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Abstract

The liver flukes, Fasciola hepatica and F. gigantica, are common trematode parasites of

livestock. F. hepatica is known to modulate the immune response, including altering the

response to co-infecting pathogens. Bovine tuberculosis (bTB), caused by Mycobacterium

bovis, is a chronic disease which is difficult to control and is of both animal welfare and public

health concern. Previous research has suggested that infection with liver fluke may affect

the accuracy of the bTB skin test, but direction of the effect differs between studies. In a sys-

tematic review of the literature, all experimental and observational studies concerning co-

infection with these two pathogens were sought. Data were extracted on the association

between fluke infection and four measures of bTB diagnosis or pathology, namely, the bTB

skin test, interferon γ test, lesion detection and culture/bacterial recovery. Of a large body of

literature dating from 1950 to 2019, only thirteen studies met the inclusion criteria. These

included studies of experimentally infected calves, case control studies on adult cows, cross

sectional abattoir studies and a herd level study. All the studies had a medium or high risk of

bias. The balance of evidence from the 13 studies included in the review suggests that liver

fluke exposure was associated with either no effect or a decreased response to all of the

four aspects of bTB diagnosis assessed: skin test, IFN γ, lesion detection and mycobacteria

cultured or recovered. Most studies showed a small and/or non-significant effect so the clini-

cal and practical importance of the observed effect is likely to be modest, although it could

be more significant in particular groups of animals, such as dairy cattle.

Introduction

Many parasites have the ability to modulate the host immune response in order to further

their own survival. [1] This also alters the host response to co-infecting pathogens, and can

have wide ranging effects, from the transmission and progression of disease to the accuracy of

diagnostic tests. [2,3] The interaction between Fasciola spp. and Mycobacterium bovis is of

interest in this context as both are common pathogens in cattle worldwide. [4,5]
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Fasciola spp.

Fasciola hepatica (the common liver fluke), and F. gigantica (the tropical liver fluke) are hel-

minth parasites which have adverse effects on cattle health, welfare and production. A recent

review of the literature reported that Fasciola spp. prevalence exceeds 60% in countries in all

five continents where cattle are kept. [1] Fluke infection causes disease, subclinical effects such

as reduced milk yield and growth rates, and occasionally, acute deaths. All ages of cattle are

affected as protective immunