pig, this species is considered the gold 
standard for the preclinical evaluation of both potential new vaccines 
and therapeutics (88).

Evaluation of differences in the type and severity of disease has 
traditionally seen the employment of semi-quantitative methods, such 
as subjective scoring systems (72, 73) which estimate extent of disease 
and numeration of particular features such as number of foci of 
necrosis or calcification. Quantitative analysis, determining percentage 
of lung affected by disease, such as consolidation, can also be estimated 
using proprietary software packages. Lesion classification systems 
have been devised to grade granuloma type in the lung of the guinea 
pig model (45). Our group has recently developed a new scoring 
system to differentiate morphological characteristics in a temporal 
pattern and which have been observed in both parenchyma and 
broncho-vascular, connective tissue (74). Briefly, stage I  lesions 
incorporate small, poorly demarcated collections of inflammatory 
cells, primarily macrophages, with some lymphocytes and 
granulocytes. Larger, circumscribed and well demarcated, 
non-necrotic lesions comprising macrophages (mainly epithelioid), 
scattered lymphocytes and variable numbers of neutrophils, are 
considered stage II lesions; and these progress to stage III lesions when 
central necrosis is visible, often with a degree of caseation. The final 
stage, stage IV, contains granulomas with variable but often extensive, 
central, dystrophic calcification and caseating necrosis (Figure 4).

Reports on immunostaining of granulomas have enabled further 
characterisation of granulomas; Turner et  al. (45) describe the 
lymphocytic population in the non-necrotic, solid granulomas, 
comprising of significant numbers of CD4+ cells with fewer CD8+ 
cells; interestingly, in contrast to mice, these cells were distributed 
randomly within the lesions without aggregating. By 30 dpc, numbers 
of these cell numbers decrease prominently and an increase in B cells 
and granulocytes is seen, with a concomitant worsening of pathology 
(75). More recently, our group have used a number of cell markers 
(CD3, CD4, Iba1, myeloperoxidase, Mac387) to describe presence and 
frequency of inflammatory and immune cells in granulomas up to 27 
wpc. We have identified macrophages (Iba1+) as the predominant cell 
marker visible in all granuloma stages. By contrast, MAC387+ 
(calprotectin) staining in macrophages and granulocytes was noted in 
scattered granulomas, with an increase in staining correlating with 
lesion progression up to stage III and noted early in between weeks 
3–4 post-challenge. Similar changes were reported for myeloperoxidase 
(MPO) in granulocytes, with particularly strong staining noted in 
stage IV granulomas between 8 and 27 wpc. Percentage of CD3+ 
staining was lowest in all granulomas at the early time point of 3 wpc, 
whilst maximum at 8 wpc, and similar expression of staining in all 
granuloma types noted at the later time points, up to 27 wpc. A 
progressive increase in B-cell marker quantification was observed 
from stage I to IV. Higher expression of this marker was detected at 8 
wpc in comparison with weeks 4 and 24–27 wpc in stage I and II 
granulomas. As more markers become available for use in the guinea 
pig model, further characterisation is likely to occur.

3.4. Rabbits

Some consider the rabbit model good as a model of 
immunopathogenesis and rabbits can be experimentally infected with 
Mtb or M. bovis and they show similar characteristics as human TB 
disease, for example, caseous necrosis, liquefaction and cavitary 
disease (79, 80, 89, 90). Kaplan et al. also have developed a model of 
mycobacterial meningitis that closely resembles TB meningitis in 
people (90). The different strains of mycobacteria cause different 
manifestations of disease, for example, when infected with Mtb strain 
CDC1551, rabbits show similarities to latent TB infection when 
compared to humans as they can clear the bacilli and granulomas 
disappear (89). However, an infection with M. bovis creates a 
progressive TB disease that can lead to death (80, 91).

In the 1920’s, Lurie and their team bred rabbits that had different 
susceptibilities to Mtb strains, and these were used to look at the 
pathogenesis of TB in rabbits (92, 93). Unfortunately, these inbred 
rabbits no longer exist, and the outbred strains of rabbits tend to 
be resistant to Mtb. However, in 2004, Dorman et al. evaluated a new 
inbred strain of New Zealand White rabbits that appeared to be more 
susceptible to Mtb infection when compared to the outbred 
strains (79).

After experimental challenge, lesions can be seen as early as 2 wpc 
with increased cellularity within the alveolar spaces (89). The strain of 
Mtb used can affect the outcome of disease. CDC1551 strain has a 
different outcome when compared to HN878 strain and Erdman 
strain. Multiple granulomas are observed with strain HN878 at 4 wpc 
which consist of scattered lymphocytes, neutrophils, and 
macrophages. These lymphoid aggregates are often perivascular and 
peribronchial. MNGCs are frequently observed in macrophage 
abundant areas (89). However, by 4 wpc with strain CDC1551, small, 
scattered aggregates of cells are observed (89).Inbred rabbits have 
large granulomas with frequent caseous necrosis and obvious AFB by 
5 wpc with Erdman strain, whereas in outbred rabbits the granulomas 
tend to be smaller with less caseous necrosis and few viable AFB (79). 
By 8 wpc with HN878 strain, granulomas are more abundant and 
central necrosis is present with abundant AFB (89), and in rabbits 
with CDC1551 infection the granulomas have increased in size, 
started to coalesce, and have become organised structures similar to 
the classical granulomas in humans; with a central core of necrosis, 
macrophage layer and an outer rim of lymphocytes (89, 94). At 12–16 
wpc in HN878 infection, central necrosis increases, liquefaction can 
be  seen in some granulomas, and cavities can also form. Some 
granulomas, however, have been observed to reduce in size an become 
mineralised. It has been noted that the mineralised granulomas have 
only a few AFB (94). At 12–16 wpc in CDC1551 infection, it has been 
observed that granulomas are organised and some have no AFB 
present. It is also not uncommon for granulomas to have been 
reabsorbed to a point where only increased cellularity in the 
parenchyma is seen (89).

Infection with Mtb Erdman strain produces coalescing 
granulomas with some lesions developing cavities at 16–18 wpc. It 
has been observed that some rabbits have ‘healed’ granulomas at this 
time point whilst others have a mixture of small and large granulomas 
(80). Rabbits challenged with M. bovis tend to have a chronic 
infection with TB pneumonia, fibrotic granulomas and cavitary 
disease (26, 91). These histological features are summarised in 
Table 1.
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3.5. Ruminants

3.5.1. Cattle
Bovine tuberculosis (bTB) is one of the most economically 

important disease in animal health worldwide. bTB is also a very 
important zoonosis and a major Public Health concern in low-income 
countries. For those reasons, bTB has been studied extensively and 
very valuable information about the pathogenesis of the disease and 
vaccination trails has been gathered over the past decades.

M. bovis is the main pathogen inducing bTB, and infected bovines 
(for example, Bos taurus and Bos indicus) show similar characteristics 
to Mtb infected humans (95). Other members of the MTBC can also 
infect bovines, e.g. Mycobacterium caprae showing very similar 
pathology when compared to M. bovis (96), or Mtb, showing a less 
pathogenic outcome in experimentally infected animals (6).

The main features of pulmonary granulomas in bTB are necrosis, 
mineralisation, a fibrous capsule, and presence of MNGCs (Table 1). 
AFB are present in higher numbers in more developed granulomas 
that show necrosis (5, 70, 95).

The earliest lesions described in lungs of experimentally infected 
cattle are at 15 dpc following an aerosol challenge with 1.12 × 104 cfu 
(97). Granulomas at this timepoint are not organised. This early stage 
in granuloma development is characterised by an increase of 
perivascular cuffing of lymphocytes around lymph and blood vessels, 
an increase of macrophages as well as granulocytes within the 
congested interstitum (97). Palmer et al. (97) have described observing 
the alveoli filled with homogenous eosinophilic, fibrillar material that 
is consistent with oedema fluid and fibrin. Foamy macrophages are 
abundant, and a variable number of AFB are observed. No necrosis is 
observed at this stage. At day 30 post-challenge, as the infection 
progresses, these early lesions start to grow and accumulate more 
lymphocytes, macrophages, MNGCs and neutrophils which fill the 
alveolar spaces. Lymphocytes also form small, circle-like shapes. Some 
will have small areas of contained necrosis (97). After 90 days post-
challenge, granulomas have become more organised structures.

Wangoo et al. (5) developed a scoring system for TB granulomas 
in cattle experimentally infected with M. bovis which many research 
groups have since used to evaluate their work. The scoring system 
characterises granulomas into 4 stages. Briefly, stage I  (initial) 
granulomas consist of irregular clusters of epithelioid macrophages 
with few neutrophils and Langhan’s MNGCs with scattered 
lymphocytes, no necrosis observed at this stage. Stage II (solid) 
granulomas have either a complete or partial thin capsule. They 
primarily consist of epithelioid macrophages with minimal necrotic 
areas with infiltrates of lymphocytes, neutrophils and MNGCs as well 
as some haemorrhage. Stage III (minimal necrosis) granulomas are 
fully encapsulated, with central caseous necrosis and mineralisation. 
Surrounding the central necrosis are epithelioid macrophages and 
MNGCs. Towards the fibrous capsule, in the peripheral zone there are 
clusters of macrophages, lymphocytes, neutrophils and MNGCs. 
Finally, Stage IV (necrotic and mineralised) granulomas are large and 
irregular in shape, they are multicentric with prominent caseous 
necrosis. They have a thick capsule with an abundance of 
mineralisation which covers the majority of the lesion. MNGCs and 
epithelioid macrophages surround the necrotic core and there are 
dense clusters of lymphocytes towards the fibrotic capsule (5). Palmer 
et al. (97), looked at granulomas in cattle as early as day 15 and 30 
post-challenge and proposed that the scoring system developed by 

Rayner et al. (65) for rhesus macaques was more suitable for these 
early timepoints than the commonly used Wangoo et al. (5) system.

There have been many studies that have looked at the cellular 
composition of bovine granulomas experimentally infected with 
M. bovis. Using techniques such as IHC and in-situ hybridisation 
(ISH) it has allowed us to characterise, visualise and locate different 
cell types within the granuloma (5, 7, 70, 97–99). CD68 is commonly 
used to identify macrophages, epithelial cells and MNGCs to help 
differentiate the different stages of granuloma development (70). 
CD68+ cells are most abundant in the early stages of lesion 
development (stage I and II) where they are scattered throughout the 
granuloma, whereas, by the more developed stages (III and IV) they 
are less abundant and are only located around the rim of the necrotic 
centre (70). IHC/ISH has allowed characterisation of MNGCs further 
by assessing the expression of cytokines including TNF-α, IFN-γ, 
TGF-β, IL-17A, and IL-10 (70, 100). From this characterisation it was 
observed that stage I early granulomas expressed more IL-17A and 
IL-10 when compared to late-stage granulomas (stage IV) (100). 
MNGCs have been observed in all studies of pulmonary granulomas 
infected with M. bovis, however, their role is still not fully understood. 
It has been suggested that they are used as a measure of lesion severity, 
with higher numbers associated with increased inflammation, more 
severe disease, and greater antigen persistence (101).

In the early stages of granulomas development (stages I/II) B cells 
tend to be scattered throughout the granuloma moving to follicle-like 
satellite nests around the outside of the fibrous capsule in the more 
advanced lesions (stages III/IV) (70, 102, 103). This is similar to what 
is seen with B cells during granuloma development in humans and 
NHPs (15, 68).

CD3+ T cells have been observed in a similar distribution to 
CD68+ cells as they are seen scattered throughout the lesion at stage 
I/II and then they are observed mainly in outer rim of the lesion at 
stage III/IV (70, 98). CD3+ T cells have further been identified to 
distinguish CD4+ T cells, CD8+ T cells and gamma/delta (γδ) T cells. 
This has shown that the predominant T cell subtype in all stage of 
granulomas is CD4+ T cells (98). Gamma/delta T cells appear to 
be predominantly in the early-stage granulomas with several studies 
showing that their presence decreases in the later stage of development 
(76, 98), however, some studies have shown that they are more 
abundant in the later stages of granuloma development (5, 70).

Neutrophils are thought to play an important role, especially in 
the early granuloma formation and are associated with the earliest 
signs of necrosis (104). Necrosis has been observed as early as 
14–28 days post-challenge and studies have shown evidence of 
neutrophil infiltrates at day 14 (76, 104).

3.5.2. Goats
Goats (Capra hircus) are considered valuable animal models and 

potential target species for studying TB due to their natural 
susceptibility to tuberculous mycobacteria such as M. bovis, M. caprae 
and Mtb (105, 106). Goat TB closely resembles bovine and human TB 
in terms of immune response and pathological characteristics. They 
exhibit comparable patterns of disease progression, with a 
predominant anatomical localisation within the respiratory tract and 
the formation of caseous granulomas (77, 107). In addition, goats 
demonstrate notable similarities in the anatomical structure of their 
respiratory tract, as well as a comparable size and body weight to that 
of humans (107). These shared features present a unique opportunity 
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to bridge the gap between murine preclinical studies and subsequent 
human investigations (77, 105), thereby providing valuable insights 
into the intricate mechanisms of host-mycobacteria interaction (77).

In natural infections, as in cattle and humans, granulomas in 
goats are characterised by the presence of central caseous necrosis 
with varying degrees of mineralisation, surrounded by epithelioid 
macrophages, foamy macrophages, MNGCs, lymphocytes and a 
fibrotic capsule (78, 108, 109) (Table 1). Lymphocytes were mainly 
CD4+ T cells and B cells, located within the fibrotic capsule of the 
granuloma and the peripheric margin, respectively [reference (79)]. 
AFB are usually located inside the epithelioid macrophages and 
MNGCs [reference (79)]. Additionally, goats show a prominent 
tendency for the development of liquefactive necrosis and the 
formation of cavities within tuberculous granulomas, closely 
resembling the features observed in active TB cases in humans (78, 
105, 108, 109). In the study performed by Sanchez et al. (78), the 
section of the cavitary lesions revealed the accumulation of intact and 
degenerate neutrophils and numerous intra- and extracellular AFB 
at the luminal surface [reference (79)]. The periphery was formed by 
granulation tissue with some macrophages and lymphocytes (mostly 
CD8+ T cells by IHC) and surrounded by a thick fibrotic capsule 
[reference (79)]. These cavitary lesions have been linked to high 
transmission rates, attributed to the higher abundance of AFB and a 
greater concentration of mycobacterial antigen detected within them 
(78, 109). These typical granulomatous lesions have also been 
reproduced in experimental conditions in goats, using low/middle 
doses (1,300–1,500 CFUs) of M. bovis or M. caprae through various 
inoculation routes, including intratracheal (105), transthoracic (110), 
and endobronchial (107, 108).

The gross pathology and histopathological scoring system 
developed by Vordermeier et al. (111) in 2002 and Wangoo et al. (5) in 
2005 have also been adapted for use in goats (108, 112–115). The 
macroscopic evaluation categorises the pulmonary lung lesions in four 
different groups according to the percentage of the lobe affected, being 
0 no evident TB-compatible lesions and 4 > 75% of the percentage 
affected (112, 113). Another gross approximation involves the 
meticulous sectioning of lung and lung-associated lymph nodes into 
thin sections measuring 0.5 to 4 mm in thickness. Through thorough 
observation, this approach allows for a semi-quantitative assessment of 
lesion size and distribution (108, 114). Histologically, the four 
granuloma developmental stages are the ones described in bovine: stage 
I (initial), stage II (solid), stage III (minimal necrosis) and stage IV 
(necrosis and mineralisation). Moreover, the detection of mycobacteria 
and the identification and quantification of AFB are conducted using 
IHC and ZN staining, as in the other animal species and in human 
beings (78, 96, 109, 116, 117). This standardised approach facilitates the 
quantification and characterisation of lesions, enabling consistent 
comparisons across different individuals and research studies. IHC has 
also been widely used to characterise the course of pulmonary TB 
infection in goats detecting the mycobacteria or host immune markers, 
including macrophages, neutrophils, T and B cells (78, 117, 118) within 
the lesions, providing insights into the host-pathogen interactions and 
local immune response during TB infection.

3.5.3. Other ruminants
The infection by M. bovis has been extensively described in 

domestic and wild ruminants of importance for animal or public 
health, mostly linked to bTB (95). The in-depth study of the pathology 

and pathogenesis of M. bovis infection in these species has been of 
great value to understand the dynamics of infection in natural and 
experimental conditions. We have described the goat model as a good 
model for some pathological features of human TB such as the 
liquefactive necrosis and the formation of cavernous lesions (105). In 
contrast, sheep (Ovis aries), considered a rare host for MTBC 
infection, show lesions similar to those observed in cattle infected 
with M. bovis. Sheep have been used experimentally to evaluate 
vaccine efficacy against the infection (119).

In contrast, cervids with natural MTBC infection show more 
caseous granulomas with a very soft centre that can resemble abscesses 
macroscopically; these caseous lesions show histologically a central 
necrotic core, an outer layer of lymphocytes, activated macrophages, 
abundant MNGCs and AFB and, in many occasions, poor 
encapsulation (120).

White-tailed deer (Odocoileus virginianus) can be  naturally 
infected with M. bovis and this has been replicated in experimentally 
challenged white-tailed deer. Whilst the lymph nodes are the most 
common organ to observe tuberculous granulomas in this species due 
to the route of natural transmission, the lungs of a small percentage of 
deer also show tuberculous granulomas (121). When experimentally 
challenged via the intratonsilar route with M. bovis strain 1,315, lungs 
lesions are first observed 42 dpc. According to a study by Palmer et al. 
(121), the left caudal, right middle and caudal lobes were observed to 
be the main lung lobes affected. Granulomas were often small, solitary 
and approximately 3 – 10 mm in size. Granulomas by 56 and 89 dpc 
showed some mineralisation of the necrotic core as well as some 
evidence of mild peripheral fibrosis. Liquefaction and abscess-like 
centres of lesions have been commonly observed in lymph nodes 
however, this has not been observed in lung lesions (121). Palmer et al. 
(121), have observed that lung lesions follow a similar development as 
lymph node lesions in this species. MNGCs can be observed from 42 
dpc in the lung with low numbers of AFB present in lesions.

3.6. Zebrafish

Over the past few decades, the zebrafish (Danio rerio) has emerged 
as a widely utilised alternative vertebrate animal model in the study of 
mycobacterial disease (122). This species can be  infected with 
Mycobacterium marinum (M. marinum), a genetically close relative of 
MTBC and a natural pathogen affecting poikilothermic species, in 
which it induces a systemic TB-like disease (106). Fish mycobacteriosis, 
resembling human TB, can manifest as either an acute infection or a 
chronic progressive disease characterised by the containment of 
mycobacteria in well-organised granulomas structurally similar to 
those caused by Mtb in humans (123–125). Remarkably, despite 
lacking lungs, zebrafish exhibit high genomic homology with humans, 
and possess innate and adaptive immunity systems that are 
comparable to mammals (122, 126, 127). Furthermore, this species 
displays disease phases observed in humans, including latency and 
reactivation (125). These shared features make zebrafish an exceptional 
model for understanding the disease progression and host responses 
involved (122, 126, 127).

In the natural environment, M. marinum spreads through water 
and primarily enters the host through the oral route, whereas in 
experimental conditions, zebrafish are commonly infected through 
intraperitoneal or intramuscular inoculation (124, 128, 129). The 
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initial mycobacterial dose plays a critical role in determining the 
outcome of infection (125). Parenteral high-doses (>500 CFUs) lead 
to a more progressive and active disease with higher bacterial 
burden and mortality rates, while lower doses (~5–90 CFUs) can 
result in a chronic process with latent disease characterised by a 
stable numbers of granulomas (124, 128, 129). Following a 
successful M. marinum challenge, both larval and adult zebrafish 
models develop granulomas consistent with those reported in 
human TB, which can be found in various organs such as pancreas, 
gonads, kidney, liver, and occasionally the brain (106, 129). In 
embryos and larvae, early granuloma formation initiated by the 
innate immune response, can be visualised using in vivo real-time 
imaging within a few days post-challenge due to their transparency. 
These early lesions primarily consist of aggregated macrophages, 
few recruited neutrophils, epithelioid cells and MNGCs surrounding 
mycobacteria (123, 125, 130, 131). In adult zebrafish, initial TB-like 
granulomas characterised by cellular and bacterial aggregation have 
been reported at 2 wpc using both high and low infection doses. In 
advanced stages of the disease (16–20 wpc), mature granulomas are 
observed, featuring a caseous necrotic core surrounded by infected 
macrophages, epithelioid cells, neutrophils, infiltrating T and B 
lymphocytes, and a fibrous capsule (124, 129, 132–135). However, 
unlike mammalian tuberculous granulomas, zebrafish lesions 
contain fewer lymphocytes, and the presence of mineralisation has 
not been reported (124, 129, 131). Table 1 summarises the main 
histopathological features in zebrafish model observed during 
experimental pulmonary TB.

Various evaluation methods have been employed to study the 
TB-like lesions in zebrafish, enabling a comprehensive analysis of 
disease progression and the involvement of innate and adaptive 
immune responses. The transparency exhibited during the embryo 
and larval stages, offers a distinctive feature for investigating the initial 
stages of mycobacterial pathogenesis in vivo (131). Several authors 
have employed advanced in vivo real-time imaging techniques, 
including the utilisation of diverse immunofluorescence techniques to 
mark leukocytes and macrophages in situ (130, 136, 137). These 
techniques have demonstrated the ability of embryonic macrophages 
to phagocytose M. marinum within 1 h post-challenge, followed by the 
development of early granulomatous lesions 3–4 dpc (136).

Histopathological characterisation of the lesions has also been 
described using conventional histopathology and scoring systems. 
Risalde et al. (135) and López et al. (138) classified the granulomas 
into four histopathological stages based on their extent and cellular 
composition. Type I involved an infiltrate of epithelioid macrophages 
surrounding scattered mycobacteria, without necrotic areas or fibrous 
capsules. Type II represented partially encapsulated granulomas with 
a cluster of epithelioid macrophages and initial signs of necrosis. Type 
III consisted of encapsulated and well-organised granulomas 
containing regions of partial and complete necrosis, along with the 
presence of AFB. Type IV depicted encapsulated granuloma with an 
extensive necrotic core with a high mycobacteria concentration. 
Additionally, ZN staining revealed the presence of AFBs in both low 
and high infection dose experiments, primarily associated to necrotic 
areas (129, 132, 135, 138). In this context, Risalde et al. (135) and 
López et al. (138) developed a semi-quantitative assessment method 
to evaluate the presence of AFBs within the granulomas, categorised 
as: absent (0), very scarce (1–9), scarce (10–29), moderate (30–36, 
54–71, 81–83), intense (36–53, 72–75, 84–100), very intense (>100).

Although the zebrafish has its limitations as a TB animal model, 
its distinctive characteristics have made significant contributions to 
our understanding of TB and mycobacterial disease in general. By 
providing valuable insights into host-pathogen interactions, immune 
responses, and the complex dynamics of TB granuloma formation, the 
zebrafish model serves as a crucial bridge between in vitro cell cultures 
and mammalian models, facilitating the translation of research 
findings to human clinical trials.

3.7. Other animal models

Many other animal species can be infected by MTBC bacteria. 
Natural TB in wildlife species such as badgers and wild boar (Sus 
scrofa) have been extensively studied due to its epidemiological 
importance in bTB, representing major reservoirs of infection for 
domestic livestock (139).

The histopathological features of granulomas in wild boar and 
domestic swine are similar to those observed in cattle and the 
differentiation of granulomas by developmental stages (stages I-IV) 
has been used in this species (140). Interestingly, wild boar can also 
show small lesions with heavy mineralisation and thick encapsulation, 
with very few immune cells and AFBs (95). The scoring system used 
for pulmonary lesion characterisation has been very valuable in this 
species to study the effect of different therapies against MTBC 
infection (141). Minipigs (Sus domesticus) have also been proposed as 
an excellent experimental model for the study of human TB, 
mimicking some histopathological characteristics observed in 
humans, such as granuloma encapsulation, and other parameters 
related with the immune response (142).

The Eurasian badger (Meles meles) is the main reservoir for bTB 
in the British Isles (143), and have been targeted for experimental 
vaccination to reduce the prevalence of bTB in these territories. The 
pulmonary lesions in naturally or experimentally infected badgers are 
typically solid, composed mainly of epithelioid macrophages with 
fewer lymphocytes, no apparent MNGCs and limited areas of necrosis 
and mineralisation (144). BCG has been licensed as a vaccine for TB 
in badgers after extensive experimental work, having used a version 
of the four developmental stages of the granulomas described by 
Wangoo et al. (5) in 2005 as a base for a histopathological scoring 
system principles (145, 146).

Following the 3Rs recommendations (replacement, reduction, 
and refinement), other less-conventional animal models have been 
used to study MTBC infection. For example, wax moth (Galleria 
mellonella) larvae, a well characterised model of infection for 
enterobacteria (147) has been recently used to study Mtb infection 
(148). It has been shown that phagocytic haemocytes can show 
internalisation of AFBs and cell aggregation towards a rudimentary 
‘granuloma-like’ structure. Even though the model does not show 
many features of the typical pathology after mycobacterial infection, 
it can serve as a valuable tool to study the innate responses and 
identifying MTBC virulence genes (149). Moreover, novel in vitro 
models like the lung-on-chips are being developed to study the MTBC 
pathogenesis and will serve in the future to screen potential therapies 
against the disease reducing the number of animals used (150).

M. orygis has also been isolated in both humans and animals in S 
Asia and India. There are ongoing studies to evaluate whether this 
MTBC subspecies is a proxy for zoonotic TB. Currently, there is no 
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consensus as to whether M. orygis should be identified as zoonotic TB 
along with M. bovis which is presently the only zoonotic MTBC 
subspecies defined by the WHO (151).

4. Conclusion and future 
considerations

TB continues to be a major Public Health concern in the post-
COVID19 era. The emergence of multidrug resistant strains and the 
high prevalence in immunosuppressed individuals, mainly due to 
HIV infection, makes TB one of the top ranked infectious diseases 
causing death in the human population. The only licensed vaccine 
against TB is the BCG, with a variable degree of protection. Many new 
vaccines are in the preclinical and clinical pipeline with the hope to 
have novel tools to control this disease. Preclinical animal models are 
crucial to evaluate the safety and efficacy of these new vaccine 
candidates, as well as new therapeutics.

The in-depth knowledge of the pathology and pathogenesis of TB 
infection in these animal models has been of great value to advance in 
the fight against TB. However, these data should be  considered 
carefully in the context of this disease and more studies are necessary 
to establish the best and most appropriate model for the study of TB, 
and to carry out a standard characterisation and score of 
pulmonary lesions.

With the development of new molecular tools used in pathology 
like multiplex staining linked to quantitative analysis or spatial 
transcriptomics, new valuable knowledge will be gathered from these 
animal models of TB and the new generation of alternative models to 
reduce and replace animals following the 3Rs.
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Retrospective study of tetanus in
18 dogs—Causes, management,
complications, and
immunological status
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Rene Dörfelt1*
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Objective: Tetanus is a severe neurologic disease caused by Clostridium

tetani, resulting in spastic paralysis. Canine tetanus is associated with serious

complications such as aspiration and a high mortality rate of up to 50%.

Materials and methods: Medical records of all dogs diagnosed with tetanus

over 8 years (2014–2022) were analyzed for severity grade, treatment protocols,

nutritional management, and complications, as well as outcome, vaccination, and

antibody production in some dogs. No medical records were excluded. Normality

was analyzed by the D’Agostino–Pearson test. Parametric, normally distributed

data were presented as mean ± standard deviation. Non-parametric, non-

normally distributed data were presented as median (m) and range (minimum–

maximum). The association between tetanus grade, progression of diseases, and

duration of hospitalization was analyzed using the t-test, Mann–Whitney U test,

and Kruskal–Wallis test. A P ≤ 0.05 was considered significant.

Results: Eighteen dogs were identified. Most a�ected dogs were classified into

severity grade II (66.7%, 12 of 18). Clinical signs deteriorated in 55.6% of dogs (10

of 18). A source was identified in 88.9% of dogs (16 of 18). Nine dogs required

surgical wound revision. A percutaneous endoscopic gastropexy tube was placed

in 83.3% of dogs (15 of 18) for nutritional support. Medical treatment included

metronidazole, methocarbamol, and combinations of di�erent sedatives adapted

to the patient’s requirements. Tetanus antitoxin was used in 72.2% of dogs (13

of 18) without reported adverse events. The survival rate was 88.9% (16 of 18).

Complications, such as hypertension, aspiration pneumonia, and laryngeal spasm

occurred in 12 of 18 dogs. Median hospitalization time (8 days; range 0–16 days)

was associated with the maximum tetanus severity grade (p = 0.022). Rapid eye

movement behavior disorder was observed in 72.2% of dogs (13 of 18). In 5 dogs,

antibodies were measured after recovery, and in 4 of 5 dogs, no antibodies were

detectable despite generalized tetanus disease. Vaccination with tetanus toxoid

was performed in five dogs following the disease.

Conclusion: In the present study, the mortality rate was lower than previously

reported. Tetanus is still a life-threatening disease, but the prognosis may be good

if adequate management and monitoring can be ensured.

KEYWORDS

Clostridium tetani, canine, outcome, tetanospasmin, tetanus toxoid, treatment,

vaccination
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1. Introduction

Tetanus commonly presents as a life-threatening neurologic

disease. This clinical syndrome is caused by tetanospasmin,

a neurotoxin (TeNT) released by Clostridium (C.) tetani, a

ubiquitous, anaerobic, spore-forming, gram-positive bacterium,

which replicates mainly in infected wounds (1, 2). In a suitable

anaerobic environment, such as tissue necrosis and cell lysis,

C. tetani produces the toxin TeNT, which attaches to the

presynaptic membrane of demyelinated nerve endings and

migrates retrogradely to the neuronal cell body of inhibitory

interneurons within the central nervous system (3). The

toxin cleaves synaptobrevin, a vesicle-associated membrane

protein required for the release of inhibitory neurotransmitters,

such as glycine and gamma-aminobutyric acid (GABA) (4).

The consequence is the lack of release of these inhibitory

neurotransmitters, resulting in overstimulation of motor neurons

with focal or generalized increased muscle tone that can worsen

with excitement and other stimuli (5). The sensitivity to TeNT

differs between species, with dogs and cats being much less

sensitive compared with horses and humans. The minimal lethal

dose of tetanus toxin via the intramuscular route of inoculation

is 0.2 ng/kg in horses and humans. As the minimal lethal dose is

higher in dogs (150 ng/kg) and cats (600 ng/kg) (6), vaccination is

currently recommended in humans and horses but not in dogs and

cats (7).

The most common initial clinical signs in affected dogs include

oculofacial signs with trismus, risus sardonicus, dysphagia, and

vomitus (5, 8). In more than half of the dogs, clinical signs

progress to generalized rigidity with tonic, involuntary, prolonged

muscle contractions with or without autonomic dysfunction (3,

5). Potential complications during the disease are (I) respiratory

compromise due to laryngeal spasm, aspiration pneumonia, and

central respiratory arrest; (II) autonomic dysfunction with brady-

/tachycardia, hypotension, and urine retention; and (III) others,

such as malnutrition, hyperthermia, hiatal hernia, megaesophagus,

and urinary tract infection (5, 9, 10). Coxofemoral luxation and

systemic inflammatory response syndrome may occur on rare

occasions (5, 9, 11). Reported mortality rates in dogs are between

8% and 50% (5, 12–15).

Treatment strategies include the removal of the source of

infection (if still ongoing), antitoxin, adequate antimicrobial

therapy, control of rigidity and tetanic spasms with muscle

relaxants and sedatives, and long-term intensive supportive care

(5, 16). Any stimuli that could exacerbate spasms, e.g., pain, noise,

manipulation, and light, should be avoided. Adequate analgesia is

mandatory to control pain from muscle spasms and if procedures

such as toe amputation are performed. Dogs that are dysphagic due

to pharyngeal spasms and trismus, or dogs with deep sedation, need

adequate nutritional support.

To date, no definitive antemortem laboratory test has been

established to diagnose tetanus (15, 17). Before the onset and

compatible clinical signs, history or suspicion of previous wound

infection in the days or weeks prior usually indicate a clinical

diagnosis of tetanus (1). Hematology and serum biochemistry

panels are unspecific, often without any deviations, and only mild

changes in the complete blood count, elevated creatine kinase, and

increased serum creatinine levels can be observed (14, 18). Isolation

of C. tetani from wounds often fails, as it requires anaerobic

conditions and special culture media and may no longer be present

on rare occasions (11).Measurement of serum antibodies to tetanus

toxoid has been suggested to provide further support for the

diagnosis of tetanus in case of positive results (1, 8). However,

no information is available on the course of the production of

antibodies in these dogs. In human medicine, a small quantity of

TeNT already causes clinical disease but is insufficient to stimulate

antibody production (7). Nowadays, the diagnosis of tetanus in

dogs is still based on clinical signs and history.

This retrospective analysis aimed to evaluate the outcome

of dogs with tetanus and summarize intensive care treatment

protocols. The secondary aim was to describe the course of tetanus

toxoid antibody production after the development of the disease

and after vaccination in some of the dogs.

2. Materials and methods

Medical records of dogs diagnosed with tetanus that were

presented between August 2014 and February 2022 to the Clinic of

Small Animal Medicine, Center for Clinical Veterinary Medicine

of the LMU Munich, were reviewed. Dogs with supportive history

and characteristic clinical oculofacial signs consistent with tetanus,

such as risus sardonicus, trismus, prolapse of the third eyelid with

or without dysphagia, and generalized stiff gait, without evidence

of other central nervous system or neuromuscular diseases, were

included. Medical records were evaluated for signalment, age,

body weight, presence of underlying source of infection, onset

of clinical signs, clinical signs at presentation, bacteria isolated

fromwounds, surgical interventions, treatment protocols including

sedation and muscle relaxation protocols, time points of placement

of percutaneous endoscopic gastrostomy tube (PEG tube) during

disease, course of disease, time until adequate food uptake and

time when PEG tube was removed, duration of hospitalization, and

complications. For the evaluation of clinical signs, an established

tetanus severity classification systemwas used (Table 1) (5). Follow-

up data were obtained on the presence of rapid eye movement

sleep behavior disorder (RBD) (13). In addition, after disease and

vaccination with subsequent antibody titer development, the course

of tetanus toxoid antibody titer was evaluated. Antibody titers

were controlled within 3 months after infection and 1 and 2 years

after vaccination.

2.1. Data analysis

Statistical analysis was performed using commercial software.1

Normality was analyzed by the D’Agostino–Pearson test.

Parametric, normally distributed data were presented as mean ±

standard deviation. Non-parametric, non-normally distributed

data were presented as median (m) and range (minimum–

maximum). The association between tetanus grade, progression of

diseases, and duration of hospitalization was analyzed using the

1 Prism 5 for Windows (Graph Pad Software, Inc. San Diego, USA).
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TABLE 1 Tetanus severity classification modified from Burkitt JM, Sturges

BK, Jandrey KE, Kass PH. Risk factors associated with outcome in dogs

with tetanus: 38 cases (1987–2005).

Grade Clinical signs

I Any or all of the following signs (ambulatory dogs):

• Oculofacial signs: miosis, enophthalmus, risus sardonicus,

erected ears, trismus

• Hypersensitivity to noise, light, touch

II Any or all of the following signs (ambulatory dogs):

• Dysphagia

• Stiff gait, sawhorse stance, erected tail

• May have any or all grade I signs

III Any or all of the following signs (recumbent dogs):

• Muscle fasciculations or spasms

• Seizures

• Must have grade I or II signs

IV Any or all of the following signs:

• Autonomic signs (brady-/tachycardia, brady-/tachyarrhythmia;

hypo-/hypertension, apnea, respiratory arrest)

• Must have grade I, II or III signs

t-test, Mann–Whitney U test, and Kruskal–Wallis-test. A P ≤ 0.05

was considered significant.

3. Results

3.1. Signalment of dogs with tetanus

Eighteen dogs aged 34.5 ± 40.6 months, with a median body

weight of 25.0 kg (5.0–50.0 kg), met the inclusion criteria of the

study (Supplementary File 1). Breeds included mixed-breed dogs

(n = 6), Labrador Retriever (n = 2), and one each of American

Staffordshire Terrier, American Pocket Bully, Border Collie, Collie,

Boxer, Dutch Shepherd, Elo, Great Dane, Jack Russel Terrier, and

Rhodesian Ridgeback. Six dogs were male intact, three dogs were

male neutered, four dogs were female intact, and five dogs were

female neutered.

3.2. Source of infection and isolation of C.
tetani

In 16 of 18 (88.9%) dogs, a potential site of infection could

be identified (Supplementary File 2). Nine dogs had a wound in

one digit of the thoracic limb, five dogs had a wound in one

digit of the pelvic limb, one dog had a wound at the proximal

pelvic limb, and one dog developed clinical signs of tetanus during

teething. In total, 8 of 18 (44.4%) dogs with nail injuries, 2 of 18

(11.1%) dogs with footpad wounds, and 4 of 18 (22.2%) dogs with

digit lacerations could be identified at the time of presentation.

Radiographic evaluation of the injured paws was performed in 12

cases. Radiographs showed osteomyelitis of one distal phalanx in

6 of 12 (50.0%) dogs, soft tissue swelling in 9 of 12 (75.0%) dogs,

and a fracture of one distal phalanx in 3 of 12 (25.0%) dogs. In the

remaining two dogs, the source of infections remained unknown.

In 8 of 18 (44.4%) dogs, samples from the infected site were

submitted for bacterial culture (Supplementary File 2). In 2 of 8

(25.0%) dogs, no bacteria could be isolated during surgery (quality

control swab). All dogs received antibiotic treatment at that time

point. In the remaining six dogs, different bacteria including

Staphylococcus simulans, Staphylococcus pseudintermedius,

Enterococcus faecium, and Citrobacter freundii could be isolated

(Supplementary File 2). Clostridium tertium was identified in one

dog, and Clostridium sporogenes was identified in two dogs.

3.3. Clinical signs and progression

Overall, 2 of 18 (11.1%) dogs presented with tetanus grade I,

and both dogs showed miosis, strabismus, risus sardonicus, one

with mild trismus and one without trismus, and no dysphagia

or stiff gait (Supplementary File 1). The majority of dogs (12

of 18, 66.7%) presented with tetanus grade II. Clinical signs

in all these dogs included a combination of miosis, strabismus,

enophthalmos, risus sardonicus, erected ears, and hypersensitivity

to noise. All grade II dogs showed dysphagia and generalized stiff,

but ambulatory gait. In total, 4 of 18 dogs (22.2 %) displayed signs

consistent with grade III on presentation. In addition to signs of

grade II, these dogs displayed generalized muscle fasciculations (n

= 3) or muscle spasms (n=1).

A possible source of infection was reported in 13 of 18

(72.2%) dogs (in 4 dogs, no wound was identified; in 1 dog, no

information was available). The median time from the occurrence

of the wound to the first clinical signs was 6 days (range 1–27

days), and the median time to presentation was 12 days (range 4–

28 days; Supplementary File 1). Clinical signs progressed after the

presentation in 10 of 18 (55.6%) hospitalized dogs within a median

time of 2 days (range 1–5 days; Supplementary File 1), with 6 dogs

progressing to tetanus grade IV. In these six dogs, autonomic signs

occurred, including ventricular arrhythmia (n= 2), bradycardia (<

35 bpm; n = 3), tachycardia (> 150 bpm; n = 2), hypertension

(systolic blood pressure range 189–220 mmHg; n = 4), and death

of unknown cause in two dogs (Supplementary Files 1, 3).

3.4. Surgical treatment

Surgical wound revision was performed within 48 h after

hospitalization of 9 of 18 (50.0%) dogs (Supplementary File 2).

All nine dogs required amputation of the injured digit. All these

digits showed soft tissue swelling, with purulent secretion (2 of

9, 22.2%) and panaritium (4 of 9, 44.4%). Radiologic evidence of

osteomyelitis was observed in 6 of 9 (66.7%) dogs. The degree of

amputation was determined by the visual or radiographic extent.

In nine cases, the entire digit was amputated at the level of the

metacarpophalangeal joint (1/9 dogs, 11.1%) or the distal level

within the distal metacarpal bones via an osteotomy (8/9 dogs,

88.9%), all including removal of the sesamoid bones. Additionally,

in one dog, the distal phalanx of two digits was amputated. Before

starting surgery, in 8 of 9 dogs (88.9%), 1,000 I.U. tetanus antitoxin

was injected locally along the line to healthy tissue. A soft-padded

bandage was applied, the wound was cleaned, and the bandage was

changed once daily.
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3.5. Medical treatment and side e�ects

All but one dog (17 of 18, 94.4%) were hospitalized to manage

the existing signs and to monitor clinical progression. One dog

with initial tetanus grade I was treated as an outpatient. Standard

management included shielding in a dark and quiet room with

additional ear plugs or cottonwool placed into the outer ear canal to

reduce auditory stimuli, cleaning the mouth and external ear canals

once daily, application of eye drops, changing the dog’s position

every 4 h if the dog was recumbent, and manual bladder expression

or placement of an indwelling urinary catheter if required. The

individual sedation was increased and adapted to individual needs

before handling and manipulation, depending on respiratory and

cardiovascular status and side effects and reactions to the drug.

Standard medical treatment for all dogs included 10 mg/kg IV

metronidazole (Fresenius Kabi AG, Bad Homburg Germany) every

8 h for at least 14 days and methocarbamol (Ortoton Recordali,

Recordali Pharma GmbH, Ulm, Germany; dose, interval, and route

adapted to the dog’s requirement; Supplementary File 3).

Equine serum tetanus antitoxin (TAT, Tetanus Serum,

WDT, Garbsen, Germany; Supplementary File 3) was used

in 13 of 18 (72.2%) dogs. A test dose of 0.2ml was injected

subcutaneously 30min before intravenous TAT application. No

signs of hypersensitivity to TAT were observed in any dog. In 11

of 13 (84.6%) dogs, TAT was given once undiluted for 20min as

a slow intravenous injection (median 300 IU/kg, range 200–375

IU/kg). In two dogs, TAT was applied subcutaneously (1/13, 690

IU/kg) or intramuscularly (1 of 13, 250 IU/kg) by a veterinarian.

No signs of hypersensitivity occurred in any dog.

Crystalloid fluids (Ringer-Lactat-Lösung nach Hartmann,

B.Braun Vet Care; Sterofundin Iso, B.Braun Vet Care) were

given intravenously as continuous rate infusion (CRI) to

prevent dehydration and ongoing losses and fulfill maintenance

requirements in all hospitalized dogs. A central venous catheter

(CVC) was placed in 61.1% of the cases (11 of 18). Acepromazine

was used for baseline sedation in all but four dogs. One of

these four dogs had tetanus grade I (case No. 11), and no

sedation was necessary. For the other three dogs, parenteral

acepromazine product was not available on the German market

at that time. Acepromazine was given as CRI combined with

intermittent boli (n = 9) or as repeated boli every 6 to 8 h (n =

5; Supplementary File 3). Other drugs included in the sedation

protocols were dexmedetomidine CRI (n = 9), midazolam CRI

(n = 2), and opioids (fentanyl, butorphanol, and methadone)

administered as a CRI (n = 4) or as an intravenous bolus (n =

14) and propofol CRI (n = 4) or bolus (n = 4). In the cases of a

propofol CRI, intermittent boli were injected for the adaptation

of sedation. In 44.4% of cases (8 of 18), different CRIs had to be

combined to achieve adequate sedation and muscle relaxation

(Supplementary File 3). Additional treatment included antibiotics

(n = 11; 61%), such as amoxicillin/clavulanic acid alone (n

= 6; 33%), amoxicillin/clavulanic acid in combination with

marbofloxacin (n = 3; 17%), and ampicillin alone (n = 2; 11%) if

concurrent infection or pneumonia was present; antiseizure drugs,

such as phenobarbital (n= 3), gabapentin (n= 3), or levetiracetam

(n = 5) for sedation; and antiemetic and gastro-protectant drugs,

such as metoclopramide (n = 8), maropitant (n = 12), ranitidine

(n = 2), omeprazole (n = 7), and chlorphenamine (n = 2), and

magnesium sulfate (n= 2).

If additional sedatives besides acepromazine were started, a

small test dose (half of the lowest recommended dose) was given

intravenously, and side effects were evaluated. In one dog (case

No. 7), escape beats and bradycardia (<35 bpm) were provoked

by administration of 5 µg/kg buprenorphine and did not resolve

after discontinuation. In another dog (case No. 10), respiratory

depression was provoked by 1.5 µg/kg dexmedetomidine IV, which

necessitated intubation and mechanical ventilation for 30min.

Dysphoria was observed after the application of benzodiazepines

in two dogs. In two other dogs, hypoxemia occurred during the

administration of propofol CRI, which was corrected by oxygen

supplementation (flow by, nasal oxygen tube). In one of these dogs,

hypoxemia was no longer evident after discontinuation of propofol.

In the second dog, hypoxemia occurred due to brachycephalic

syndrome (case No. 12) and deteriorated with propofol. After

injecting dexmedetomidine CRI at a minimal dose, one dog

(case No. 12) vomited. A generalized body tremor occurred with

intravenous butorphanol administration (0.2 mg/kg) in another

dog (case No. 14). The tremor stopped with midazolam treatment.

One dog (case No. 7) started vomiting duringmetoclopramide CRI,

which was given due to its prokinetic properties. The vomiting

stopped with the subcutaneous administration of metoclopramide.

3.6. PEG tube placement and nutrition

In 83.3% of dogs (15 of 18), a PEG tube with additional

gastropexy (PEG Feeding Tube PT20XL, Smith Medical 13/15;

Freka PEG CH/Fr 15 ENFit, Fresenius Kabi AG 2/15) was placed

under general anesthesia for enteral nutrition within 48 h after

presentation due to dysphagia, decreasing the risk of aspiration

during feeding (Supplementary File 3). In 7 of 8 dogs that had

wound surgery, this procedure was combined with surgical

wound management.

The PEG tube was cleaned daily with hypochloric acid

(Vetericyn, Ecuphar) or polyhexanide (Prontovet Gel, B. Braun

Vet Care) and covered with gauze. Nutrition via PEG tube was

started 24 h after placement to fulfill one-third of the resting

energy requirement (RER). The tube insertion site was controlled

macroscopically in all cases and also via ultrasonography in 11 of

15 dogs (cases 7 to 18, 73.3%). Gastropexy sutures were left in

place for a minimum of 10 days. As soon as an improvement in

clinical signs was noticed and the dog was ambulatory again (in

tetanus grade III and higher), oral water and food uptake were

encouraged gradually. For this, a few drops of water were given

into the mouth to evaluate the presence of adequate swallowing.

When no salivation or vomiting occurred and the dog swallowed

the water without any problem, the amount of water was increased

slowly. If no salivation or vomiting was observed, a small amount

of food was given and the amount was stepwise increased. The

mean duration of spontaneous and physiologic oral food intake

(physiologic mouth opening, normal swallowing, no salivation, no

regurgitation, or vomiting) was 17.6 ± 6.7 days (recorded in 11 of

18 dogs), and the time of the removal of the PEG tube was 23.8
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± 6.4 days (recorded in 13 of 18 dogs). The earliest time for the

removal of the PEG tube was 14 days after placement.

The removal of the PEG tube was performed in non-sedated

dogs in a standing position in all but three dogs (12 of 15). In two

dogs (case Nos. 15 and 18), the low-profile PEG tube was removed

endoscopically under general anesthesia. For one dog (case No. 17),

sedation was needed for removal. After removal of the PEG tube,

water was withheld for 12 h and food was withheld for 24 h.

3.7. Complications

Non-invasive, oscillometric blood pressure recordings were

available in 12 of 18 (66.7%) dogs (Supplementary File 3). In 4

of 12 (33.3%) dogs, severe hypertension with a mean systolic

blood pressure of 201 mmHg (189–220 mmHg) was developed and

treated with amlodipine once or twice daily. The remaining eight

dogs were normotensive, or only mild increases in blood pressure

occurred (systolic blood pressure range 120–156 mmHg). None of

the dogs was hypotensive.

Aspiration pneumonia was a complicating feature in

5 of 18 dogs and was treated with beta-lactam antibiotics

(amoxicillin/clavulanic acid and ampicillin) or fluoroquinolone

(marbofloxacin). One of these dogs (case No. 7) developed

moderate hypalbuminemia (18.2 g/l), and a parenteral amino

acid solution (Aminoplasmal B. Braun 10% E, B. Braun AG)

was administered.

In 16.7% of the dogs (3 of 18), life-threatening laryngeal

spasms occurred due to excitement during examination (n =

1), manipulation for premedication for anesthesia (n = 1), and

after recovery from anesthesia (n = 1), necessitating orotracheal

intubation. The last dog also developed swelling at the tongue and

larynx and required oxygen supplementation via a nasal tube. In all

three dogs, aspiration pneumonia was observed.

In two dogs (case Nos. 1 and 7), a low heart rate and escape

beats, suspected to be triggered by opioid administration, occurred.

In total, 15 of the 18 dogs received nutritional support via PEG

tube. Reduced gastrointestinal motility was evident in 3 of 15 dogs.

After 4 h of feeding twice, the amount given could be removed from

the stomach via a PEG tube. In these dogs, metoclopramide CRI or

subcutaneous bolus injection was initiated.

Complications such as urine retention (n= 2), bacterial cystitis

(n = 1), and disseminated intravascular coagulation due to initial

hyperthermia (n= 1) were further observed during hospitalization.

3.8. Duration of hospitalization

The median hospitalization time of the 16 surviving dogs was

8 days (0–26 days; Supplementary File 1). The two non-survivors

were hospitalized for 3 days. No difference in hospitalization time

was observed for dogs with different initial tetanus grades (p

= 0.163). However, a significant association between maximum

tetanus grades and duration of hospitalization was observed in

surviving dogs (p = 0.022). Dogs with a maximum tetanus grade

III or IV had a significantly longer hospitalization time (18 days;

5–26 days) compared with dogs with grades I to II (4 days; 0–

9 days; p = 0.004). Hospitalization time in the eight dogs with

progression in their tetanus severity grade was also longer (18.5

± 6.7 days) compared with those eight dogs without progression

(4.5 ± 2.9 days; p < 0.001). Time to improvement in clinical signs

was available for 13 of 18 dogs that were successfully treated. The

median time to first improvement in clinical signs was 11 days

(range 4–15 days).

3.9. Outcome

The 28-day survival rate was 88.9%. In total, 17 of the 18

dogs were discharged (94.4%). Respiratory complications occurred

in 5 of 18 (27.8%) dogs (aspiration pneumonia, upper airway

obstruction) but were managed successfully and had no negative

impact on the outcome as described elsewhere (9). Two dogs with

grade III tetanus died, one in the hospital (death before discharge,

case No. 3) and the other one at home, after being discharged at

an early stage of the disease due to the owner’s request (1 of 18,

case No. 5). This dog was only hospitalized for 3 days and showed

progressive signs. The two non-survivors and three surviving dogs

did not receive TAT. Necropsy was not performed in any of the

non-surviving dogs.

3.10. Development of rapid eye movement
sleep behavior disorder

In 13 of 18 (72.2%) dogs, the occurrence of rapid eye movement

sleep behavior disorder (RBD) was already documented during

hospitalization. In all 13 dogs, RBD was transient and began on the

first day after presentation and resolved within weeks to months

after recovery from generalized tetanus. RBD ranged from mild (n

= 7) to severe (n= 6). In mild cases, probable RBD presented with

facial twitching, jaw chomping, and rapid eye movements during

sleep (movements under the eyelids or movement of the head).

In severe cases, dogs showed episodes with running movements of

the limbs, paddling, biting objects lying around them (e.g., towels),

jaw chomping, and growling. Episodes could be interrupted.

Immediately after approaching these dogs, they woke up and the

episodes stopped. No salivation or urination occurred during these

episodes. In one dog (case No. 7), these episodes lasted for 3 h

and resembled generalized tonic–clonic epileptic seizures. The dog

did not wake up when approached. It received levetiracetam (30

mg/kg IV) and phenobarbital (5 mg/kg IV) once, which intensified

the episodes. During this period, electroencephalography was

performed, and no epileptiform paroxysmal discharges could be

detected, classifying these episodes as non-epileptiform RBD.

3.11. Tetanus toxoid antibodies and
vaccination

In five dogs, antitoxoid antibody production was evaluated

after a successful recovery from tetanus disease (case Nos. 7, 10,

12, 16, and 18). Three of these five dogs recovered from tetanus
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grade IV (case Nos. 7, 10, and 12), one dog from tetanus grade

III (case No. 18), and one dog from tetanus grade II (case No.

16). Serum tetanus toxoid antibody concentrations were measured

36–149 days after initial presentation (lateral flow assay, Miprolab

Microbiologic Diagnostic, Göttingen, Germany). The test evaluates

antibody titer against tetanus neurotoxin and is not species-

specific. The matching of international units was performed with

equine tetanus reference antitoxin from the National Institute for

Biological Standards and Control, UK. The results were reported

as “+” (equivalent to 0.1–0.9 IU/ml; Miprolab Microbiologic

Diagnostic, Göttingen, Germany; (19)) in one dog (case No. 7)

and “–” (no antibody titer present, equivalent to < 0.1 IU/ml) in

four other dogs (case Nos. 10, 12 16, and 18). In line with current

recommendations in human medicine recommending vaccination

after recovery from disease,2 and in line with the owners’ wish to

protect their dogs from this deadly disease, all five dogs were offered

vaccination. The dogs were then vaccinated subcutaneously with

tetanus toxoid (Equilis R© Te, tetanus toxoid 40 FL, MSD, Germany)

(Table 2). In horses, an intramuscular route is recommended,3

whereas, in ruminants and small ruminants, tetanus vaccination is

performed via a subcutaneous route.4 A subcutaneous route was

chosen for dogs in the present study. Before vaccination, informed

consent was obtained from the pet owners and documented in

the medical records. In line with the recommendations in horses,

ruminants, and humans, a second vaccination was performed in

each dog after 4 weeks. Tetanus toxoid antibodies were measured

4 weeks and 1 year after the first vaccination in all dogs (n = 5,

case No. 7, 10, 12, 16, 18) and 2 years after the first vaccination

in two dogs (n = 2, case No. 7, 10) (Table 2). In all dogs, serum

antitoxoid antibody concentration increased. Antibodies were still

present after 1 year in all five dogs (n = 3 with ++, equivalent to

1.0–5.0 IU/ml, case No. 7, 10, 16; n = 2 with + + +, equivalent

to > 5.0 IU/ml, case No. 12 and 18) and were measured after 2

years in two dogs (n = 1 with ++, equivalent to 1.0–5.0 IU/ml,

case No. 7; n = 1 with + + +, equivalent to > 5.0 IU/ml, case

No. 10, Miprolab Microbiologic Diagnostic, Göttingen, Germany).

Adverse effects of vaccination, such as local pain and swelling at the

injection site, fever, and anorexia, were observed in one dog (case

No. 10). These adverse effects were treated with an anti-histaminic

drug (cetirizine 1 mg/kg q 12 h, PO) and metamizole (50 mg/kg q

8 h, PO) for 3 days. Two dogs had no side effects. In two other dogs,

this treatment was initiated prophylactically before or immediately

after vaccination. One of these dogs developed pain at the injection

site and was anorectic for 1 day (case No. 12).

4. Discussion

The present retrospective study evaluated the clinical course

and outcome of 18 dogs with tetanus. The survival rate

(88.9%) in the present study is in the upper range of previous

2 https://www.rki.de/DE/Content/Infekt/EpidBull/Merkblaetter/

Ratgeber_Tetanus.html#doc2398266bodyText10

3 https://www.noahcompendium.co.uk/?id=-454714

4 https://www.openagrar.de/servlets/MCRFileNodeServlet/

openagrar_derivate_00011385/Impfleitlinie_Wiederkaeuer_2018-03-

01.pdf

studies (12–92%) (5, 12–15). In the current study, dogs were

managed intensively with individually adapted treatment protocols,

intense monitoring to recognize any deterioration as early as

possible, and early introduction of enteral nutrition. Despite

this intensive care, two dogs died. In previous case reports

and studies, dogs with generalized tetanus and higher severity

scores, especially with autonomic dysfunction and respiratory

complications (classification ≥ III upon admission) were more

likely to have a poor outcome compared with those with less severe

signs (5, 10, 14). The two non-surviving dogs in the present study

had a tetanus severity score of III without obvious autonomic

dysfunctions. Respiratory complications, which were associated

with poor outcomes in previous studies, were also not evident in

these two cases (10, 12, 14).

The potential source of infection was identified in 16 of 18 dogs

with 14 dogs having paw lesions. Some were obvious and others

were challenging to detect. Radiographic evidence of osteomyelitis

was a frequent finding, which highlights the need for radiographic

evaluation of injured digits. Therefore, clinicians should screen

dogs with tetanus thoroughly for any paw or digit lesions, including

radiographs (Supplementary File 2). Different sources of C. tetani

infection, such as deep penetrating wounds (e.g., interdigital

abscesses, bite wounds), broken or deciduous teeth, omphalitis, or

surgical site infection, are documented in the veterinary literature

(12, 15, 20). As the infection could originate from a small puncture

wound and can no longer be visible when signs of tetanus develop,

a missing source of infection does not rule out tetanus if typical

clinical signs are present (9).

The data in this study highlight that tetanus frequently presents

initially as a progressive disease. Signs of tetanus occurred in the

reported cohort within a median time interval of 6 days after a

wound was observed. After injury, the previously reported range of

onset is 3 to 18 days (1, 5, 12). Other studies reported that tetanus

can progress to complete body rigidity within 2 to 3 days after

the initial hospitalization (12). In our cohort, tetanus progressed

in 55.6% of the dogs for a median time of 2 days. Progression to

grade III was observed in 17%, and progression to grade IV was

observed in 33% of the dogs, which agrees with previously reported

progression to grade III or IV with rates of 45–50% (5, 13). In

the present study, more dogs with surgical treatment progressed

to a higher severity score (6 of 9 dogs) compared with dogs

without surgery (3 of 9 dogs). Surgical stimulation is a potential

risk factor that could not be determined and is not evaluated in the

present study.

In all dogs, specific treatment protocols, which were adapted to

the specific needs of the individual dog, were used in combination

with standard baseline medication including acepromazine,

metronidazole, and methocarbamol. Equine serum TAT was given

intravenously to 11 of 18 dogs and 2 dogs by another route

(intramuscular, subcutaneous). The TAT which was used in our

dogs is a purified high-titer antiserum which is obtained from

horses immunized with C. tetani (9). The application of TAT aims

to neutralize unbound toxins that might spread hematogenously

after wound infection, but its use is still discussed controversially,

and its effect is unproven (9, 16). No statistically significant

difference in survival, severity, and duration of signs is reported

between dogs treated with TAT and those not receiving TAT.

There is no reported relationship between the timing of TAT
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TABLE 2 Tetanus toxoid antibody production after tetanus and vaccination in four dogs.

Case
No.

Antibody
titer after
tetanus

Timepoint of
measurement of

antibody titer and first
vaccination after
presentation (days
after presentation)

Antibody titer after vaccination

Four weeks after first
vaccination (+

second vaccination
was performed)

One year after first
vaccination (no

further
vaccination)

Two years after first
vaccination (no

further vaccination)

7 + 109 ++ ++ ++

10 – 149 + ++ +++

12 – 36 + +++ Not yet performed
∫ ∫

16 – 47 ++ ++ Not yet performed
∫ ∫

18 – 53 + +++ Not yet performed
∫ ∫

Tetanus toxoid antibodies∗ .

-→ no antibodies detected.

+→ 0.1–0.9 IU/ml.

++→ 1.0–5.0 IU/ml.

+++→ >5.0 IU/l.
∗Miprolab Microbiologic Diagnostic, Göttingen, Germany, 19;

∫ ∫
2 years not finished.

administration, clinical course, and outcome (5, 12, 15). In 5 of

18 dogs, no TAT was given (case Nos. 3, 4, 5, 7, and 8). Due to

the retrospective nature of this study, the cause for this decision

could not be determined for earlier cases (case Nos. 3 and 4). In

one dog (case No. 5), a wound could not be detected, and the

timetable between a potential infection and presentation at the

clinic was unknown. In two other dogs (case Nos. 7 and 8), the

time between the wound (case No. 7) and potential wound (case

No. 8) was 28 days and 20 days, respectively. For these cases (case

Nos. 5, 7, and 8), TAT was not given, as there was a high risk that

the tetanus toxin was already internalized. TeNT attaches to the

presynaptic membrane of nerve endings after wound infection or

hematogenous spread and internalizes and migrates retrogradely

within axons to the neuronal cell body, making TeNT not accessible

to TAT once it is internalized (18). After proximal and transsynaptic

migration, TeNT is localized and exerts its effect on the gray matter

of the central nervous system (e.g., spinal cord, brainstem) in

inhibitory interneurons, interfering with neurotransmitter release.

Passive immunization with TAT has limited effects, as the large

immunoglobulin TAT does not cross the blood–brain barrier due

to its size (9). Intrathecal administration of TAT could bypass the

blood–brain barrier. In dogs and horses, intrathecal administration

is reported (21–23). However, conflicting evidence of intrathecal

TAT compared with other routes exists in human medicine. No

definite benefit over parenteral administration is proven in human

patients (24–27). Even though we observed a lower mortality rate,

it is of interest that two dogs that died had not received TAT (case

No. 3 and 5). The effect of parenteral TAT administration could

not be evaluated in the present study due to the low mortality

rate. The fatal outcomes were probably not related to the lack of

TAT application.

Antibiotic therapy with coverage against anaerobic bacteria

is commonly recommended for the treatment of tetanus to

address any potential ongoing infection with C tetani. Nevertheless,

deep wound infections and osteomyelitis might not be amenable

to antibiotic treatment alone and can also require a surgical

approach. Penicillin G has been suggested for a long time to be

the antibiotic of choice against anaerobic gram-positive bacteria

(15). It is documented that metronidazole penetrates the tissue

with vascular compromise more effectively (15). People treated

with metronidazole require lower doses of muscle relaxants and

sedatives compared with people treated with penicillin G (28). In

addition, potential GABA antagonistic properties of penicillin G are

discussed to potentiate the effects of tetanospasmin, which might

worsen rigidity and reduce the effect of benzodiazepines (29, 30).

However, metronidazole can also exert neurotoxic effects, and signs

of tremor, rigidity, ataxia, head tilt, and nystagmus can potentially

occur if given in high doses or for a prolonged time period (31),

although this has so far not been described in dogs treated for

tetanus. However, caution should be exerted when metronidazole

is administered at recommended dose (31).

In addition to resting in quiet surroundings and minimization

of pain and manipulations, adequate sedation and muscle

relaxation are important therapeutic goals in patients with tetanus.

Acepromazine was used for baseline sedation andmuscle relaxation

in 14 of 18 dogs, and none of the dogs developed adverse

effects from acepromazine. The two dogs with lethal outcomes

did not receive acepromazine. In contrast with the result of a

previous study, these findings reported a decreased survival of

dogs treated with acepromazine (14). This finding could not

be confirmed in the present study as most dogs were treated

with acepromazine. A potential cause for worse outcomes in the

previous study could be an institution of acepromazine treatment,

especially in more severely affected dogs. As mentioned above, for

the management of the dogs in the present study, individually

adapted sedation and analgesic protocols were used, depending

on individual efficacy and observed adverse effects. Typically, dogs

weremanaged by clinicians whowere dedicated at all hours to those

dogs with tetanus, with additional support from the emergency and

critical care team to be able to titrate medication and recognize

complications in time. Magnesium sulfate was only used in two

dogs in the present case series. In human studies, magnesium

sulfate reduced the requirements for other muscle relaxants and

sedatives and improved autonomic dysfunction (32). In a recent

case series with two dogs, the time interval between acepromazine

administration and muscle relaxation could be increased with
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magnesium supplementation (16). However, in animals, the dose

range is empirical, and care should be taken to avoid adverse effects

such as hypotension and arrhythmias.

In six dogs, signs of autonomic dysfunctions, such as

hypertension, arrhythmias, bradycardia, or tachycardia, were

present. Dysautonomia is a common complication of tetanus in

human patients and is found in 11.8% of hospitalized patients in

a cross-sectional study (33). In human patients with generalized

tetanus, autonomic dysfunction is associated with poor prognosis

(32). In the present study, cardiovascular autonomic dysfunction,

such as premature ventricular contractions (n = 1), bradycardia

(n = 1), or intermittent tachycardia (n = 2), was rarely

observed. Autonomic dysfunction is rarely reported in animals

with tetanus (11, 18, 34). However, autonomic dysfunction could

be underrecognized due to inadequate monitoring and might

be the unknown cause of death and was also suspected in the

fatal cases in the present study. In the present study, the results

from blood pressure measurements were available in 12 of 18

(66.7%) dogs with 41.7% of the dogs (5 of 12) showing severe

hypertension. In contrast to this finding, primarily hypotension

is described in previous case reports (9, 16). In human patients,

clinical signs of autonomic dysfunction range from profound

hypertension and tachycardia to bradycardia, arrhythmia, and

hypotension (35). Elevated serum levels of norepinephrine, with

spikes of epinephrine levels, cause a hyperdynamic circulatory

state. These spikes increase up to 100 times normal, resembling

levels occurring with pheochromocytoma in human patients

(36). Excess acetylcholine may contribute to this autonomic

dysfunction (37). Possible mechanisms of bradycardia are sudden

withdrawal of catecholamines or increased vagal tone (35). In

human patients, autonomic storms are often followed by severe

resistant hypotension, bradycardia, and asystole and result in

massive fluctuations in systemic vascular resistance index, with

little change in cardiac index (37). In the present study, hypotension

was not observed. Nevertheless, it is mandatory to continuously

monitor electrocardiography for arrhythmia and control blood

pressure regularly.

Respiratory complications occurred in 5 of 18 dogs (28%)

with two dogs with aspiration pneumonia and three dogs with

both aspiration pneumonia and laryngeal spasm. In a previous

study, respiratory complications occurred at a similar rate and were

observed in 26.4% of dogs with tetanus. In this study, poor outcome

was associated with 14.2% of dogs that survived with respiratory

complications compared with 94.8% of dogs without respiratory

complications (10). Other studies also describe a poor outcome in

cases with evidence of aspiration pneumonia (12, 14). In the present

study, the management of dogs with aspiration pneumonia or

laryngeal spasm required much more intensive care than the other

dogs, and none of these dogs with respiratory compromise died.

Other rare complications in the present study were

disseminated intravascular coagulation, urine retention, cystitis,

and reduced gastrointestinal motility. Urinary tract infection is a

known problem in cases with a long duration of catheterization,

which might be necessary in dogs with urinary retention (38).

Other rarely reported complications, such as coxo-femoral luxation

(15) and hiatal hernia (11, 38, 39), were not observed in the present

study. Reduced gastrointestinal motility, which was present in 3

of 18 (16.7%) dogs, has not been described in dogs with tetanus

so far. In human patients, increased abdominal pressure and

gastrointestinal stasis, even in patients who are awake, are known

complications increasing the risk of aspiration (36).

The median hospitalization time of 8 days in the 16 surviving

dogs is comparable to previous reports ranging from 0 to 30

days (12, 13). Median hospitalization time in surviving dogs was

significantly associated with the grade of tetanus disease. Dogs with

higher tetanus grade classification had a significantly longermedian

hospitalization time (18 days for grades III and IV).

The median time of improvement in clinical signs (11 days)

was in a similar range compared with another retrospective analysis

of 20 dogs (9.5 days and 5–12 days) (11). It has to be noted that

the median time of improvement was slightly longer than the

duration of hospitalization in the present study because dogs with

milder and non-progressive signs of tetanus were discharged before

clear improvement was observed. As TeNT binds irreversibly to

axonal terminals and recovery is dependent on the synthesis of

new presynaptic components and their transport to the distal

axon, it is known that the duration of clinical improvement is

approximately 2 weeks, and full recovery can require weeks to

months (15, 40, 41). Muscle spasms can even be the result of

permanent damage to inhibitory circuits within the CNS with

unknown etiology (5). Long-term complications in humans after

recovery, such as physical and psychological problems, are rarely

reported (2, 42). In the present study, all surviving dogs recovered

fully without any permanent deficits.

The binding of TeNT to neurons inhibits the release of

inhibitory neurotransmitters, causing rigid muscle contractions

(2). As TeNT can reach higher motor centers within the brain

(the brainstem, midbrain, and hypothalamus) via retrograde

intraneuronal transport, the subsequent prevention of GABA

release can result in inappropriate activation of these motor centers

and cause rapid eye movement (REM) sleep without characteristic

muscle atonia, called rapid eye movement sleep behavior disorder

(RBD) (13). In the present study, RBD was reported in all

dogs in which information about sleep period was available. As

electroencephalography (EEG) was not performed in all dogs,

epileptic activity as a differential diagnosis to RBD cannot be

excluded completely. As antiseizure drugs were used in 6/13 dogs

and no improvement in episodes was reported, and indeed in one

dog episodes deteriorated with a loading dose of levetiracetam

and phenobarbital and episodes stopped when approaching and

stimulating the dog, RBD was most likely. In one dog with severe

episodes of RBD, an EEG was evaluated for confirmation. During

a 3-h EEG, no epileptic paroxysmal discharges were observed,

categorizing this disorder as non-epileptiform. RBD has been

mentioned as “abnormal movements during sleep” in three dogs

with tetanus (5). Sleep disturbances have also been reported by

other authors (43, 44). A recent case series reported abnormal sleep

behavior with violent epileptic-seizure-like RBD in 40% of dogs

during recovery from tetanus (13). In a previous study, “abnormal

movements during sleep” were already reported (5). In the present

study, antiseizure drugs were ineffective in stopping these events,

while RBD started during hospitalization; in previous reports, 75%

of the RBDs started after discharge (13). The episodes of RBD

stopped within weeks to months in all dogs in the present report.
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Four dogs were immunized with tetanus toxoid

subcutaneously. In human medicine, tetanus itself commonly

does not induce antibody development (17). One older study

on the Galápagos Islands describes the production of a naturally

acquired antibody to tetanus toxin >0.01 IU/ml in humans and

animals including four cows, two horses, two mules, and one dog

(45). To the best of the authors’ knowledge, no further reports

evaluating antitoxoid antibodies, after disease or vaccination, are

available in dogs. In the reported cases, 4 of 5 (80.0%) dogs did not

develop an adequate amount of antitoxoid antibodies when tested

within 36–149 days after the presentation at the clinic. It can be

speculated that tetanus toxin alone is of low immunogenicity and

that the neuronal receptor causes endocytosis of free toxin into the

cells via the “A component” causing decreased contact of the toxin

with the immune system. However, after 4 weeks of vaccination

and booster vaccination, a rise in antibodies and adequate antibody

concentration was present in all five dogs. As an adequate antibody

titer, a serum antibody titer of > 0.01 IU/ml was considered, as this

concentration is shown to be protective against tetanus in human

medicine (46). After a second booster vaccination, a further rise in

antibody titer was present in 3 of 5 dogs after 12 months, and the

titer remained unchanged in the other two dogs. After 24 months,

the antibody titer still rose in one dog and remained unchanged

in the other dog (Table 2). In human medicine, the duration of

immunity after vaccination was 11–14 years with antibodies being

present for 64–74 years, measured using a double-antigen tetanus

enzyme-linked immunosorbent assay (46). In dogs, the timing of

further booster vaccinations has to be determined. The current

guidelines of the World Small Animal Veterinary Association for

the vaccination of dogs and cats currently do not list tetanus toxoid

as a recommended vaccine but mention that tetanus is becoming

more common, and “vaccine might be justified and commercially

available” (47).

5. Limitations

The main limitation is the retrospective nature of the study.

Therefore, not all data, such as on blood pressure and RBD, were

available in all dogs, Furthermore, dogs were treated by different

veterinarians. A standard operating procedure for tetanus patients

was developed and adapted during the study period.

6. Conclusion

Tetanus is still a life-threatening disease but is also associated

with a good prognosis if adequate management and monitoring

can be ensured. In the present study with intensive, individual

management and early institution of enteral nutrition, themortality

rate was in the lower range compared with previous publications.

The benefit of vaccination is still questionable as tetanus is a rare

disease in dogs, as this species is relatively resistant. After recovery

from the disease, vaccination with a second booster dose 4 weeks

later did result in an antibody increase. However, the usefulness of

vaccination is still debatable.
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open-access article distributed under the terms

of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the

original author(s) and the copyright owner(s)

are credited and that the original publication in

this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted which

does not comply with these terms.

Fasciolosis: pathogenesis,
host-parasite interactions, and
implication in vaccine
development

Luis Miguel Flores-Velázquez1†, María Teresa Ruiz-Campillo2†,

Guillem Herrera-Torres2, Álvaro Martínez-Moreno3,
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Fasciola hepatica is distributed worldwide, causing substantial economic losses

in the animal husbandry industry. Human fasciolosis is an emerging zoonosis in

Andean America, Asia, and Africa. The control of the disease, both in humans and

animals, is based on using anthelmintic drugs, which has resulted in increased

resistance to the most e�ective anthelmintics, such as triclabendazole, in many

countries. This, together with the concerns about drug residues in food and the

environment, has increased the interest in preventive measures such as a vaccine

to help control the disease in endemic areas. Despite important e�orts over the

past two decades and the work carried out with numerous vaccine candidates,

none of them has demonstrated consistent and reproducible protection in target

species. This is at least in part due to the high immunomodulation capacity of

the parasite, making ine�ective the host response in susceptible species such as

ruminants. It is widely accepted that a deeper knowledge of the host-parasite

interactions is needed for a more rational design of vaccine candidates. In recent

years, the use of emerging technologies has notably increased the amount of data

about these interactions. In the present study, current knowledge of host-parasite

interactions and their implication in Fasciola hepatica vaccine development

is reviewed.

KEYWORDS

Fasciola hepatica, pathogenesis, host-pathogen interaction, immunomodulation,

vaccine, livestock, onehealth, zoonosis

1 Introduction

Fasciolosis is a parasitic disease with worldwide distribution, excluding Antarctica. In

livestock, it has major economic implications with estimated worldwide economic losses

amounting to USD 3,200million, including anthelmintic treatments, control of intermediate

hosts (molluscicides), research, and the implication of economic losses in dairy and meat

livestock production (1, 2).
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Human fasciolosis has persisted since prehistoric times (3),

and currently, it has a significant global health impact in specific

geographic locations. The World Health Organization (WHO) has

classified fasciolosis as a neglected tropical disease (4), and it is the

most geographically distributed parasitic zoonosis (5, 6). F. hepatica

human infections range between 2.4 and 17million people (7), with

91 to 180 million people at risk of infection annually (8, 9).

Currently, the control of fasciolosis in ruminants continues to

be based on management measures such as pasture rotation and

the use of anthelmintics (10). The continued use of anthelmintics

has resulted in an increase in parasite-resistant strains for the

most effective and widely used flukicides, such as triclabendazole

and albendazole (11, 12). Over the past three decades, there has

been a rising interest in obtaining vaccines that help prevent and

control fasciolosis in ruminants (13). However, the development

of vaccines against fasciolosis has been slow, partly due to the

great immunomodulatory capacity of the parasite. Hence, a better

understanding of the parasite-host interactions is necessary for a

more rational design of new vaccine candidates (14, 15).

2 Etiology and biological cycle of the
parasite

Fasciolosis is caused by flukes of the genus Fasciola, known

as liver flukes. The two species most implicated as the etiologic

agents of fasciolosis are F. hepatica, which is distributed mainly

in temperate climate regions, and F. gigantica, which is located

in tropical regions. Further, hybrid forms have been described in

regions where the two species coexist (16, 17). Real-time PCR

(qPCR) targeting ITS1 rDNA, ITS2 rDNA, and 28S rDNA have

been used to differentiate the two distinct genetic signatures

representing each species (18–20). The epidemiological potential

of hybridization and introgression between F. hepatica and F.

gigantica remains unknown; therefore, it is important to use

the correct terminology consistently and not use the two terms

interchangeably (21).

The life cycle of Fasciola spp. is quite complex, involving several

variations. In general, it involves one or more intermediate hosts,

which are themollusks. At least 20 species of the Lymnaeidae family

have been reported as intermediate hosts (22, 23). The asexual

larvae undergo several multiplications (24–26) before finally

infecting a definitive host in which sexual reproduction occurs.

3 Pathogenesis

The penetration, migration, and localization of the parasites

in the bile ducts exert a traumatic action that causes a series of

lesions in the liver parenchyma and in the bile ducts (27). The newly

excysted juveniles (NEJs) of Fasciola spp. penetrate the intestinal

mucosa and can be found in the abdominal cavity 72 h after

metacercaria ingestion. NEJs migrate through the peritoneum to

the liver surface and present no clinical sinology in animals (28).

The destination of the majority of NEJs is the left hepatic lobe,

probably due to its anatomical proximity to the duodenum and

the fact that they reach less of the other hepatic lobes. Sometimes,

due to massive infestations, these juveniles can have an aberrant

migration to other organs, such as the diaphragm and the lung,

causing pneumonia and fibrinous pleurisy (29).

Fasciolosis pathogenesis occurs in two phases—the

parenchymal and biliary phases. The parenchymal phase

begins when the NEJs cross the liver capsule (Glisson’s capsule),

continuing with the migration of the juvenile stages through the

liver parenchyma. This migration causes mechanical damage

through abrasion by the tegument that presents spines that help

maintain the parasite’s position within the liver tissues and probably

by-products secreted by migrating larvae. Several pathological

processes occur simultaneously within the liver parenchyma,

including the migration of juvenile stages that cause necrotic and

hemorrhagic lesions, which, in turn, cause inflammatory reactions

activating the immune system (30). This response can be found

throughout the tortuous migrating trajectory of the parasites,

suggesting that the excretion and secretion of these products

remain in the tissue, attracting more infiltration of inflammatory

cells of an immune nature (31). The biliary phase begins when

the parasites enter the bile ducts, where they exert a combined

mechanical and chemical action. Through the oral sucker, adult

parasites cause mechanical damage while feeding on blood and

the liver parenchyma adjacent to the duct. Macerated hepatocytes

have been observed inside the sucker and pharynx (27), leading to

erosion of the epithelium, trauma, focal rupture of the duct, and

puncture of small blood vessels. The enlargement of the bile duct

can be chemically induced (32), and it has been suggested that the

amino acid proline, which is essential for the synthesis of collagen

by fibroblasts, is also released in large quantities by the parasite

(33, 34). These two actions exerted by the adult parasite cause a

severe eosinophilic and granulomatous inflammatory response,

particularly when eggs reach hepatic parenchyma (35), and marked

hyperplasia of the bile ducts in which the parasites lodge (36).

The effect of these two phases causes a series of lesions in the

liver parenchyma, which is widely correlated with the infective

dose; a high dose causes more severe lesions that are more acute

and even fatal. However, different studies carried out in sheep

(35) and goats (37) have also shown that small repetitive doses

(trickle infections) causedmore severe hepatic damage than a single

dose using the same total number of metacercariae. These findings

suggest that the mechanical and enzymatic activities of the parasite

may be the initial cause of liver damage. Therefore, the immune

response or healing, as well as simultaneous infection at different

stages and the immune response to the first infection, play an

important role in the pathogenesis of fasciolosis (31).

4 Host immune response

4.1 Innate immune response

The initial recognition of NEJs takes place within the epithelial

mucosa of the intestinal tract with extensive activation. The

response to NEJs can occur through the recognition of glycosylated

protein and carbohydrate residues that behave as tegumental

antigens and induce T-cell proliferation through dendritic cell

activation (38, 39). Excretory secretory products containing

antigens released by F. hepatica (FhESP) can also induce a response

of bovinemacrophages, which is partially TLR4-dependent (40, 41).
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The function of mast cells is not really defined, nor is there

evidence that it is protective (42). These cells are residents

of tissues that respond to activation of both the innate and

acquired immune systems by producing and releasing different

inflammatory mediators present in their cytoplasmic granules,

prostaglandins, leukotrienes, and certain cytokines such as tumor

necrosis factor-alpha (TNF-α) or interleukin-4 (IL-4) (43). In

addition, they can release certain active substances against parasites

by binding the parasite antigen-IgE complexes with their high-

affinity IgE receptors (44, 45). It is estimated that its role is

more decisive in the initial stages (peritoneum) of the infection

(42, 46, 47). However, it has been described in cattle that after

getting infected by F. hepatica, there is little evidence of an increase

in the percentage of basophils and mast cells (48, 49) and in

peritoneal fluid in sheep (50). In contrast, F. gigantica infection

in buffaloes induces increases in the number of mast cells in

the hepatic inflammatory infiltrate (51). In numerous parasitic

processes, we can find a population of resident intraepithelial

mast cells responsible for rapid parasite rejection phenomena at

the epithelial level (52–54). However, these cells have neither

been described in the intestine after the migration of F. hepatica

(30, 36) nor in bile cells such as macrophages and neutrophils,

whose function is phagocytic and can release substances such as

reagents derived from nitric oxide or active oxygen species that act

directly against the parasite (55, 56). On the other hand, infection

by F. hepatica provokes a Th2-type immune response with IgE

production (57) and infiltration of eosinophils and mast cells in the

liver (48).

Human neutrophils from patients with acute fasciolosis showed

a greater phagocytic function compared to those in the chronic

stage of infection (58). Similarly, neutrophils from chronically

infected goats showed a poor phagocytic response compared to

those from uninfected goats. This poor phagocyte response was

correlated with fluke burdens (59). The role of neutrophils in

protective responses has not been reported yet in fluke infections.

In cattle, sheep, and goats, F. hepatica induces liver and

blood eosinophilia, and F. gigantica infection in sheep gives the

same profile (60–62). However, vaccination of calves and goats

showing protection had reduced eosinophil counts (30, 63), which

may be due to the lower fluke burdens and hepatic lesions in

partially protected animals. In acute stages of F. hepatica infection,

a dramatic increase of eosinophils has been described in the

peritoneal cavity (50, 64) as well as in hepatic lesions, both during

the migratory stage (30, 36, 65, 66) and during the chronic

stage (35). Eosinophils have been shown to mediate antibody-

dependent cell cytotoxicity (ADCC) against F. hepatica in rats (42).

In Indonesian thin-tailed (ITT) sheep which display resistance to

F. gigantica but not F. hepatica, it has been observed that ADCC by

eosinophils plays a role (ex vivo) in killing F. gigantica but not F.

hepatica newly excysted juveniles (NEJs) (56). However, peripheral

eosinophilia was not related to resistance to F. gigantica, suggesting

that this cell type is effective only within the gut or peritoneal cavity

but not the liver, at least in ITT sheep (67).

Peritoneal macrophages from ITT sheep have also been shown

to kill F. gigantica but not F. hepatica by ADCC (56, 68). This

mechanism occurs by attaching effector cells with NEJs in the

presence of serum from infected sheep. Macrophages participating

in the effective ADCC mechanism against F. gigantica showed

increased levels of superoxide radicals than those participating in

ineffective ADCC against F. hepatica, suggesting oxygen radicals

play a role in killing F. giganticaNEJs (56). It has been reported that

in calves protected by experimental vaccination, ADCC mediated

by macrophages is nitric oxide-mediated and induces a Th1

cytokine response relying on IgG2a (69). In vitro studies have

revealed that bovine macrophages were able to kill NEJs in the

presence of serum from infected animals. However, NEJs were

able to produce molecules such as a family of TGF-like molecules

(FhTLM) that significantly reduces ADCC. These macrophages

showed features of alternative activation with the expression of high

levels of IL-10 (70). In non-protected animals, it has been observed

that NEJs induce alternative (M2) activation of macrophages and

secrete the regulatory cytokines IL-10 and transforming growth

factor-beta (TGF-β) during the peritoneal migration (71–73). M2-

activated macrophages have an important role in tissue repair, but

they have a reduced capacity to kill NEJs (41, 70).

4.2 Adaptive immune response

B-cells have shown importance in Fasciola spp.-infected

animals as well as in those that have been previously vaccinated

(74), highlighting the increase in CD19+ B-cells at the level of

hepatic lymph nodes, increasing the recruitment of these cells (66).

In cattle, sheep, and goats, IgG1 is the dominant antibody, raising

at 4–5 weeks post-infection (wpi) and reaching peaks at 12–15

wpi (37, 75, 76). An increase in specific IgG2 has been shown

to correspond to vaccine-induced protection, and an increase in

IgG1 has been associated with a non-protective Th2 response (76–

78). IgA specific for fluke antigens has not been detected in serum

(75), but it has been found in the bile and liver of infected cattle

(51), where this immunoglobulin may participate in activating

eosinophils to kill NEJs by ADCC (49). Despite this interesting

suggestion, few studies have investigated the presence of IgA in bile

and liver in both experimental and natural infections.

The immune response exerted during the early stages of

fasciolosis is generally regarded as a mixed Th1/Th2 response

displaying an increase of certain cytokines such as IFN-γ, IL-4,

IL-10, and TGF-β. As the infection progresses, a Th2 response is

amplified in conjunction with suppression of Th1 inflammation,

thus allowing a prolonged infection that may be dependent on IL-

4 (79). In the early stages of sheep and cattle F. hepatica infection,

both IFN-γ and IL-10 are increased, confirming the initial mixed

immune response (75, 80, 81). When the infection progresses,

a Th2 response is amplified in conjunction with suppression of

Th1 response with reduced IFN-γ and increased IL-4 levels (79).

In the early stages of bovine F. hepatica infection, both IFN-γ

and IL-10 are increased, corroborating the idea that the initial

immune response is mixed (75). Buffaloes with both primary and

secondary infection of F. gigantica also showed a mixed Th1/Th2

response in serum with elevated IFN-γ, IL-4, IL-5, and TGF-β

during the early stages of infection. In contrast, when the infection

progressed, the Th2 response was dominant (82). The Th1/Th2

response was not the same in different compartments—in sheep

liver, IFN-γ increased during the early stages of infection (80, 81),

and it remained high during chronic states of infections (81). At the
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same time, in the hepatic lymph nodes, IFN-γ was reduced both

in infected and reinfected animals in acute and chronic stages of

infections (81). The high levels of IFN-γ reported in the liver during

acute and chronic stages of F. hepatica infections contrast with the

downregulation of this cytokine in PBMC (83) and hepatic lymph

nodes (80, 81) and could be due to a response to hepatic necrosis

caused by migrating or adult flukes and granulomata formation.

5 Immunomodulation strategies

The inflammatory reaction in fasciolosis is one of the points

to be treated primarily to understand the immune response and its

evasion. Sincemetacercariae are excysted in the gut lumen, NEJs are

exposed to the host immune response to kill the parasite. However,

Fasciola spp. has developed a variety of strategies to evade the host

response in the different compartments where they stay during the

early and late stages of infection, which allows the parasite to live for

years within the host. Some of these strategies may be considered

passive, as the protection conferred by the tegument, which consists

of a syncytial layer covering the entire body of the parasite, formed

by a plasma membrane that serves as a support for the outer

glycocalyx and a basement membrane that is connected through

channels. These structures allow the passage of the components

needed for the replacement of the tegument. The rapid replacement

of the glycocalyx that covers the tegument—which takes place

every 2 to 3 h—may also be an obstacle for products released

by inflammatory cells to reach the parasite tegument (84), which

is composed of at least 369 proteins. Additionally, the presence

of abundant N-glycosylated proteins and glycolipids has made it

difficult to characterize its physiological and immune regulatory

functions (85).

The majority of strategies used by the parasite to evade the

host response may be considered active since they imply the

release of a large amount of parasite molecules into the parasite

vicinity. Thesemolecules can be released free or within extracellular

vesicles (EVs) that are covered by a membrane, and they can be

internalized by the host cells, causing their modulation (84, 85).

EVs are produced by all developmental stages of F. hepatica, and

they are considered efficient transporters of parasite molecules to

different host compartments, preventing the action of antibodies

due to themembrane surrounding the parasitemolecules contained

in EVs (86). In EVs from F. hepatica, up to 618 proteins have been

identified, which gives us an idea of how important EVs are for the

parasite to interact with the host (87).

Fasciola spp. not only use proteins to modulate the host

immune response, but EVs also contain microRNAs (miRNAs),

molecules with modulating gene expression capacity. miRNAs are

abundant in both metacercariae, juvenile and adult F. hepatica

worms and may play a main role in regulating the developmental

and metabolic processes of the parasite, as well as in host-parasite

interactions (88–90). The miRNA content in the EVs is different

when they are produced by adult or juvenile parasites, leading

to different influences in the host cells. These data support the

hypothesis that miRNAs are the mediators of the previously

demonstrated immune modulatory function of the EVs. However,

current data do not allow a fundamental understanding of their

regulatory mechanisms in different processes of host-parasite

interaction (88–91).

Another mechanism used by liver fluke to survive, migrate,

obtain nutrients, and evade the immune response of the

host, is the release of excretory secretory products (ESP) (92).

FhESP from adult F. hepatica contains up to 160 different

proteins, including proteases such as cathepsins B and L (FhCB

and FhCL), leucine aminopeptidase and carboxypeptidase, fatty

acid-binding protein (FABP), and the F. hepatica saposin-like

protein (FhSAP), all of them necessary for its metabolism (93)

(Table 1). FhESP also contains numerous antioxidant enzymes

to protect the parasite from reactive oxygen species released

by eosinophils and macrophages, such as superoxide dismutase

(SOD), glutathione-S-transferase (GST), thioredoxin peroxidase

(TPx), and peroxiredoxin (Px) (Table 1). These enzymes not only

participate in inactivating reactive oxygen species but also in several

important metabolic processes important for parasite survival, such

as the excyst of the metacercariae, tissue migration, feeding, and

immune evasion (92, 105, 106). Some strategies that Fasciola spp.

use to evade the host response are discussed below.

5.1 Parasite movement

During the hepatic migration, it has been reported that some

larvae show a heavy inflammatory infiltrate, mainly composed of

eosinophils attached to the parasite cuticula and in the vicinity of

the parasite. However, in other larvae, no inflammatory reaction

was found in their vicinity, but necrotic tract and inflammation

were observed 2–3mm behind them (30, 36). It has been suggested

that when the parasites are disturbed by the inflammatory reaction,

they move ahead, leaving the inflammatory cells behind them (66).

5.2 Apoptosis of e�ector and immune cells

There is an intimate connection between the inflammatory

response and the immune response when suffering from fasciolosis.

The innate immune response determines the cell populations

involved in the inflammatory response by attracting and activating

inflammatory cells (107). Eosinophils play a key role in the host

response to Fasciola spp infection, as suggested by the rapid increase

of this cell type in blood, peritoneum, and liver during the early

migration of juveniles in sheep (35, 60), cattle (48), and rodents

(108). In vitro studies have reported that FhESP antigens from

F. hepatica induce apoptosis of rat eosinophils and macrophages

(109, 110). In vivo studies have described apoptosis in eosinophils

in the liver inflammatory infiltrate during the acute and chronic

phases of infection in sheep (65) and the migratory stage in a

relevant percentage of peritoneal macrophages, eosinophils, and

lymphocytes (50). Increased expression of the pro-apoptotic gene

in peripheral blood mononuclear cells of infected sheep and cattle

has also been reported (111, 112). More recently, the role of a

variety of F. hepatica molecules in the induction of apoptosis has

been investigated; some of them have been identified as glutathione

S-transferase Omega type (GSTO1), which down-regulated the

ratio of Bcl-2/Bax and induced increased expression of caspase-3
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TABLE 1 F. hepaticamolecules involved in host immune modulation/evasion.

Molecule Actions References

Antioxidants:

Peroxiredoxins
Antagonizes actions of ROS and induces M2 activation of macrophages

(71)

Thioredoxins (72)

Glutathione-S- transferase

Superoxide dismutase

Glutathione-S-transferase Induces IL-1β, IL-6, and TNF-α production (94)

Omega type (GSOT1)
Reduces IL-10 production

Induces of macrophage

Cysteine proteases

Cathepsins L, B Reduced eosinophils attachment (95)

Leucine aminopeptidase
Suppression of Th1, Th17 (96)

Responses, anticoagulants

Protease inhibitors:

Kunitz type molecule Suppression of Th1, Th17 responses (97)

Other molecules:

Fatty binding proteins
Reduction of pro-inflammatory cytokines (93, 98)

Induces apoptosis of dendritic cells (99)

Helminth defense molecule-1
Inhibits APC antigen presentation (100)

Inhibits release of IL-1β

Mucin-like peptides Increases Th1-type response (101, 102)

TGF-like molecule Induces M2-activated macrophages (70)

Serpin Prevents the activation of the Lectin complement pathway (103)

Cystatin
Inhibits NO, IL-6, TNF-α, and promotes the expression of TNF-β and IL-10 (104)

Induces apoptosis of murine macrophages (104)

and apoptosis of macrophages in vitro (94). Recombinant cystatin

from F. hepatica (rFhCystatin) has been shown to induce apoptosis

ofmurinemacrophages (104), and fatty acid binding protein (Fh12)

induced apoptosis of murine dendritic cells in in vitro studies (99).

5.3 Modulation of Th1/Th2 and Th17
responses

The immune response mounted during the early stages of

fasciolosis is generally a mixed Th1/Th2 response with elevated

levels of cytokines such as IFN-γ, IL-4, IL-10, and TGF-β.

As the infection progresses, a Th2 response is amplified in

conjunction with the suppression of Th1 cytokine production,

particularly IFN-γ, which facilitates parasite survival in mice,

cattle, and sheep infected with F. hepatica (41, 79–81, 113).

A similar Th1/Th2 dynamic has been reported in buffaloes

infected with F. gigantica (82). It has been reported that a

variety of parasitic molecules are able to produce modulation of

the Th1/Th2 host response; thus, rFhCystatin induced reduced

production of IL-6 and TNF-α and increased production of

IL-10 and TGF-β in murine macrophages (104). F. hepatica

Kunitz-type molecule induced suppression of the Th1 and Th17

responses in murine and human dendritic cells (DC) in in vitro

studies (97).

5.4 Modulation of macrophage and
antigen-presenting cell functions

In the early stages of F. hepatica infection, the recruitment

of macrophages and alternative (M2) activation in the peritoneal

cavity has been reported in rats at 24 h post-infection (hpi) (71)

and at 48 hpi in mice (114). Moreover, FhESP induced M2

activation of peritoneal macrophages in mice (114). In sheep,

marked M2 activation has been described by gene expression

in PBMC at 7 dpi (83), although peritoneal sheep macrophages

showed M2 activation at 24 hpi (73). In cattle, F. hepatica also

induced M2-activation of macrophages (115, 116). M2-activated

macrophages participate in tissue repair, but they show limited

ability to control helminth infections (117). F. hepatica possesses

FhTLM, which is highly expressed in NEJs and unembryonated
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FIGURE 1

Scheme of immune responses exerted at early and late stages of F. hepatica infections, immune responses induced by protective and unproductive

vaccines against F. hepatica, and strategies to develop e�ective vaccines. Created with BioRender.com.

eggs. It has been reported that FhTLM induces the differentiation

of the monocyte-derived macrophages to M2 activation with

increased production of IL-10, arginase-1, mannose receptor, and

PD-L1 (70).

It has been reported that different antigenic preparations of

this parasite, such as total extract, F. hepatica tegumental antigen

(FhTeg), and Fasciola hepatica ESP, decrease the activation state

of dendritic cells (DCs) in mice (118–121), and F. gigantica ESP

induces the modulation of buffalo DCs (122). More specifically, it

has been reported that FhTeg induces DC modulation, provoking

the absence of T-cell Th1 cytokine response and proliferative

activity (38). Glycan products produced by F. hepatica have also

been reported to induce modulation of DC maturation, resulting

in increased production of IL-10 and IL-4 during infection,

inducing a Th2/regulatory-polarized immune response (40, 79,

113, 123, 124). In addition, F. hepatica cathepsin L1 (FhCL1),

glutathione S-transferase (FhGST), and Kunitz-type molecule

participate in the modulation of DCs, leading to the suppression

of the adaptive immune responses, Th1, and/or Th17 (40, 97).

F. hepatica-infected sheep showed increased numbers of DCs in

the hepatic lymph nodes but reduced expression of MHC class

II and CD83, suggesting suppression of the antigen-presentation

process in lymphocytes both in the early and late stages of

infection (125).

5.5 Expansion of T regulatory cells

F. hepatica-infected sheep and goats showed expansion of T

regulatory cells (Treg) Foxp3+ during early and late stages of

infection in the liver and hepatic lymph nodes (50, 81, 126).

Moreover, the increase of Foxp3+ cells was more severe in the

vicinity of hyperplastic bile ducts during chronic states of infections

(50). This expansion of Foxp3+ Treg has been related to IL-10 and

parasite survival (127, 128).

6 Vaccine development

Over the past two decades, there have been considerable

advances in identifying potential vaccine molecules for the control

of fasciolosis in livestock. However, despite some promising results

with some vaccine candidates in ruminants, a consistent efficacy

required for commercialization has not yet been reached (13). A

major obstacle to developing vaccines for fasciolosis is the immune

suppression/modulation induced by Fasciola spp. that prevents the

induction of a protective immune response (Figure 1), evidenced

by the lack of immunity observed in naturally and experimentally

infected sheep (31, 70, 129). In cattle, natural or experimental

infections have been shown to induce certain protection against
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TABLE 2 Summary of fasciolosis single vaccines in livestock.

Antigen (µg
per dose)

Species
(sex_age)/No.
per group

Admin. Route
(no. doses)/time

Adjuvant E�cacy† References

Cathepsin L

rFhCL1 (200) Cattle (m_3-8mo.)/13 s.c.(2)/3w MontanideTM ISA 70VG or

206VG

48% (69)

rFhCL1 (100) Goat (m_4mo.)/10 s.c.(2)/4w QuilA ns (30)

rFhpCL1 (100) Sheep (f_4-6mo.)/5 s.c.(2)/4w QuilA ns (138)

CL1 mimitopes (§) Sheep (nd_9mo.)/5 s.c.(2)/2w None 51% (139)

CL1 mimitopes (§) Sheep (m_9mo.)/5 s.c.(2)/4w QuilA 57.5% (140)

CL2 mimitopes (§) Sheep (m_9mo.)/5 s.c.(2)/4w QuilA ns (140)

CL1 mimitopes (§) Goat (m_9mo.)/5 s.c.(2)/4w QuilA 55.4% (141)

CL1 mimitopes (§) Goat (m_9mo.)/5 s.c.(2)/4w QuilA 70.4% (141)

CL2 mimitopes (§) Goat (m_9mo.)/5 s.c.(2)/4w QuilA ns (141)

CL1 mimitopes (§) Goat (nd_6mo.)/6 s.c.(2)/4w QuilA 46.9-79.5% (134)

Cathepsin

rCPFhW (300) Sheep (m&f_5mo.)/6 oral(2)/4w None 35.5% (142)

rCPFhW (500) Cattle (m&f_5-7mo.)/6 oral(2)/4w None 56.2% (142)

Leucine Amino-Peptidase (LAP)

rFhLAP (100) Sheep (m_12mo.)/10 s.c.(2)/4w FCA/FIA, Adyuvac 50,

Alum, DEAE-D, or Ribi

49–89% (143)

rFgLAP (150&300) Buffalo (nd_8-10mo.)/7 i.m.(3)/3w MontanideTM M-70 VG ns (144)

Fatty acid binding protein (FABP)

rFh15 (150) Sheep (nd_nd)/6 s.c.(2)/5d ADAD (Qs, PAL,

MontanideTM ISA763A)

43% (145)

rFgFABP (400) Buffalo (nd_8-10 mo.)/5 s.c.(3)/3w FCA/FIA 35% (146)

rFgFABP (400) Buffalo (nd_8-10 mo.)/7 i.m.(3)/3w MontanideTM M-70 VG ns (147)

rSm14 (100) Goat (m_6mo.)/7 s.c.(2)/4w QuilA ns (148)

Glutathione S transferase

rFgGST (400) Buffalo (nd_8-10 mo.)/7 i.m.(3)/3w MontanideTM M-70 VG ns (147)

rFhGST (100) Goat (m_4mo.)/10 s.c.(2)/4w QuilA ns (36)

Helminth defense molecule

sMF6p/FhHDM1 (100) Sheep (f_4-6mo.)/5 s.c.(2)/4w QuilA 6% (138)

nMF6p/FhHDM1

(100)

Sheep (f_4-6mo.)/5 s.c.(2)/4w QuilA 15% (138)

Thioredoxin

rFhTGR (300) Cattle (nd_nd)/8 s.c.(3)/4w FIA 8.2% (149)

rFhTGR (400) Cattle (nd_nd)/6 s.c.(2)/4w Adyuvac50 3.8% (149)

rFhTGR (400) Cattle (nd_nd)/6 s.c.(2)/4w Alum 23% (149)

Glutathione reductase phospho-glicerate kinase

cFhPGK/pCMV (100) Sheep (m_5mo.)/8 i.m. (3)/4w MontanideTM ISA 206 ns (150)

cFhPGK/pCMV (100) Sheep (m_5mo.)/6 i.m. (3)/4w CTLA-4 ns (150)

14-3-3z

r14-3-3z (100) Sheep (f_6mo.)/8 s.c.(2)/4w MontanideTM ISA 71 VG ns (151)

Tetraspanin

rFhTSP2 (200) Cattle (f_6mo.)/6 s.c.(2)/4w FCA/FIA ns (152)

†percentage expressing only significant efficacy; §1 × 1013 phage particles; ADAD, Adaptation adjuvant (ADAD) system; c, cDNA; d, days; DEAE-D, Diethylaminoethyl-dextran; f, female;

FCA/FIA, Freund’s complete adjuvant and Freund’s incomplete adjuvant; Fh, Fasciola hepatica; Fg, Fasciola gigantica; i.m., intramuscular; m, male; mo., months; n, native; nd, not defined; ns,

non-significant; PAL, the hydroalcoholic extract of P. leucotomos; Qs, saponin from Q. saponaria; r, recombinant; Ribi, MPL + TDM + CWS Adjuvant System (Sigma–Aldrich); s, synthetic;

s.c., subcutaneous; w, weeks apart between doses.
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TABLE 3 Summary of fasciolosis combined vaccines in livestock.

Antigens (µg
each per
dose)

Species
(sex_age)/No.
per group

Admin. Route
(no. doses)/time

Adjuvant E�cacy† References

CL1+ CL2

mimitopes (§)

Sheep (m_9mo.)/5 s.c.(2)/4w QuilA ns (140)

CL1+ CL2

mimitopes (§)

Goat (m_9mo.)/5 s.c.(2)/4w QuilA 32.4% (141)

rmFhCL1+

rmFhCL3 (200)

Cattle (m_6-8mo.)/5 s.c.(2)/3w ZA1 37.6% (153)

rmFhCL1+

rmFhCL3 (200)

Cattle (m_5-11mo.)/5 s.c.(2)/2w ZA1 ns (153)

rCatL5+ rCatB2

(150)

Sheep (m_5mo.)/8 i.m.(3)/4w QuilA 20.9% (154)

rCatL5+ rCatB2

(75)

Sheep (m_5mo.)/8 i.n.(3)/4w CpG-ODN+

ISC-adjuvant

40.5% (154)

rFhLAP+

chCL1(100)

Sheep (m_8mo.)/5 s.c.(2)/2w QuilA 25.5% (155)

rFhLAP+

chCL1(200)

Sheep (m_8mo.)/5 s.c.(2)/2w QuilA 30.7% (155)

rFhLAP+

chCL1(400)

Sheep (m_8mo.)/5 s.c.(2)/2w QuilA 40.6% (155)

rFhTeg1+ rFhTeg5

(200)

Cattle (f_6mo.)/7 nd(2)/4w FCA/FIA ns (156)

rFhCL1+ rFhHDM

+ rFhLAP+

rFhPrx (100)

Sheep (m_8mo.)/10 s.c.(2)/4w MontanideTM ISA 61 37.2% (157)

rFhCL1+ rFhHDM

+ rFhLAP+

rFhPrx (100)

Sheep (m_8mo.)/10 s.c.(2)/4w Alum ns (157)

rFhStf1+ rFhStf2

+ rFhStf3+

rFhKT1 (100)

Sheep (f&m_8mo.)/14 s.c.(3)/3w MontanideTM ISA 61 17.4% (15)

rFhStf1+ rFhStf2

+ rFhStf3+

rFhKT1 (100)

Sheep (m_8mo.)/13 s.c.(3)/3w MontanideTM ISA

61+CpG

0% (15)

rLTB-rFhTSP2

(451)

Cattle (f_6mo.)/6 i.n.(2)/4w None ns (152)

†percentage expressing only significant efficacy; §1 × 1013 phage particles; CatL5, Cathepsin L5; CatB2, Cathepsin B2; CL1, Cathepsin L1; CL2, Cathepsin L2; CpG-ODN, CpG-

oligodeoxynucleotide; ch, chimeric; d, days; f, female; FCA/FIA, Freund’s complete adjuvant and Freund’s incomplete adjuvant; Fh, Fasciola hepatica; HDM, helminth defense molecule; i.m.,

intramuscular; i.n., intranasal; ISC-adjuvant by Zoetis; KT1, K unit 1; LAP, Leucin aminopeptidase; LTB, Heat labile enterotoxin B subunit; m, male; mo., months; nd, not defined; ns, non-

significant; Prx, Peroxiredoxin; r, recombinant; rm, recombinant mutant; s, synthetic; s.c., subcutaneous; Stf, Stefin; Teg1, Tegumental glycoprotein 1; Teg5, Tegumental glycoprotein 5; TSP2,

Tretaspanin 2; w, weeks apart between doses.

reinfection, which is maintained long-term (up to 26 weeks post-

infection). It has been attributed to the severe fibrosis induced by

the primary infection that makes the hepatic migration difficult

during the secondary infection (130) or by an increase of intestinal

eosinophil and mucosal mast cells (47). Some studies have also

reported evidence that protection against F. hepatica is inducible

in rats, sheep, or cattle by passive transfer of immune sera and

cells (131). However, other studies have reported no resistance

to reinfection measured by fluke burdens (75). Moreover, no

differences in fluke burdens, fecal egg counts, humoral response

(specific IgG1 and IgG2), and cell-mediated immune response

(IFN-γ production) were reported in calves challenged with F.

hepatica after single or trickle infection (48, 57, 75) suggesting

that reinfections do not induce protection. Experimental studies

reported no protection against reinfection in sheep (35, 81, 132)

and goats (37), although the host response was different; thus,

primo-infected sheep showed a mixed Th1/Th2/Th17 response

while reinfected ones presented amore Th2 polarized response (81)

and a lower humoral response (132).

It has been reported that in protective vaccines in sheep (133)

and goats (134), a mixed Th1/Th2 response was found with higher

levels of IFN-γ and lower levels of IL-4 in vaccinated groups than

in the infected control group (133). In sheep immunized with

a non-protective vaccine, the host immune response showed a

predominantly Th2 profile during chronic stages of the infection,

similar to that found in non-vaccinated and infected animals (80).

The challenge is to identify the specific antigens that are the

targets of this protective immunity and incorporate these in vaccine
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formulations that induce a mixed Th1/Th2 response to enhance

vaccine efficacy (135). It has been estimated that a vaccine with an

efficacy of 50–60% in fluke reduction would likely be beneficial in

numerous countries to significantly reduce economic losses, and it

also would have a positive impact on epidemiology by reducing eggs

in pasture (13).

Several strategies have been used to design vaccine candidates

for fasciolosis in livestock. The first vaccine trials used native

proteins isolated using conventional biochemical methods from

the excreted/secreted (ES) proteins of adult parasites (136, 137).

Despite good protection being found in sheep and cattle in these

trials using native FhCL1 and FhGST, the use of native proteins

in a commercial vaccine for fasciolosis in livestock is not feasible,

which is why the majority of subsequent vaccine trials have been

carried out using recombinant proteins of different stages of the

parasite (13). Some vaccine trials using recombinant proteins

reported high protection of up to 89% in fluke reduction (Tables 2,

3); however, this high protection has not been reproducible in

different labs and conditions. A combination of recombinant

vaccines (cocktail vaccines) has also been used recently with

variable efficacy (Table 3). The majority of vaccine trials have used

the subcutaneous or intramuscular administration route. However,

a few trials have used mucosal vaccine delivery with promising

results. For instance, Norbury et al. (154) administered a cocktail

vaccine containing FhCL5 and FhCB2 by an intranasal method in

sheep, obtaining a 40.5% fluke reduction and a 92% egg viability

reduction, while the same vaccine administered intramuscularly

did not induce protection. The oral route has also been used to

administer freeze-dried transgenic lettuce expressing the cysteine

proteinase of F. hepatica (CPFhW) in sheep and cattle, inducing

significant protection in cattle (56.2%) and 35.5% fluke reduction

(not significant) in sheep (142).

Most vaccine trials in ruminants have used proteases,

antioxidant enzymes, or fatty acid-binding proteins as antigens

(Tables 2, 3). However, these proteins are quite abundant in Fasciola

spp, and blocking one or several of them by a vaccine probably

does not cause serious problems to the worm since it has other

proteins with similar functions. This might be a reason for the

limited efficacy obtained in the numerous vaccine trials conducted

with these antigens in ruminants.

7 Conclusion and remarks

The slow progress to date in developing a protective vaccine to

be used in the control of fasciolosis in livestock suggests that new

approaches should be investigated, such as the use of new antigens,

evaluation of immunity induced by recombinant proteins, use of

different adjuvants, formulations, and delivery systems. Despite

important advances in the knowledge of host-parasite interactions

in fasciolosis, a more rational vaccine candidate design requires a

deeper knowledge of the mechanisms and molecules involved in

host-parasite cross-talk in relevant target host species (sheep, cattle,

goats, buffalo). The progress of the -omics technologies and the

immunoinformatic/immunoproteomic approaches should provide

useful data in the next few years. An example is the new proteomic

technologies applied to NEJs after crossing the gut (158) or during

the early stages of hepatic migration, which may be useful to select

new vaccine candidates directed against NEJs, a stage of the parasite

that it is more exposed to the host immune system than adult ones

located within the bile ducts.
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Porcine reproductive and respiratory syndrome (PRRS) is one of the most 
economically important infectious diseases for the pig industry worldwide. The 
disease was firstly reported in 1987 and became endemic in many countries. 
Since then, outbreaks caused by strains of high virulence have been reported 
several times in Asia, America and Europe. Interstitial pneumonia, microscopically 
characterised by thickened alveolar septa, is the hallmark lesion of PRRS. 
However, suppurative bronchopneumonia and proliferative and necrotising 
pneumonia are also observed, particularly when a virulent strain is involved. 
This raises the question of whether the infection by certain strains results in an 
overstimulation of the proinflammatory response and whether there is some 
degree of correlation between the strain involved and a particular pattern of 
lung injury. Thus, it is of interest to know how the inflammatory response is 
modulated in these cases due to the interplay between virus and host factors. 
This review provides an overview of the macroscopic, microscopic, and 
molecular pathology of PRRSV-1 strains in the lung, emphasising the differences 
between strains of different virulence.

KEYWORDS

PRRSV-1, pathology, lung, interstitial pneumonia, bronchopneumonia, inflammation, 
virulence

1 Introduction

More than 30 years after its first description (1, 2), porcine reproductive and respiratory 
syndrome (PRRS) continues to be one of the greatest threats to the swine industry worldwide 
(3–6). It has been recently estimated that the economic losses attributable to PRRS in Europe 
are € 74,181 per farm per year, corresponding to an average of € 255 per sow per year (5). For 
the American swine industry, the disease costs about $ 664 million annually according to the 
study performed by Holtkamp et al. (6). Despite many attempts of the scientific community 
to develop an effective vaccine in the past decades, current available vaccines are not fully 
protective and only induce partial protection against heterologous strains (7).

The aetiological agent of this disease are PRRS viruses (PRRSV-1 and PRRSV-2), positive-
single stranded RNA viruses classified within the genus Betaarterivirus (8, 9). The first 
European and American strains isolated at the beginning of the 90s, Lelystad (LV) strain and 
VR-2332 strain, respectively (2, 10), which displayed only about 60% of nucleotide similarity, 
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led to the consideration of two different genotypes of the virus, named 
as European or genotype-1 (also known as PRRSV-1) and American 
or genotype-2 (also known as PRRSV-2) (11). Recently, the 
International Committee on Taxonomy of Viruses reclassified them 
as two different viral species, Betaarterivirus suid-1 (PRRSV-1) and 
Betaarterivirus suid-2 (PRRSV-2) (9). Four PRRSV-1 subtypes have 
been identified so far: the pan-European subtype-1, Eastern European 
subtypes-2 and 3, and subtype-4 with strains from Latvia and Belarus 
(12–15). PRRSV-2 is mostly prevalent in America and Asia with at 
least nine well-defined lineages (16). Following the isolation of Lena 
and SU1-bel strains, enhanced virulence of PRRSV-1 strains was 
rapidly associated to those included within subtype-3 (17, 18). 
However, other strains belonging to subtype-1, such as PR40, 
AUT15-33 and Rosalía, or subtype-2, such as BOR59 strain, showed 
also high virulence (19–23).

Clinical manifestations depend mostly on the virulence of the 
PRRSV-1 strain, although other factors, such as management practices, 
the immunological herd status, genetics of the pigs or co-infections are 
of importance. The main characteristics and differences in clinical 
signs, lesions, tropism, and immunological parameters between classic 
(moderately virulent) and highly virulent PRRSV strains have been 
recently reviewed (24). Moderately virulent PRRSV-1 strains are often 
involved in outbreaks of reproductive failure in sows and respiratory 
disease in growing pigs (2, 10). The manifestations of reproductive 
failure may vary from sporadic abortions to abortion storms, mainly 
in the third trimester of gestation, together with premature parturition, 
delivery of stillborn piglets, mummified piglets or weak-born piglets 
(2, 10, 18). In piglets of all ages, the virus targets the alveolar 
macrophages, producing some degree of interstitial pneumonia and 
impacting secondarily on the body weight gain (19, 25, 26). 
Experimental infections have shown that moderately virulent PRRSV-
1-infected animals usually show lethargy, mild fever and mild to 
moderate respiratory signs, such as slight dyspnoea, but they usually 
fully recover after a few days (17–19, 21, 26, 27).

When a virulent PRRSV-1 strain is causing the infection, the 
clinical pattern changes substantially. High mortality (>20%), 
prolonged high fever (≥41°C) and severe respiratory disease are 
common findings of all infections with virulent PRRSV-1 strains (17, 
19–21, 24, 25, 27–30). Cyanosis on the ears and tail, conjunctival 
hyperaemia, and diarrhoea are also clinical manifestations observed 
in pigs infected with virulent PRRSV-1 strains (19–21, 30). Moreover, 
clinical manifestations of virulent PRRSV-1 strains appear early after 
infection, even after 1 day, with a rapid disease onset (18, 19, 21, 27).

The emergence of these virulent PRRSV-1 strains during the last 
two decades in Europe, such as Lena and SU1-bel strains in Belarus 
(18), PR40 strain in Italy (19) or Rosalía in Spain (22, 23), has gained 
special concerns within the pig industry and the research community, 
due to the high morbidity and mortality rates as well as the severity of 
the lesions, mainly in the lung (18, 19). Additionally, particular 
attention has been given to the potential mutation rate and 
recombination among endemic and emerging strains which may lead 
to a scenario with the appearance of potentially devastating outbreaks, 
such as the one caused by Rosalía strain in Spain in 2020, which 
resulted from the recombination of different PRRSV-1 isolates 
(22, 23).

PRRSV possesses a restricted cell tropism for CD163+ cells (31, 
32). CD163 is mainly expressed on cells of the monocyte/macrophage 
lineage, especially the pulmonary alveolar macrophage (PAM), 

making the lung its main target organ (33). This review discusses in 
depth the pathology of PRRS in the lung, emphasising the different 
patterns of lung injury observed among PRRSV-1 strains and the 
possible interaction between the virus and host factors.

2 PRRSV-1 lung lesions

2.1 Macroscopic lung lesions after PRRSV-1 
infection

2.1.1 Interstitial pneumonia as PRRSV-induced 
gross lung lesion

Moderately virulent PRRSV-1-infected grower pigs usually show 
mild lesions in the lung which frequently go unnoticed, but in the 
worst-case scenario, pigs develop mild to moderate interstitial 
pneumonia (2, 10, 29).

The key macroscopic finding in moderately virulent PRRSV-1-
infected animals is interstitial pneumonia that macroscopically is 
characterised by a mottled tan to red and rubbery pulmonary 
parenchyma which fails to collapse after opening the thoracic cavity, 
mainly visible at the caudal lobe, (Figure 1A, arrowheads), which can 
be particularly severe in cases of virulent strains, such as Rosalía strain 
(Figure 1B, arrowheads) (2, 10, 17, 19, 25–28, 34, 35). The macroscopic 
scoring system developed by Halbur et al. (36) has been frequently 
used to evaluate the severity and distribution of pulmonary lesions in 
PRRS, which considers each lung lobe at the dorsal and ventral view 
within the entire lung parenchyma (17, 25–28, 34, 37). According to 
the study performed by Morgan et al. (17) in pigs infected with the 
prototypical PRRSV-1 strain LV, interstitial pneumonia is visible from 
day 7 post-infection (pi) onwards; however, no gross lesions are 
usually detected at 1 month pi in these infected animals (17, 28, 34, 
38). Gradual increase of lung consistency on cranial and middle lobes 
with the progression of the disease over time has been reported, 
indicating foci of consolidation due to secondary bacterial infections 
(27, 37). Macroscopically, consolidated areas were swollen, firm and 
reddish, and clearly demarcated from the rest of the lung. At 
sectioning, mucopurulent exudate could be  observed on airways 
sometimes, all of it indicative of suppurative bronchopneumonia (39).

2.1.2 Suppurative bronchopneumonia as 
accompanying lesion to interstitial pneumonia in 
virulent PRRSV-1-infected animals

In general, field PRRSV infections are frequently accompanied by 
secondary bacterial complications, conveying to suppurative 
bronchopneumonia. However, when a virulent PRRSV-1 strain infects 
the pig under experimental conditions, gross lung lesions are more 
marked, showing severe diffuse interstitial pneumonia which, different 
to moderately virulent PRRSV-1 strains, is more commonly 
accompanied by foci of consolidation from very early stages of 
infection, resulting from suppurative bronchopneumonia in 
cranioventral areas (Figure 1C, arrows and inset) (18–20, 25, 27, 28, 
30, 34, 37). According to different experimental studies, in infections 
caused by virulent strains, suppurative bronchopneumonia is already 
present at very early time points (3 days pi, dpi) and usually culminates 
between the first and the second-week pi (wpi), exhibiting higher 
gross pathology scores than the lungs from moderately virulent 
PRRSV-1-infected animals according to the scoring system developed 

104

https://doi.org/10.3389/fvets.2024.1330990
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ruedas-Torres et al. 10.3389/fvets.2024.1330990

Frontiers in Veterinary Science 03 frontiersin.org

by Halbur et al. (17, 27, 34, 38). For example, in the study performed 
by Morgan et al. (17), lungs from animals infected with the virulent 
SU1-bel strain showed more than 20 score points of difference than 
those infected with LV strain at 7 dpi, due to secondary 
bronchopneumonia (17). Interestingly, gross lesions were not visible 
in the lungs of SU1-bel-infected piglets at 1-month pi (17) and were 
not observed either in the lung of Lena-infected piglets (38). On the 
contrary, Frydas et al. (37) showed a similar gross lesion percentage 
between the low-virulent PRRSV-1 07V063 strain and the 13V091 
strain, considered as a virulent PRRSV-1 strain (subtype-1) (37). The 
discrepancies among these and other studies could be associated to 
the differences between each experimental set-up, including the dose 
and route of infection, the inoculum passage and volume, the age of 
the pigs and their genetic background. Lung weight relative to body 
weight is a potential indicator of lung inflammation and was used by 
Weesendorp et al. (40) to evidence differences between lungs from 
Lena- and LV-infected animals. Lungs from Lena-infected pigs 
showed higher relative lung weight in comparison with those from 
LV-infected pigs and uninfected control animals at 1 wpi (40). This 
relative lung weight decreased drastically at 46 dpi in the Lena-
infected group (40), which could indicate a partial resolution of the 
induced pulmonary lesion.

Although bronchopneumonia is associated with the presence of 
pathogenic bacteria, their isolation has not been always demonstrated 
when present in PRRSV-infected animals. Severe lung consolidation 
was reported in animals infected with 07 V063 and 13 V091 strains, 
however, no specific bacterial pathogens were isolated (37). On the 
other hand, the participation of Staphylococcus hyicus was 
demonstrated by conventional bacterial culture in an outbreak that 
took place in Austria in 2015, caused by the virulent strain AUT15-33, 
in animals that showed suppurative bronchopneumonia as well as 
porcine circovirus type 2 (PCV2) coinfection (20). Other macroscopic 
lung lesions have been described in the lung of virulent PRRSV-1-
infected animals. For instance, Karniychuk et  al. (18) reported 
fibrinous pleuropneumonia in 7 out of 10 pigs infected with the 

virulent PRRSV-1 Lena strain. Arcanobacterium pyogenes (currently 
Trueperella pyogenes) and Streptococcus suis were isolated in 2 of these 
animals, whereas no viruses, including PCV2 or swine influenza virus 
(SIV) were detected (18). Pleurisy was also observed in 2 out of 8 
Lena-infected piglets in the study published by Renson et al. (29). 
Gross lesions secondary to interstitial pneumonia and 
bronchopneumonia such as multifocal to coalescing areas of 
atelectasis, congestion, and interstitial and alveolar oedema have also 
been described in other virulent PRRSV-1 infections (19). The 
disturbance of the physical barriers and immune response by several 
viruses, such as PRRSV, PCV2 or SIV, and Mycoplasma 
hyopneumoniae, among others, which are primary agents of the 
porcine respiratory disease complex (PRDC), is plausible to play a role 
in the coinfection with secondary endemic bacteria (Pasteurella 
multocida, Bordetella bronchiseptica, Gläesserella parasuis, etc.) (41, 
42) or the proliferation of lung commensal microorganisms. Thus, 
further studies should address a proper characterisation of the 
pathogenic bacteria involved in the pathogenesis of the 
bronchopneumonia that is frequently observed concomitantly in 
virulent PRRSV-1 infections under experimental and field conditions.

2.2 Microscopic lesions induced by 
PRRSV-1 strains

2.2.1 Histopathological features of 
PRRSV-induced interstitial pneumonia

Microscopically, interstitial pneumonia has been reported as the 
distinctive lesion during PRRS, characterised by multifocal 
hypertrophy and hyperplasia of type II pneumocytes and alveolar 
septa thickening with infiltration of mononuclear cells, mainly 
lymphocytes and macrophages (36, 39, 43). Macrophage alveolar 
exudation is usually present and hyperplastic pneumocytes may form 
a continuous layer of cuboidal epithelium lining the alveolus (39, 44). 
Typically, the bronchiolar epithelium from PRRSV-infected animals 

FIGURE 1

Gross pictures of lungs from pigs experimentally infected with PRRSV-1 strains of different virulence and euthanised at 8–10 dpi. (A) Lung of a pig 
infected with 3249 strain showing tan mottling areas (arrowheads), and not collapsing after removal from thoracic cavity. (B) Lung from a pig infected 
with the highly virulent Rosalía strain displaying a marked reddish mottle pattern and diffuse firmness, especially in the dorsal aspect of the lung 
(arrowheads). Inset shows higher magnification and section of one of the affected lobes. Arrowheads show interstitial oedema. (C) Lung from a Lena-
infected pig exhibiting tan areas and rubbery texture but also patchy ventral areas of consolidation of the cranial and middle lung lobes (arrows). Inset 
shows higher magnification and section of the consolidation area of one of the affected lobes.
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is not affected, a finding that could point into the direction of other 
viral infections, such as SIV (39). Interstitial pneumonia induced by 
PCV2 shows a granulomatous pattern with syncytial cells, 
lymphocytes and polymorphonuclear cells infiltrating the alveolar 
septa (39, 44). Nonetheless, these findings are not always evident and 
a clear distinction between PCV2 and PRRSV infection may be hard 
to find. In PRRSV-1 uncomplicated cases, a mild to moderate 
multifocal to extensive interstitial pneumonia is usually observed 
(Figure 2A), which increases in severity alongside the virulence of the 
strain, and occasionally finding syncytia in those cases too (Figure 2B, 
inset) (17, 19, 21, 27, 38). Halbur et al. (36) described a scoring system 
to evaluate interstitial pneumonia which is widely used in porcine 
pathology studies and for both PRRSV species (27, 28, 34). Briefly, no 
microscopic lesion is scored as 0, mild interstitial pneumonia is scored 
as 1 (Figure 3A), moderate multifocal interstitial pneumonia is scored 

as 2 (Figure 3B), moderate diffuse interstitial pneumonia is scored as 
3 (Figure  3C), and severe interstitial pneumonia is scored as 4 
(Figure 3D) (36). A separate evaluation of each lung lobe, cranial, 
middle, and caudal is highly recommended to evaluate the distribution 
of the lesions as well as to avoid misinterpretation of lung lobes 
affected by bronchopneumonia. According to this scoring system, 
lungs from animals infected with virulent PRRSV-1 strains such as 
SU1-bel or Lena strains, displayed the most severe lesions in 
comparison with the low-virulent strains used in different 
experimental trials after 1 wpi (27, 28, 34).

2.2.2 Histopathological features of suppurative 
bronchopneumonia in virulent PRRSV-1 strains

Although, interstitial pneumonia is the hallmark of PRRSV 
infection, the presence and proliferation of specific commensal 

FIGURE 2

Microscopic pictures of the lung of representative pigs experimentally infected with PRRSV-1 strains of different virulence and euthanised at 8–10 dpi. 
(A) Mild thickening of the alveolar septa because of minimal infiltration of macrophages and lymphocytes in the lung tissue of a piglet infected with 
3249 strain. (B) Moderate to severe thickening of the alveolar septa due to marked infiltration of mononuclear cells with the presence of a syncytia 
(inset) in the lung of a Lena-infected pig. (C) Lung tissue of a Lena-infected pig showing, together with thickening of the alveolar septa, degenerated 
neutrophils within the lumen of bronchioles (arrowhead) and alveoli as well as cellular debris and aggregates of free chromatin (see for details “G”). 
(D) Moderate thickening of alveolar septa with characteristic perivascular lymphocytic and histiocytic infiltrate together with areas of moderate 
atelectasis in the lung of SU1-bel-infected pig. (E) Similar lesions as reported in “D” with marked infiltration of macrophages in the alveolar septa and 
atelectasis in the lung of a pig infected with Rosalía strain. See “F” for detail of the periarteriolar infiltrate.
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pathogens from the lung microbiome together with secondary 
bacterial infections cause suppurative bronchopneumonia, frequently 
found in virulent PRRSV-infected animals (Figure 2C) (20, 25, 27). 
Suppurative bronchopneumonia is characterised by abundant 
granulocytes, macrophages, and cellular debris within the lumen of 
bronchi, bronchioles, and alveoli (39). This made it necessary to 
create a scoring system to evaluate this lesion, if present (27). The 
score system estimates the severity and distribution of the suppurative 
bronchopneumonia as follows: 0, no microscopic lesions; 1, mild 
bronchopneumonia (Figure  4A); 2, moderate multifocal 
bronchopneumonia (Figure  4B); 3, moderate diffuse 
bronchopneumonia (Figure 4C); and 4, severe bronchopneumonia 
(Figure  4D). With this scoring system, lung sections from pigs 
infected with the virulent PRRSV-1 Lena strain showed a score of 1 
or 2 at 6 dpi, whereas animals infected with the moderately virulent 
3249 strain, reached these scores 1 week later (13 dpi) (27). This 
suppurative bronchopneumonia is usually accompanied by secondary 
atelectasis, oedema of the interlobular septa and dilation of lymphatic 
vessels (20, 27). The presence of fibrinous material in the pleura has 
been also described as a finding related to infection of the animals 
with the virulent PRRSV-1 Lena strain (Figure 5A) (18, 27).

Multifocal pyknosis and presence of cellular debris in the septal 
interstitium and within alveoli have been described in piglets infected 
with some virulent PRRSV-1 strains (25, 27, 28) in association with 
regulated cell death (28). The presence of clumps of free chromatin 
(Figures 2C,G) demonstrated using Feulgen staining (Feulgen+) was 
frequently observed in Lena- and Rosalía-infected animals with the 

highest bronchopneumonia scores (27) (Figure 6A). Moreover, this 
amorphous material was identified as TUNEL−, a technique to detect 
DNA fragmentation (Figure 6B) and cleaved-caspase-3− (executioner 
caspase, main marker of apoptosis) (Figure 6C), suggesting that these 
clumps may be associated with neutrophil extracellular traps (NETs) 
triggered within foci of suppurative bronchopneumonia (45). NETs 
formation in the context of virulent PRRSV strains might play a role 
either preventing microorganisms spread or favouring bacterial 
growth (45).

2.2.3 Kinetics of microscopic changes in the lung 
of PRRSV-1 infected animals

Whereas in animals experimentally infected with moderately 
virulent PRRSV strains lesions are noticeable around the first wpi (27, 
28, 34), in those infected with virulent PRRSV-1 strains microscopical 
lesions develop from 3 dpi onwards, reaching the maximum scores 
between the first and second wpi (27, 28, 34, 38). At 1-month after 
infection, interstitial pneumonia is only occasionally present and is of 
mild intensity (28, 34, 38). Balka et al. (25) observed a significant 
decrease in the presence of intra-alveolar cellular debris and in the 
number of intra-alveolar neutrophils throughout the course of the 
infection (from 10 to 21 dpi) with the virulent German 205817 strain 
together with an extensive type II pneumocyte proliferation, which 
was associated with the resolution of the lesion (25). In this sense, type 
II pneumocytes have been poorly characterised along PRRSV 
infection and might represent a target cell to understand the 
progression of the pathogenesis of this disease.

FIGURE 3

Microscopic pictures of representative score of interstitial pneumonia in PRRSV-1 infected pigs. (A) Score 1, mild interstitial pneumonia. Mild thickening 
of the alveolar septa because of minimal infiltration of macrophages and lymphocytes in the lung tissue of a piglet infected with 3249 strain. (B) Score 
2, moderate interstitial pneumonia. Thickening of the alveolar walls due to moderate infiltration of macrophages and lymphocytes in the lung tissue of 
a piglet infected with the virulent Lena strain. (C) Score 3, moderate diffuse interstitial pneumonia. Infiltration of macrophages and scattered 
lymphocytes in the lung tissue of a piglet infected with the virulent Lena strain. (D) Score 4, severe diffuse interstitial pneumonia in the lung tissue of a 
piglet infected with the virulent Lena strain.
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2.2.4 Other microscopic lung lesional patterns 
associated with PRRSV-1 infection

Depending on the intensity of the pathological process, additional 
prominent lesions may be  observed, such as proliferative and 
necrotising pneumonia (PNP), extensive areas of haemorrhage, and 
varying degrees of vasculitis, characterised by a prominent 
perivascular mononuclear infiltrate (19, 34, 46, 47). PNP is a severe 
form of interstitial pneumonia, characterised by two main histological 
features: (i) lymphohistiocytic interstitial inflammation with 
hypertrophy and proliferation of type II pneumocytes and (ii) 
presence of clumps of necrotic inflammatory cells within the alveolar 
spaces (44, 46, 48, 49). In a recent experimental study, several piglets 
infected with Rosalía strain developed PNP lesions as soon as 10 dpi 
(Figures  5B,C) (50). However, besides PRRSV, other aetiological 
agents such as PCV2 or SIV are usually involved in this lesional 
pattern (44, 46, 48, 49).

Additionally, other lesional patterns have been described in 
experimental studies performed with virulent PRRSV-1 strains. For 
example, Stadejek et al. (21) described a “honeycomb” pattern mostly 
in animals infected with the virulent PRRSV-1 strain BOR59, isolated 
in Belarus in 2009. This lesion, observed in animals euthanised at 17- 
and 22-dpi consisted of areas of fibroblast proliferation and fibrosis of 
the lung parenchyma, which gave the lung an appearance of loss of its 
structure (21). Additionally, in these infected animals, a high number 
of eosinophils, which were sometimes degranulated, was mainly 
observed in areas of severe lung fibrosis and around blood vessels (21). 

Associated with these lesions, hyperplasia of lymphoid follicles was 
also described, being especially noticeable in those animals infected 
with the virulent PRRSV-1 BOR59 strain in comparison with the 
moderately virulent strains evaluated: 18794 and ILI6 (21). Similarly, 
Weesendorp et  al. (38), described a higher peribronchiolar cell 
infiltrate score, mainly formed by macrophage and monocytes at 7 dpi 
in lungs from animals infected with virulent PRRSV-1 Lena strain 
compared to the two other moderately virulent strains used in their 
study. However, this lesion was not so patent in the study performed 
with the same strain by Rodríguez-Gómez et al. (27), which could 
be due to the differences on the experimental design between both 
studies, such as the infectious dose or the age of the animals. A 
perivascular pattern of inflammatory cells, mainly lymphohistiocytic, 
was observed in lungs of animals infected with other virulent 
PRRSV-1 strains such as Lena, SU1-bel and Rosalía (Figures 2D–F) 
from 3 dpi onwards, being specially marked and obvious in lungs from 
Rosalía-infected pigs. However, this finding has been also observed 
from 8 dpi onwards in moderately virulent strains, like 3249 strain (25, 
34, 45, 50). Interestingly, and different to what has been previously 
described for virulent strains, tertiary lymphoid organs were 
frequently observed in the lungs of Rosalía-infected piglets at 35 dpi 
(Figure 5D) (50). These structures have been related to robust immune 
responses to local inflammation at sites of tissue injury (51), indicating 
an ongoing pulmonary process, far from what has been described for 
other virulent PRRSV-1 strains in which after 1 month pi, the 
resolution of the pneumonia was taking place (25, 40).

FIGURE 4

Microscopic pictures of representative score of suppurative bronchopneumonia in PRRSV-1 infected pigs. (A) Score 1, mild bronchopneumonia in the 
lung from 3249 infected animal. Granulocytes and macrophages are present in the alveolar septa. (B) Score 2, moderate multifocal 
bronchopneumonia in the lung from an animal infected with the virulent Lena strain. A high number of granulocytes (arrowheads) and macrophages, 
together with cell debris infiltrate the alveolar walls. (C) Score 3, moderate diffuse bronchopneumonia in the lung from an animal infected with Lena 
strain. Granulocytes (arrowheads), macrophages, and cellular debris within the lumen of bronchi, bronchioles (arrow), and alveoli. Inset show 
infiltration of macrophages and scattered lymphocytes and granulocytes. (D) Score 4, severe bronchopneumonia in the lung from an animal infected 
with Lena strain. Arrowheads and inset show infiltration of granulocytes within bronchioli and alveoli, respectively.
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3 Pathogenic mechanisms of 
pulmonary lesion in PRRS

3.1 Role of macrophages

The lung mononuclear phagocytic system comprises PAMs, 
interstitial lung macrophages, and, in several species including pigs, 

pulmonary intravascular macrophages (PIMs) (52). Whereas the 
primary function of PAMs is to establish a first line of phagocytic 
defence against microbial infections, septal macrophages 
(interstitial macrophages and PIMs) are more specialised in the 
release of proinflammatory cytokines that contribute to regulate 
pulmonary homeostasis (26, 53–55). PAMs are the primary target 
cells of PRRSV, although PIMs and interstitial macrophages are also 

FIGURE 5

Microscopic pictures of the lung of representative pigs experimentally infected with the virulent Lena strain euthanised at 8 dpi (A) and with the highly 
virulent Rosalía strain and euthanised at 10 (B,C) and 35 dpi (D). (A) Thickening of the pleura due to the presence of fibrin (fibrinous pleuritis). 
(B) Alveolar septa are thickened by macrophages and lymphocytes which also predominantly infiltrate the interlobular septa (arrowheads). (C) The lung 
is moderately atelectatic, with type II pneumocytes hyperplasia and alveoli filling in by necrotic cellular debris (arrowheads), including basophilic 
clumps of chromatin, compatible with proliferative and necrotising areas of pneumonia. (D) Subpleural well-demarcated accumulation of lymphocytes 
consistent with a tertiary lymphoid organ.

FIGURE 6

Microscopic pictures of clumps of free chromatin demonstrated using Feulgen staining (A), TUNEL (B) and cleaved-caspase-3 
(C) immunohistochemical staining in the lung tissue from virulent Lena infected animals with severe bronchopneumonia. (A) Feulgen+ staining which 
demonstrates the presence of clumps of free chromatin. (B) TUNEL and (C) cleaved-caspase-3 stainings showing the negativity of the clumps of free 
chromatin.
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susceptible to the infection (26, 33, 56). In this sense, 
immunolabelling of PRRSV-N-protein is mainly observed in PAMs 
and to a lesser extent in PIMs and interstitial macrophages 
(Figure  7A), with clusters of PRRSV-N-protein+ macrophages 
surrounded by apoptotic bodies within areas of bronchopneumonia 
in piglets infected with virulent strains (Figure 7B). PAMs express 
high levels of the CD163 scavenger receptor (56, 57), which plays a 
crucial role in PRRSV internalisation and disassembly by interacting 
with GP2 and GP4 viral proteins (32, 58, 59). Replication of PRRSV 
in PAMs, PIMs and interstitial macrophages leads to an impairment 
in their fundamental functions including: (a) phagocytosis, 
which is influenced by the interaction between the virus and 
CD169 receptor, (b) antigen presentation, and (c) production of 
proinflammatory cytokines (54, 60–64).

Furthermore, during infection, there is also early cell death of 
infected PAMs, as well as necrosis and apoptosis of other macrophages 
and lymphocytes in the lung and lymphoid organs (45, 65–68). These 
changes contribute to induce an imbalance in the pulmonary immune 
homeostasis of PRRSV-1-infected piglets, making them more 
susceptible to a wide range of respiratory pathogens, both viral and 
bacterial (69), leading to increased severity of clinical signs and 
pulmonary lesions in co-infected piglets (61).

In this sense, a significant depletion in the frequency of pulmonary 
CD163+ cells has been reported in PAMs and lung tissue sections of 
piglets infected with virulent strains such as Lena or SU1-bel around 
7–10 dpi (27, 29, 45, 70, 71). CD163+ macrophages play a crucial role 
in tackling bacterial infections due to the sensing function of this 
molecule (72). Therefore, a reduction in the population of pulmonary 
CD163+ cells could potentially compromise lung phagocytic function, 
complicating cell debris clearance (29). This scenario could potentially 
create a favourable environment for co-infection with secondary 
commensal microorganisms, contributing to the development of 
suppurative bronchopneumonia. This phenomenon, resulting from 
the direct cytopathic effect of the virus on its target cells and the 
induction of regulated cell death in both infected and non-infected 
cells, has been extensively observed in the lungs and lymphoid organs 
of piglets infected with virulent PRRSV-1 strains (17, 45, 67).

On the other hand, a replenishment of CD163+ cells in the lung of 
SU1-bel infected pigs at 1 month after infection or at 2 wpi from 

Lena-infected piglets have been observed. This recovery of CD163+ 
PAMs has been reported parallel to an increase of arginase1+ (Arg1) 
macrophages (45), a common feature of M2-macrophages (73), 
suggesting a role in tissue repair, accelerating the resolution of 
inflammation (57, 74), which will be  in accordance to what was 
observed during macroscopic lung examination in other studies 
(25, 40).

Considering in vitro studies using monocyte-derived macrophages 
(MDMs) and supported by the high functional plasticity of pulmonary 
macrophages and their ability to adapt to different microenvironments 
(75, 76), it is plausible to hypothesise that during PRRSV-1 infection, 
pulmonary macrophages undergo distinct activation phases. In the 
initial phase, macrophages undergo classic activation, also known as M1 
polarisation, which is characterised by robust antimicrobial activity 
(77–79). After PRRSV-1 replication and PAMs cell death, there is an 
influx of monocytes and macrophages that replenish lung resident 
macrophages. These recruited cells would undergo a transition to an 
alternative activation phase, referred to as M2 polarisation as a 
consequence of the proinflammatory microenvironment induced by 
virulent PRRSV-1 strains in the lung. Although M2 macrophages are 
more susceptible to PRRSV infection (74, 80), these macrophages also 
exhibit anti-inflammatory properties and play a role in tissue repair and 
inflammation resolution (77–79).

3.2 Mechanisms involved in the regulation 
of lung inflammation

3.2.1 Type I interferon, an interplay among IFN 
antiviral response and PRRSV replication

Type I interferons (IFNs), which include IFN-α, IFN-β, IFN-ε, 
IFN-ω, IFN-k, IFN-δ and IFN-τ, are essential for orchestrating 
effective antiviral innate and adaptive immune responses, restricting 
viral replication and viral spread (81, 82). Although PRRSV is highly 
susceptible to IFN-α both in vitro (62, 83, 84) and in vivo (85), it 
induces a weak or negligible production of type I IFN in PAMs and 
monocyte-derived dendritic cells (MoDCs) in vitro. However, 
systemic IFN-α has been detected following infection with various 
PRRSV isolates (26, 30, 85–89).

FIGURE 7

Microscopic pictures of PRRSV-N-protein immunohistochemical staining in lung tissue from virulent Lena infected animals euthanised at 8 dpi. 
(A) PRRSV-N-protein+ alveolar macrophages in a field of representative interstitial pneumonia. Inset shows higher magnification of PRRSV-N-protein+ 
alveolar macrophages. (B) Clusters of PRRSV-N-protein+ macrophages surrounded by apoptotic bodies.
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This finding suggests that specific cell types are engaged in sensing 
the infection, and the variation in IFN-α production could be attributed 
to strain-specific differences in IFN-α induction (30, 74). Notably, the 
virulent Lena strain, and probably other strains not studied in depth, 
increase in IFN-α mRNA in blood parallel to the viral load (30). A 
screening of IFN-stimulated genes (ISGs), a powerful instrument that 
interferes with viral replication, displayed an upregulation of these genes 
in bronchoalveolar lavage (BAL) cells from both virulent Lena- and 
moderately virulent 3249-infected piglets at 3 and 6 dpi (35). Interferon 
regulatory factors have been also found to be overexpressed in PAMs 
infected in vitro with Lena and LV strains (90). These findings add 
complexity to the immunopathogenesis of PRRSV infections, as IFN-α 
should serve as a trigger signal to the immune system and initiate the 
induction of adaptive immune responses, a process known to 
be inefficient during PRRSV infection in pigs (74, 91).

3.2.2 Mechanisms of the proinflammatory response 
at lung level and its mirroring at systemic level

The acute inflammatory response plays a crucial role in the 
host’s innate immune response. In piglets experimentally infected 

with moderately virulent PRRSV-1 strains, there is a local increase 
in the expression of IL-1α/β, IL-6, and TNF-α, which correlates 
with the development of interstitial pneumonia (Figure 8). Unlike 
other swine viruses, such as African swine fever virus (ASFV), SIV 
or PRCV, which induce a robust systemic inflammatory response, 
the serum levels of proinflammatory cytokines in PRRSV infection 
are limited (26, 53, 92, 93). Furthermore, the levels of these 
cytokines may vary depending on the PRRSV strain (94, 95). A 
recent in vitro model has reported that PRRSV-2 established 
similar infection landscapes in PIMs and PAMs but induced more 
acute and severe inflammatory responses and associated 
endothelial barrier damage in PIMs than PAMs. Additionally, the 
TNF-α and IL-1β induced by PRRSV infection disrupted the 
integrity of the endothelial barrier by dysregulating the tight 
junction proteins ocludin, claudin-1 and claudin-8, which might 
improve the permeability of pulmonary capillaries to further 
enhance the exchange of inflammatory substances and cells, 
ultimately promoting the development of interstitial pneumonia 
(96). These findings might be extrapolated to PRRSV-1 and suggest 
that while the lung tissue exhibits an inflammatory response 

FIGURE 8

Graphic representation of pulmonary lesions induced by PRRSV-1 strains of different virulence (created with BioRender.com). PRRSV-1 classical strains 
(moderately virulent) typically induce a low to moderate interstitial pneumonia. In contrast, virulent PRRSV-1 strains exhibit heightened viral replication, 
leading to a significant reduction in pulmonary alveolar macrophages (PAMs) accompanied by early cell death of infected PAMs. Additionally, these 
strains trigger necrosis and apoptosis in other macrophages and lymphocytes, resulting not only in severe interstitial pneumonia but also, in some 
instances, in bronchitis, bronchiolitis, and bronchopneumonia. These alterations contribute to an imbalance in pulmonary immune homeostasis, 
making the host more susceptible to a wide spectrum of respiratory pathogens. The immunopathogenesis of these lesions is partly attributed to a 
stronger inflammatory response mediated by IL-1α/β when compared to low to moderately virulent strains.
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primarily mediated by PIMs and interstitial macrophages, there is 
a lack of a systemic response. This phenomenon has been 
associated with a PRRSV strategy to evade the host’s immune 
response and promote viral persistence (61, 97).

Nevertheless, virulent PRRSV-1 strains are able to induce a strong 
activation of the immune system eliciting a robust systemic 
inflammatory response (Figure 8). This response is characterised by 
elevated levels of proinflammatory cytokines such as IL-1α/β, IL-6, 
TNF-α, or IFN-γ in the bloodstream, leading to high body temperature 
(ranging from 40.5°C to 42°C) and more severe and acute respiratory 
clinical signs and lesions. Virulent PRRSV-1 strains have demonstrated 
enhanced viral replication, resulting in a significant reduction of PAMs 
and an intensified inflammatory response, leading not only to severe 
interstitial pneumonia but also in some cases to bronchitis, 
bronchiolitis, and bronchopneumonia. The pathogenesis of these 
lesions is partly attributed to the inflammatory response mediated by 
IL-1α/β. It has been reported that virulent strains, such as Lena or 
SU1-bel, induced a higher expression of these proinflammatory 
cytokines compared to moderately virulent strains like LV or Belgium 
A (34, 38). Moreover, it is important to highlight the synergistic effect 
of co-infections between PRRSV-1 and bacteria, which triggers a 
cascade of proinflammatory cytokines that significantly intensify lung 
damage (98). Notably, not only virulent PRRSV-1 can upregulate the 
production of IL-1α/β but also some bacteria, such as Glaesserella 
parasuis or Mycoplasma hyopneumoniae (99, 100). This interaction 
between pathogens leads to more severe respiratory complications and 
exacerbate the overall disease outcome, particularly under field 
(natural) conditions where multiple pathogens may be  present  
simultaneously.

Several mechanisms have been proposed to contribute to the 
increased severity of clinical signs and pulmonary lesions in 
PRRSV-1/bacteria co-infected animals. Firstly, the upregulation of 
CD14, the main receptor of the LBP (lipopolysaccharide-binding 
protein) complex. For instance, PRRSV-1 virulent strains, such as 
Lena, and Rosalía, along with other moderately virulent PRRSV-1 
strains, induce the infiltration of CD14+ monocytes in the lungs, as 
well as PIMs and interstitial macrophages, which infiltrate 
extensive areas of the interstitium (71, 98, 99). While the influx of 
CD14+ immature macrophages and monocytes may represent an 
attempt to replenish the loss of CD163+ macrophages and restore 
the normal lung function, the increase in CD14+ cells also implies 
a higher availability of the LPS (lipopolysaccharide)-LBP complex 
receptor. This increased availability would predispose the lung to 
a higher production of proinflammatory cytokines upon exposure 
to bacterial LPS (98, 100–102).

The influence of the respiratory microbiota on the immune 
response to PRRSV-1 would be another mechanism involved in the 
increased severity of clinical signs and pulmonary lesions. Among the 
secondary bacteria isolated from PRRSV-1-infected pigs are 
low-virulent strains of Actinobacillus pleuropneumoniae, 
Actinobacillus suis, Glaesserella parasuis, Pasteurella multocida, and 
Streptococcus suis. These isolates are commonly associated with 
suppurative bronchopneumonia. The damage caused by PRRSV in 
the lung may create an imbalance in the respiratory microbiota, 
facilitating the growth and proliferation of these secondary bacterial 
infections, and leading to the development of more complex 
pneumonia processes, particularly in the case of virulent strains (69, 
103, 104).

3.2.3 Modulation and balance of the 
inflammatory response at lung level

Anti-inflammatory cytokines play an important role in immune 
homeostasis. Indeed, after a cascade of proinflammatory reactions and 
apoptosis in the lung, the host should be able to trigger the release of 
anti-inflammatory and/or regulatory mediators to limit the extent of the 
lung injury. During the acute phase of PRRSV-1 infection, an increase 
in CD200R1+ intravascular and interstitial macrophages and FoxP3+ 
cells have been associated with the severity of lung lesion, particularly 
within or surrounding foci of bronchopneumonia in piglets infected 
with the virulent Lena or 3249 PRRSV-1 strains (71). CD200R1 is 
known for its role in reducing the expression of proinflammatory 
cytokines in various inflammatory diseases (105). On the other side, 
FoxP3 is a marker of regulatory T cells (Tregs), which may act as 
inhibitor of the cell-mediated immune response in pigs upon PRRSV 
infection (106–109). Therefore, the upregulation of CD200R1+ and 
FoxP3+ cells represent potential mechanisms involved in the constraint 
and recovery of lung injury during acute PRRSV-1 infection together 
with the migration and replenishment of M2 macrophages to the lung.

Furthermore, recently, it has been published that PRRSV-1 may 
induce an imbalance between costimulatory and coinhibitory immune 
checkpoints at lung level during the acute phase of infection (110). 
Thus, it was reported that a modest increase in costimulatory 
molecules was accompanied by an earlier and more robust 
upregulation of coinhibitory molecules, particularly in the lungs of 
those infected with the virulent Lena strain (110). The concurrent 
expression of these coinhibitory immune checkpoints, as evidenced 
by the strong correlations observed among them, implies a synergistic 
action of these molecules, likely aimed at modulating the heightened 
inflammatory response and mitigating associated lung tissue damage.

The production of IL-10 would be another described mechanism 
involved in the resolution of inflammation during PRRSV infection. 
IL-10, a potent anti-inflammatory cytokine, can be induced by certain 
strains of PRRSV, including the more virulent ones. IL-10 not only 
controls tissue damage caused by the inflammatory response but also Th1 
immune response. IL-10 induction can counteract the effects of IFN-γ 
and potentially stimulate the proliferation of Tregs. Some studies indicate 
that PRRSV infection leads to an increase in IL-10 levels, while others 
have not reported changes in the expression of this cytokine (107, 111–
113). The lack of consensus among studies can be attributed to the fact 
that not all PRRSV strains induce IL-10 release (94, 95, 109, 112, 113).

4 Conclusion

This review delves into the macroscopic, microscopic, and 
molecular pathology induced by PRRSV-1 strains of different 
virulence in the lung, relating the different lesion and the molecular 
patterns. Although the hallmark lesion of interstitial pneumonia is 
always present in PRRSV infections, its temporal development, 
severity, and the possible occurrence of PNP and concurrent 
bronchopneumonia, are influenced by the virulence of the strain and 
the host-virus interactions. In addition, the way in which the survival 
and functionality of macrophage population is affected by the 
infection, and the mechanisms of activation and control of the 
inflammation occur, play a critical role in the manifestation of the 
disease. Differences in experimental settings and the emergence of 
new virulent strains make it difficult to draw a definitive picture of the 
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immunopathogenesis of this disease, calling for the development of 
comparative experiments with the inclusion of reference strains.
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Glossary

PRRS Porcine reproductive and respiratory syndrome

PRRSV Porcine reproductive and respiratory syndrome virus

LV Lelystad strain

PAM Pulmonary alveolar macrophage

pi Post-infection

dpi Days post-infection

wpi Weeks post-infection

PIM Pulmonary intravascular macrophage

PCV2 Porcine circovirus type 2

SIV Swine influenza virus

PRDC Porcine respiratory disease complex

NETs Neutrophil extracellular traps

PNP Proliferative and necrotising pneumonia

PIM Pulmonary intravascular macrophages

PRCV Porcine respiratory coronavirus

MDMs Monocyte-derived macrophages

IFNs Type I interferons

MoDCs Monocyte-derived dendritic cells

pDCs Plasmacytoid dendritic cells

ISGs IFN-stimulated genes

BAL bronchoalveolar lavage

ASFV African swine fever virus

LBP Lipopolysaccharide-binding protein

LPS Lipopolysaccharide

Tregs Regulatory T cells
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The intensification of production processes, resulting from the rise in pork 
production, contributes to environmental changes and increased interaction 
between humans, animals, and wildlife. This favorable scenario promotes the 
spread of potent viral species, such as PCV3, increasing the potential for the 
emergence of new pathogenic agents and variants. These changes in the 
epidemiology and manifestation of PCV3 highlight the need for  enhanced 
understanding and control. The current literature presents challenges in 
the classification of PCV3, with different groups proposing diverse criteria. 
Establishing common terminology is crucial to facilitate comparisons between 
studies. While consensus among experts is valuable, new approaches must be 
transparent and comparable to existing literature, ensuring reproducible results 
and proper interpretation, and positively impacting public health. This study 
aims to review the literature on PCV3 infection, exploring its key aspects and 
highlighting unanswered questions.

KEYWORDS

emerging, porcine circovirus, swine, PCR, hosts

Introduction

Brazil, the fourth-largest global pork producer, has witnessed a remarkable increase 
in production over the past four decades, rising from 1.15 million tons in 1980 to 4.95 
million tons in 2022 (1). Projections indicate a further increase to 5.1 million tons by 
2023, according to the Brazilian Swine Breeders Association (ABCS) and the Brazilian 
Animal Protein Association (ABPA) (2, 3). This expanding context is crucial for 
comprehending the emergence of Porcine Circovirus 3 (PCV3) as a new challenge.

The increase in pork production has a direct impact on the intensification of 
production processes. Coupled with the rise in the human population, urbanization, 
environmental alterations, and interaction with wildlife, this trend creates a favorable 
environment for the spread and perpetuation of potent viral species. Consequently, this 
scenario increases the potential of new pathogen emergence and/or variants, leading to 
shifts in epidemiology and disease manifestation (4–6).

Since 1980, various significant viruses were reported in pigs’ productions systems 
across multiple countries, including certain species of porcine circovirus (PCV). PCVs 
belong to the Circovirus genus of the Circoviridae family and currently encompass four 
species: Porcine circovirus 1 (PCV1), Porcine circovirus 2 (PCV2), Porcine circovirus 3 
(PCV3), and Porcine circovirus 4 (PCV4). Among these, PCV2 is the primary emerging 
virus documented so far (7–9).
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Porcine circovirus 3 (PCV3), the focus of this study, was first 
identified in 2015 in sows and mummified fetuses from a pig farm in 
North Carolina. Since then, PCV3 has been reported in various 
countries (10–16). It is one of the most extensively studied PCVs, 
second only to PCV2, as evidenced by the high number (n = 624) of 
publications on PUBMED1 using the term “Porcine circovirus 3” since 
2016. PCV3 presents significant challenges in its classification due to 
the notable genetic variability and the diverse proposals for taxonomic 
criteria in the literature. Therefore, it is imperative to conduct in-depth 
research to establish common terminology and solid classification 
criteria, ensuring reproducible results and promoting essential 
advances in the understanding and management of viral diseases, with 
substantial impacts on animal health and potential public health 
ramifications (17).

Characterization and viral diversity

PCV3, which is a member of the Circovirus genus within the 
Circoviridae family, has an icosahedral morphology with 
approximately 17 nm in diameter and is non-enveloped. Its genome is 
composed of a circular single-stranded DNA. Over time, PCV3 
detection in swine herds has been increasing worldwide since its 
initial discovery. In addition, although the PCV3’s mutation rate is 
lower than that of PCV2, several studies have identified the 
classification of PCV3 into two separate subtypes (PCV3a and PCV3b) 
or three genotypes (PCV3a, PCV3b, and PCV3c). The PCV3 genome 
consists of single circular DNA strand consisting of 2000 nucleotides 
(nt), with two primary genes oriented in opposite directions 
(ambisense expression). The genome is comprised of 50% GC and 
features three main Open Reading Frames (ORF) (10, 11, 18).

Like the others PCVs, the genomic arrangement of PCV3 includes 
two main genes, ORF1 and ORF2, which are positioned in opposite 
directions. ORF2 codes for the viral capsid proteins, known as the cap 
gene, while ORF1 codes for the replicase, or rep gene. Additionally, 
there is a hairpin structure (stem-loop) in the 5’ 235 nt intergenic 
region between ORF1 and ORF2 that contains a conserved sequence 
(TAGTATTAC). This conserved sequence serves as the origin of 
replication (ori) during the rolling circle replication process. A 
schematic representation of the PCVs genome is presented in 
(Figure 1) (10, 11, 21, 22).

The ORF1 gene is located on the positive strand (sense) of the 
circovirus genome and is known to be the most conserved region. In 
PCV3, ORF1 also encodes a single replicase protein consisting of 
296-297 amino acids (aa). Additionally, the gene features three Rolling 
Circle Replication (RCR) motifs (FTINN, HLQG, and YCKK) and an 
initiation codon (GTC) located at the 5’ end of the rep gene (9, 11). 
Analysis of circovirus RCR motifs has revealed that PCV3, goose 
circovirus (GoCV), and pigeon circovirus (PiCV) share a degree of 
similarity. However, there is one mutation that has been identified in 
the FTLNN motif, which is present as FTINN in PCV3 (11). Although 
three other motifs (WWDGY, DDFGWVP, and DRYP) have been 
identified in PCV3, their functions remain unknown (11). Similarly, 
as in PCV4, the ORF1 in PCV3 encodes a replicase protein with 296 

1 https://pubmed.ncbi.nlm.nih.gov/

amino acids (23). ORF1 codes for the Rep and Rep’ proteins in PCV1 
and PCV2. In PCV1, the Rep and Rep’ proteins consist of 312 and 168 
amino acids, respectively. In PCV2, the Rep protein consists of 314 
amino acids, while the Rep’ protein consists of 297 amino acids (24). 
Therefore, the comparison between the ORF1 of PCV3 and PCV4 
reveals crucial nuances in viral research. While PCV3 features a 
replicase of 296-297 amino acids with three RCR motifs, PCV4 shares 
a configuration of 296 amino acids, resembling PCV3 (25). However, 
thorough investigation of RCR motifs in PCV4 is currently underway. 
This analysis is pivotal in unraveling the evolutionary and functional 
adaptations of these circoviruses, providing valuable insights for swine 
disease control strategies. Therefore, future research utilizing advanced 
techniques is essential to elucidate the complexities of ORF1 in PCV4 
and its implications for swine health.

Located on the negative strand (antisense) of the viral DNA, 
ORF2 encodes only one structural protein known as Cap, which is 
considered the most variable and immunogenic. The Cap protein 
comprises 230-233 amino acids in PCV1, 233-236 amino acids in 
PCV2, 214 amino acids in PCV3, and 228 amino acids in PCV4. 
Phylogenetic analyses have shown that PCV1 and PCV2 have a 67% 
similarity in the Cap protein, whereas the similarity reduces to 24% 
between PCV1 and PCV3, and of 26 to 37% between PCV2 and PCV3 
(10, 11, 26).

ORF3 displays a different sense among PCVs, as it is located on 
the sense strand in PCV3 and on the antisense strand in PCV1 and 
PCV2. In both PCV1 and PCV2, this region encodes a non-structural 
protein capable of inducing apoptosis, with 206 aa and 104 aa, 
respectively. ORF3  in PCV3 codes for a 231 aa protein, but the 
function and initiation codon remain unknown (10, 11). According 
to Ye et al. (27), the amino acid sequence of PCV3 shows homology to 
PCV1 and PCV2 at only 31 and 48%, respectively. No information is 
available on ORF3 in PCV4.

According to phylogenetic studies, the origin of PCV3 is distinct 
from other PCVs, and it shares a common ancestor with circoviruses 
found in bats. A comparative analysis of the genomics indicated that 
the most conserved area among PCV3, PCV2, and bat circovirus is 
confined to ORF1, which is responsible for encoding the rep protein. 
Conversely, no significant alignment was detected in ORF2, which 
encodes the cap protein. Despite presenting conserved segments with 
other circoviruses, the PCV3 ORF1 is genetically distant and has 
accumulated several mutations over time, indicating that the 
divergence between virus species occurred approximately 50 years 
ago (28).

It must be highlighted that PCV3 can be divided into two (PCV3a 
and PCV3b) (13) or three (PCV3a, PCV3b, and PCV3c) (9, 14) 
genotypes based on the mutation of two amino acids (A24V and 
R27K) found in the cap protein (11, 29). Several studies have also 
pointed toward the subdivision of PCV3a (13, 29–31). According to 
Li et  al. (13), PCV3a can be  divided into two stable subclades 
(PCV3a-1 and PCV3a-2) and an intermediate clade (PCV3a-3), which 
supports the subdivision proposed by Zheng et al. (29). However, a 
more recent study by Chen et al. (30) described, also, the division of 
PCV3b into two subclades (PCV3b-1 and PCV3b-2), in addition to 
the subclades of PCV3a (PCV3a-1, PCV3a-2, PCV3-a-3) (32). 
conducted a PCV3 mapping based on a viral coding gene that resulted 
in three genotypes and several subtypes (genotype 1, genotype 2 with 
subtypes a and b, genotype 3 with subtypes a–h). These findings 
highlight the genetic diversity of PCV3 and its tendency to increase 

118

https://doi.org/10.3389/fvets.2023.1266499
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://pubmed.ncbi.nlm.nih.gov/


Silva et al. 10.3389/fvets.2023.1266499

Frontiers in Veterinary Science 03 frontiersin.org

within the global swine population, while also underscoring the 
challenge in establishing the pathogenesis caused by PCV3 infection 
(13, 33). The nomenclatures utilized thus far for PCV3 are succinctly 
outlined in Table 1.

Like the extensively studied PCV2, which has undergone various 
subclassifications (clades, genogroups and genotypes) since its 
discovery, PCV3 follows a comparable pattern of classification. In 
summary, validated criteria for defining a PCV3 genotype include a 
maximum genetic distance of 3% at the complete genome and 6% at 
ORF2 levels, as well as a bootstrap support or posterior probability 
on the phylogenetic tree greater than 90% (10).

Other studies (13, 15, 34) classified PCV3 into three distinct 
genotypes, i.e., PCV3a, 3b, and 3c. However, when aligning 
sequences from these genotypes, a remarkable genetic similarity to 
previously classified as PCV3a emerged. The maximum genetic 
distance observed among reported ORF2 sequences was 0.0388 
(3.8%), below the recommended threshold for defining a new 
genotype. Hence, following established criteria, all these sequences 
would be categorized within the PCV3a classification. Currently, 
efforts have been made to standardize the classification of the PCV3 
virus at the subspecies level. A standard classification will be 
essential for effective disease control, offering substantial benefits 
to animal and public health initiatives.

Epidemiology

PCV3, which was initially identified in the United States in 2016. 
However, through retrospective studies, it has been detected in clinical 
samples from the years 60, suggesting that virus was circulating on 
pigs earlier their first report (39, 40). PCV3 has been identified in pig 
herds in several countries across the globe, including Asia (China, 
Korea, Japan, and Thailand), Europe (Denmark, Spain, Hungary, 

Ireland, Italy, Portugal, the United Kingdom, Russia, and Sweden), 
South America (Argentina, Brazil, Chile, and Colombia), and North 
America (Canada and Mexico). This widespread distribution of the 
virus highlights its global presence (11, 18, 41–47).

Several countries have conducted studies to determine the 
prevalence of viral infections using the polymerase chain reaction 
(PCR) technique. In Brazil, a study analyzed tissue samples from 
swine herds in nine states (Mato Grosso, Mato Grosso do Sul, Goiás, 
Minas Gerais, São Paulo, Espírito Santo, Santa Catarina, Rio Grande 
do Sul, and Paraná), and found that 47.8% of the samples were positive 
for PCV3 (35).

A study conducted in Thailand analyzed tissue and serum samples 
from 26 farms between 2006 and 2017 and found a 36.7% positive rate 
for PCV3 (48). In other countries such as Ireland, the United States, 
Poland, Denmark, and Sweden, positive rates ranged from 16.61 to 
56.41% (11, 27, 48–50). Spain showed rates of 11.47 and 14.89% 
(20, 49).

According to studies by Franzo et al. (49), Italy recorded PCV3 
positive rates of 39.56 and 50%, respectively. In China, there have been 
several studies conducted on the circulation of PCV3, with the virus 
being detected in more than 24 Chinese provinces, including the 
identification of its genotypes (PCV3a-1, PCV3a-2, PCV3a-3, 
PCV3b-1, and PCV3b-2) (30). Positive rates in China have shown 
significant fluctuations (ranging from 10 to 60%), with some farms 
even recording a 100% rate (13, 51–57). Anahory et al. (58) analyzed 
172 archived DNA samples consisting of spleen, tonsils, liver, and 
ganglia collected from 91 pigs in nine of the ten provinces of 
Mozambique between 2011 and 2019. Their analysis provided the first 
evidence of PCV3 presence in Africa, with a total of 7 (7.5%) positive 
animals (Figure 2).

The origin of PCV3 is distinct from other PCVs, and it is believed 
to have evolved from the bat circovirus before adapting to pigs and 
other animals, allowing for cross-species transmission (10, 59). In 

FIGURE 1

Schematic representation of the PCV3 genome. Information for comparing the open reading regions (ORF1, ORF2, ORF3) and their encoded proteins 
(rep, rep’ and cap) among the four porcine circovirus species (PCV1, PCV2, PCV3 and PCV4) [Updated with information from Chen et al. (19), Klaumann 
et al. (20), and Ouyang et al. (14)].
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addition to domestic pigs, PCV3 has been found in other mammals, 
both wild and domestic, including dogs, cattle, mice, chamois 
(Rupicara rupicara), deer (Cervus elaphus and Capreolus capreolus), 
and wild boar (Sus scrofa), as well as arthropods such as ticks (49, 
60–62). In Italy, PCV3 has been detected in chamois, deer, mouflons 
(Ovis musimon), and wild boars (49).

Samples from dogs, cattle, and mice in China have also tested 
positive for PCV3, in addition to pigs (62, 63). In Spain, PCV3 
has been detected in deer (Cervus elaphus and Dama dama) and 
mouflons (Ovis aries) (64). PCV3 has also been found in 
invertebrates, including ticks (Ixodus ricinus) in Italy and 
mosquitoes (Aedes vexans, Anopheles sinensis, Culex 
tritaeniorhynchus, and Culex pipiens pallens) in China (65, 66). 
Records of PCV3 presence in wild boars are reported in Brazil 
(67). A study conducted by Franzo et al. (49) in the Colli Euganei 
Regional Park of northern Italy collected 187 serum samples from 
wild boars and showed a high prevalence of PCV3, around 30%. 
Although almost all the animals were in good health, this study 
highlights the potential role of wild boars as a reservoir for PCV3, 
endangering pig farming (49). Due to the significant mutation 
rate of PCV3 and its discovery in various animal species, there is 
a concern about the likelihood of human infection. In a recent 
case, PCV3 was found in a herd of triple-modified pigs, which 
were raised for xenotransplantation. A PCV3-positve heart was 
transplanted into a baboon recipient and the virus was detected 
in all organs of the baboon recipient. The higher viral load, 
observed in animals with longer transplant survival times, 
suggested active virus replication (68) (Figure 3).

PCV3 infection can affect both, healthy and sick pig (15, 35, 52) 
found a strong correlation between PCV3 infection and respiratory 
and digestive diseases, with 26.6% of pigs with respiratory diseases 
and 10.4% with digestive diseases testing positive for the virus (54) 
also showed that PCV3 rates were significantly higher in pigs with 
severe respiratory disease (63.75%) or diarrhea (17.14%) compared 
to those with mild respiratory disease (13.14%), no diarrhea 
(2.86%), or no symptoms (1.85%). Furthermore, healthy sows 
(21.9%) and pigs from slaughterhouses (19.14%) also tested positive 
for PCV3 (52, 57). In Brazil, the positive rates of PCV3 were higher 
in healthy pigs (29.8%) compared to diseased pigs (17.9%) (35). The 
virus can infect pigs of all ages, including animals aged 1 day to 
24 weeks, gilts, and multiparous sows (45). Therefore, the available 
evidence suggests that PCV3 infection is not related to the health 
status, sex, or age of the animal, but rather to the presence of 
environmental and animal condition that favor viral infection (14).

The PCV3 DNA has been detected in various tissues and fluids, 
including the brain, kidney, heart, spleen, serum, oral and nasal fluids, 

feces, colostrum, and semen of both healthy and sick animals (Table 2). 
Additionally, PCV3-specific antigens have been identified in the skin, 
lung, heart, kidney, lymph nodes, spleen, liver, and small intestine of 
infected piglets, both symptomatic and asymptomatic (73, 74), PCV3 
DNA was detected in serum samples from healthy boars imported from 
the United  States and Western European countries, indicating the 
potential for global transmission (73, 75). Vertical transmission is also a 
concern since the virus is widely distributed in various tissues (14).

PCV3 has been linked to reproductive issues and has a high potential 
for vertical transmission. A study by Zheng et al. (29) analyzed 222 tissue 
samples from stillborn fetuses in China and found that most samples 
tested negative for PCV2, but viral metagenomic sequencing revealed the 
presence of PCV3 in 59.5% (132/222) samples. Another study aimed to 
investigate PCV3’s association with reproductive issues in healthy sows. 
They analyzed serum samples from 85 sows with a history of reproductive 
disorders and 105 healthy sows, with a significantly higher PCV3 positive 
rate found in sows with reproductive failure (45.9%) than in healthy ones 
(21.9%) (57). In Brazil, a study conducted by Dal Santo et al. (67) found 
that 270 out of 276 mummified fetuses tested positive for PCV3. Similarly, 
in Argentina, mummified and stillborn fetuses resulting from 
reproductive failures showed 100% positivity for PCV3 (44).

Retrospective studies have revealed that PCV3 has been 
circulating in Poland since 2014, in Ireland since 2002, in Spain and 
China since the 1990s (20, 39), and in Brazil since 1967 (40). These 
findings suggest that the virus has been present in pig populations for 
decades prior to its initial reporting, regardless of whether it is linked 
to clinical symptoms.

Some studies have shown the still unknown impact of PCV3 
on public health (14, 20). PCV1 and PCV2 DNA have already 
been found in vaccines intended for human use, probably 
originating from reagents of porcine origin in their manufacture, 
in addition to detection in samples from children who received 
live vaccine against rotavirus (76). It is known that PCV2 can 
infect human cells, both normal and cancerous, therefore, as it is 
a virus of the same genus, it may be that PCV3 can infect humans, 
a fact that still needs to be further studied. Recently, a herd of 
triple genetically modified pigs generated for xenotransplantation 
observed a sudden introduction of PCV3. These pigs served as 
donors for orthotopic heart transplants in baboons, with four 
cases involving PCV3-positive hearts resulting in transmission of 
the virus to the recipients. PCV3 was detected in all organs of the 
baboons, and a higher viral load was found in animals with a 
longer survival time, indicating replication of the virus. This 
marks the first reported instance of PCV3 trans-species 
transmission to baboons through heart transplantation from a 
PCV3-positive pig donor (68).

TABLE 1 Taxonomic classification and distinctive features of PCV3 subgroups in samples collected Internationally 2023. (Source: Author).

Identification Country Year Authors

PCV3a, PCV3b and PCV3c China
2015 and 2017 Qi et al. (15)

2021 Cui et al. (25)

PCV3a and PCV3b Brazil 2006- 2007 Saraiva et al. (35)

PCV3 a1, a2, b1 and b2. Colombia 2018 Vargas-Bermudez et al. (36)

PCV3a-1, a-2, a-3, b-1 and 3b-2 China 1996 and 2019 Chen et al. (30)

PCV3a USA 2019 Franzo et al. (37)

PCV3-1, 3-2a and 2b, 3-3a to 3h. Korea 2017-2018 Chung et al. (38)
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In a study conducted in a specific region of China, Porcine 
Circovirus 3 (PCV3), an emerging virus associated with swine 
dermatitis and nephropathy syndrome in swine, was thoroughly 
investigated for its prevalence and genotypic distribution. A total of 
1,291 samples were collected from 211 pig farms in 15 provinces 
and municipalities in the region in question. Of these samples, 312 
were positive for PCV3 using PCR, and a subsample consisting of 
164 of these positive samples was subjected to sequencing and 
analysis (34). The results revealed that the overwhelming majority 
(61.8%) of the sequenced isolates belonged to the PCV3c genotype. 
Notably, the PCV3c genotype also emerged as predominant in 
Hubei, Hunan, Hebei provinces and Chongqing city. Furthermore, 
the analysis identified three sites under positive selection, located 
within the predicted epitope peptide, suggesting that porcine 
immunity may be influencing this highly positive selection. These 
findings are of significant relevance for understanding the spread of 
PCV3 in the studied region, as well as for continued research and 
development of control strategies (34).

A study carried out in the provinces of Sichuan and Gansu, China, 
with the purpose of evaluating the frequency of detection of Porcine 
Circovirus 3 (PCV3) in Tibetan pigs in three different provinces 
surrounding the Qinghai-Tibet plateau, it was observed that the 

prevalence of virus was significantly higher in samples from pigs with 
diarrhea compared to samples from healthy animals. Phylogenetic 
analysis of Cap proteins revealed the presence of three distinct clades 
among the 20 PCV3 strains, comprising PCV3a (40.00%), PCV3b 
(25%), and PCV3c (35.00%). These results highlight the prevalence of 
PCV3 in Tibetan pigs in high-altitude regions in China, highlighting 
the higher prevalence rates of PCV3a and PCV3b subtypes in samples 
from pigs with diarrhea. Such observations emphasize the need to 
consider PCV3 genotypes in research related to its pathogenicity, 
highlighting the importance of surveillance and control of this virus 
at a regional and global level (15).

Another study carried out in Vietnam investigated the genetic 
diversity of PCV3 in 249 pig samples from eight provinces. About 
11.65% of the samples contained PCV3. Genetic analyzes revealed that 
23 samples were of the PCV3b subtype and six belonged to subtypes 
c and a (a-1 and a-2). The sequences were highly similar (96.90-100% 
in genome and 96.19-100% in amino acids), and fifteen amino acid 
substitutions were found in the capsid proteins of Vietnamese PCV3 
strains, contributing to the understanding of regional genetic 
diversity (77).

Some studies have shown curiosity about the still unknown 
impact of PCV3 on public health (13, 15, 34) PCV1 and PCV2 DNA 

FIGURE 2

Map representation indicating the countries where PCV3 infection has been detected (highlighted in red). The percentage of positive samples in pigs 
and other animals’ species is also displayed for each country, based on the available literature. In cases where multiple studies were conducted in a 
country (such as China, Spain, and Italy), the percentage was calculated based on the total number of samples tested across all studies, to obtain an 
average for the country (Source: author).
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have already been found in vaccines intended for human use, probably 
originating from reagents of porcine origin in their manufacture, in 
addition to detection in samples from children who received live 
vaccine against rotavirus (DOI: 10.4161/hv.26731) (80). It is known 
that PCV2 can infect human cells, both normal and cancerous, 
therefore, as it is a virus of the same genus, it may be that PCV3 can 
infect humans, a fact that still needs to be further studied.

Clinical signs and pathology

PCV3 has been described and continues to be detected in pigs that 
exhibit a range of clinical signs including respiratory and digestive 
disorders, neurological alterations, cardiac and multisystemic 
inflammation, and reproductive disorders, as well as conditions like 
PDNS (10, 11, 46).

However, the mere presence of PCV3 genome in a diseased 
animal does not necessarily imply that the virus is the causative 
agent of the clinical signs or lesions observed. Most of the studies 
carried out so far lack a proper negative control to compare viral 
infection and disease (46). Furthermore, the detection of PCV3 
through PCR in tissue, blood, and serum samples is frequently 
reported, but without any correlation with the animal’s lesions. In 
other words, few studies have yet demonstrated the virus’s presence 
in the lesions (20, 46, 78).

Arruda et al. (70) conducted a study on pigs from various farms 
in the United  States at different production stages to detect the 
presence of PCV3  in lesions using histopathology and in situ 
hybridization (ISH) techniques. The results of the study suggested that 
PCV3 could be a potential cause of multisystemic inflammation and 
reproductive failure in pigs during the perinatal, growth, and 
termination phases. Several other studies have also detected PCV3 in 
lesions using ISH (10, 36, 46, 70–86).

There have been limited experimental investigations conducted on 
PCV3. In a study by Jiang et al. (74), 4 and 8-week-old SPF piglets were 
inoculated with PCV3. In the context of this experimental study involving 
PCV3 infection, the inoculum was obtained from clinical samples from 
pigs diagnosed with the infection. Tissues such as lungs, spleen and lymph 
nodes were collected post-mortem from infected pigs. The genetic 
material containing PCV3 was then extracted from these tissues using 
homogenization and processing techniques, followed by a purification 
step. The purified genetic material was amplified in cell culture or by the 
PCR technique to obtain an adequate quantity of the virus. This resulting 
inoculum, containing PCV3, was used for experimental infection in pigs, 
allowing the investigation of clinical, pathogenic and immunological 
aspects associated with PCV3 infection. All piglets that received PCV3 at 
4 weeks old, exhibited symptoms such as fever, anorexia, coughing, 
sneezing, diarrhea, lethargy, rubefaction on the skin and ears, multifocal 
papules, shivering, and/or hyperspasmia. Among this group, two piglets 
displayed severe clinical signs, cardiac pathologies, multisystemic 

TABLE 2 Clinical sign observed in field studies in animals with different disorders linked to PCV3.

Clinical signs Tested samples Country References

Respiratory disorders

Mild and severe respiratory diseases. Pulmonary homogenate/oral USA Phan et al. (10)

Moderate and diffuse lymph histiocytic interstitial dyspnea/

pneumonia

Lung tissues China Palinski et al. (11)

Acute bronchitis Tissues/Serums China Qi et al. (15)

Gastrointestinal disorders

Diarrhea Fecal specimens China Zhai et al. (54)

Diarrhea/vomiting Intestinal tissues and lung tissues China Qi et al. (10)

Digestive disorders/catarrhal enteritis and catarrhal colitis serum Spain Saporiti, et al. (69)

Reproductive disorders

Reproductive failure Serum/ Semen China Zou et al. (57)

Mortality of sows (aborted mummified fetuses)
Tissue pool from aborted fetus and 

stillborn piglet
Brazil/ Italy

Dal Santo et al. (67) 

Faccini et al. (64)

Sows giving birth to stillborn piglets Tissues from mummified fetuses USA Arruda et al. (70)

Neurological disorders

Congenital tremors Brain tissue China Chen et al. (19)

Congenital tremors, neurological signs in piglets after birth Brain tissue United Kingdom Williamson et al. (71)

Tremors, newborn piglets born weakly/myocarditis, encephalitis, 

gliosis, and lymphocytic perivascular cuff
Brain tissue USA Arruda et al. (70)

Other disorders

Myocarditis/periarteritis Different tissues USA Phan et al. (10)

Porcine Dermatitis and Nephropathy Syndrome Tissues from kidneys and spleen USA Palinski et al. (11)

Acute deaths/myocarditis Kidneys and spleen Russia Yuzhakov et al. (72)

Arteritis/systemic inflammation Kidneys and spleen Russia Yuzhakov et al. (72)
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inflammation, and died during the experiment. In 8-week-old piglets 
administered with PCV3, typical clinical signs of PDNS were observed, 
although all the piglets survived for the entire duration of the study 
(28 days). Immunohistochemical staining detected PCV3-positive cells in 
various tissues and organs (including the lung, heart, kidney, lymph 
nodes, spleen, liver, and small intestines) of PCV3-inoculated piglets. The 
peak of viremia (approximately 7.72 × 108 PCV3 copies/mL) in the 
4-week-old PCV3-inoculated piglets was detected at 21 days post-
inoculation (dpi). Similarly, the highest level of PCV3 (7.92 × 107 copies/
mL) in the 8-week-old PCV3-inoculated piglets was also detected at 21 
dpi. Mora-Diaz et al. (87) inoculated colostrum-deprived (CD/CD) pigs 
that were 6 weeks old. PCV3 was isolated from multiple tissues, including 
the lung, kidney, heart, and brain of perinatal pigs with encephalitis and/
or myocarditis, and stillborn and mummified fetuses. Although all 
animals that were infected with the PCV3 isolate remained clinically 
healthy throughout the study, histological evaluation revealed lesions of 
ongoing multisystemic inflammation, lymphoplasmacytic myocarditis, 
and periarteritis in 4 out of 8 pigs. PCV3 replication was confirmed by in 
situ hybridization (ISH). The study also demonstrated lymphoplasmacytic 
interstitial nephritis and periarteritis in kidney tissue, and 
lymphoplasmacytic periarteritis and arteritis of the intestinal serosa of 
PCV3-inoculated pigs. PCV3 replication was also confirmed within 
inflammatory cells, the tubular renal epithelium, endothelial cells, and the 
tunica media of arteries. Viremia was first detected at 7 days post-
inoculation (dpi) and was detected in all animals by 28 dpi.

Coinfections

Due to its global spread, there have been reports of co-infections 
involving PCV3. Given that PCV2 and PCV3 are from the same 
genus and considering that co-infections of PCV2 with other 
pathogens have been shown to worsen the disease both in field and 

experimental settings, it is possible that PCV3 infection may also 
facilitate co-infections with other disease-causing agents in pigs (14, 
20, 46, 19).

Previous studies have shown that Porcine circovirus 3 (PCV3) 
can co-infect with various other pathogens such as Porcine 
Reproductive and Respiratory Syndrome Virus (PRRS), Porcine 
Epidemic Diarrhea Virus (PEDV), Torque teno sus virus (TTSuV; 
comprise TTSuV1a and TTSuVκ2a), Porcine parvovirus (PPV), 
Virus of Classical Swine Fever (CSFV), Atypical porcine pestivirus 
(APPV), Porcine pseudorabies virus (PRV), Streptococcus spp., 
Mycoplasma hyopneumoniae, and Leptospira spp. The co-infection 
prevalence rates of these pathogens with PCV3 range from 5% 
(PRV) to 100% (Mycoplasma hyopneumoniae) (15, 26, 29, 30, 34, 45, 
36, 53, 61, 66, 81, 86, 88–90).

Other studies have reported triple co-infections involving 
PCV3, PCV2, and PRRSV; PCV3, PCV1, and PCV2; and PCV3, 
TTSuV1, and TTSuV2, with prevalence rates of 1.9, 3.6, and 50%, 
respectively (31, 56, 91). Moreover, the recent discovery of 
PCV3  in Mozambique, Africa revealed co-infection with the 
African Swine Fever Virus (ASFV), where 6 out of 7 positive 
PCV3 samples also tested positive for ASFV (6.5% of total 
samples) (58) (Figure 4).

Although co-infections are not well understood, PCV3 is 
widely prevalent in healthy animals and previous experimental 
studies have shown that the virus can cause lesions and clinical 
symptoms, with the age of infection being a significant factor. 
However, the impact of co-infections remains uncertain. 
Nevertheless, as observed with PCV2, co-infections may lead to 
severe clinical symptoms observed in field studies.

Continuing to explore alternative animal models beyond pigs, (60)
realized a study employing infectious clones of PCV3 to induce infection 
in Kunming mice. They successfully demonstrated the pathogenic 
potential of the acquired infectious clones of PCV3, establishing Kunming 

FIGURE 3

Schematic representation of potential occurrence PCV3 transmission route across different species is a potential occurrence based on the available 
literature. Continuous arrows indicate confirmed transmission. Dashed from commercial herds to triple-modified pigs’ herds for organ transplant.
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mice as an animal model. Findings from RT-PCR, Western blotting, and 
ISH highlighted the ability of PCV3 to infect both the myocardium and 
alveoli of Kunming mice.

The alterations within the pulmonary and cardiac tissues revealed a 
proliferation of alveolar epithelial cells in the local lung region, resulting 
in congestion at the periphery of the lobules. Notably, strong positive 
reactions for PCV3 were evident in the lung. Within the heart, intense 
positive reactions for PCV3 were detected in necrotic tissues and vascular 
content, (74) emphasized the significance of their findings by detecting 
PCV3 in laboratory mice. This underscores the necessity for testing all 
animal species used in experimental infections, highlighting the 
importance of thorough screening protocols.

Diagnosis

The most used detection methods so far are: in situ hybridization 
(ISH), quantitative polymerase chain reaction (PCRq) and enzyme-
linked immunosorbent assay (ELISA) (29, 46, 92–95) (Table 3).

PCRq analysis has been widely used to analyze the tissues collected 
from field cases. In Hungary, viral DNA was detected in fetal and neonatal 
thymus (89%; 49/55), lymph nodes (60%; 33/55), placenta (50.9%, 28/55), 
spleen (21.8%, 12/55), kidneys (7.2%, 4/55), and liver (5.4%, 3/55), 
indicating a high prevalence of PCV3 in reproductive failure cases (42). 
The highest viral loads were reported in fetal or neonatal heart tissues, 
ranging from 109 to 1012 genomic copies/gram, followed by fetal kidneys 
and lungs, with loads ranging from 109 to 1011 genomic copies/gram (91, 
96). High viral loads of PCV3 have also been observed in brain tissues of 
cases with congenital tremors (96). Viral DNA of PCV3 was detected in 
semen, serum, feces, colostrum, and oral fluid, with viral loads ranging 
from 102.5 to 107.2 copies/mL (12, 26, 97–99).

Different laboratory techniques are available for the detection of 
PCV3 antigen and/or nucleic acid. For instance, in situ hybridization 
(ISH) has been used to identify the virus in the intestine, heart, and lung 
(26, 70, 81), while immunohistochemistry (IHC) has been used to detect 
the virus in the lungs, lymph nodes, kidneys, liver, and heart (74).

Unfortunately, information about PCV3 remains limited and few 
studies have successfully elucidated the cause of the disease associated 

with this new virus. This shortage of data may hinder diagnosis, as the 
overall picture of the infection has not been fully established (20, 46).

To make an accurate diagnosis, it is crucial to analyze clinical 
signs or evidence of decreased productivity, the evolution of events 
that may interfere with the onset of the problem, and the detection of 
the pathogen associated with the lesions present in the animals at the 
onset of the disease. This latter factor is particularly important for 
certain infectious agents, such as PCVs.

Detection of the PCV3 virus in pigs involves the collection of several 
samples, the most common being blood, serum, tissues such as liver and 
lymph nodes, as well as saliva and feces samples. To research this virus, 
laboratory techniques such as polymerase chain reaction (PCR), real-time 
PCR (qPCR), real-time reverse transcriptase PCR (RT-qPCR) and in situ 
hybridization techniques are widely used. Furthermore, histopathological 
and immunohistochemical analysis of tissues also play a fundamental role 
in the identification and characterization of PCV3 in pigs, contributing to 
the understanding of the epidemiology and pathogenesis of this viral 
infection in pig farms.

Conclusion

Na linha 1043 excluir o parágrafo e acrescentar este: As final 
considerations, PCV3’s extensive genetic diversity is evident through 
the multitude of genotypes identified thus far. It has been documented 
across nearly all continents, except for Oceania and Antarctica. Its 
detection in various animal species shows its one health implications 
and the potential for zoonotic transmission. Worthy of significant 
consideration. While linked with diverse clinical manifestations, 
PCV3’s most notable impact remains on reproductive disorders. 
Recognizing the significance of asymptomatic carriers-whether swine 
or non-swine-is crucial, as they serve as potential reservoirs for the 
virus. Field studies shows co-infections with other microorganisms, 
yet the role of these co-agents in initiating or exacerbating clinical 
signs, whether mild or severe, lacks conclusive association. Various 
sample types can be utilized for PCV3 detection, with molecular tests 
like PCR and qPCR being the most used to detect the virus. However, 
non-molecular tests play an important role in establishing the 
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FIGURE 4

Overall prevalence (%) of pathogens involved in co-infections with PCV3 based on consulted literature.
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association between the agent and lesions alongside tests 
demonstrating viral replication (such as RT-qPCR and RNA-ISH). 
Finally, since its discovery, PCV3 has proven to be a significant and 
challenging emerging agent in global swine production. Like PCV2, 
it displays a high capacity for mutation, potentially exacerbating 
clinical signs when combined with other agent and due its 
extensive distribution.
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TABLE 3 Laboratory methods for PCV3 detection in field studies from various samples in different countries.

Method Country Sample
No. of 
samples

Positive 
samples

References

PCR

Poland Serum 1,050 268 (25.5%) Stadejek et al. (50)

Northern Ireland Tissue and feces 240 48 (20%) Collins et al. (48)

England Tissue 80 4 (5%) Collins et al. (48)

Italy*
Tissue/tissue serum and 

nasal swabs
16/99 2 (12.5%)/37 (37.4%)

Faccini et al. (64) 

Franzo et al. (47)

Denmark Tissue and serum 78 44 (56.4%) Franzo et al. (47)

Spain** Serum/Serum/Tissue 94/ 654/300
14 (14.9%)/75 

(11.5%)/74 (24.6%)

Franzo et al. (47)/ 

Klaumann et al. (97) /Ruiz et al. (78)

Sweden Tissue 49 10 (20.4%) Ye et al. (27)

United Kingdon Serum 126 8 (6.3%) Feng et al. (50)

France Serum 139 9 (6.5%) Feng et al. (50)

Hungary* Tissue/Serum and oral fluid 330/2.128
129 (43%)/558 

(30.8%)/
Deim et al. (42)/Igriczi et al. (79)

Japan Tissue 73 7 (9.6%) Hayashi et al. (80)

Korea Tissue 690 57 (9.8%) Kim et al. (81)

China**
Tissue/Tissue/Tissue and 

blood
105/616/535

35 (33.3%)/75 

(12.2%)/216 (40.4%)

Ha et al. (66) 

/Qi et al. (15)/Zou et al. (23)

Thailand Serum and tissue 79 29 (36.7%) Sukmak et al. (82)

United States** Serum/Tissue and serum 36/336/2,177
22 (61.1%)/37 

(11.1%)/577 (27%)

Arruda et al. (70)/Feng et al. (47)/ 

Yang et al. (83)

Brazil**
Tissue/tissue and FFPE/

Tissue
67/35/ 143/276

32 (47.8%)/ 14 (40%); 

12 (8.4%)/270 (97%)

Saraiva et al.(35) /Rodrigues et al. (39) 

Dal Santo et al. (84)

Colombia Serum and tissue 8 2 (25%) Vargas-Bermúdez et al. (36)

Chile Tissue 50 35 (70%) Rubilar et al. (43)

Argentina Tissue 203 18 (8.9%) Serena et al. (41)

Mozambique Tissue 91 7 (7.5%) Anahory et al. (55)

ISH
United States Serum/Tissue and serum 5 5 (100%) Arruda et al. (70)

Brazil Tissue 11 6 (54.5%) Molossi1 et al. (85)

ELISA

China* Serum 190 64 (33.8%) Zhang et al. (67)

China Serum 2568 1101 (42.7%) Ge et al. (16)

China Serum 1,688 840 (49.8%) Deng et al. (92)

*= data comprise two studies; **= data comprise three studies; FFPE = formalin-fixed paraffin-embedded; /= used to separate information from different studies.
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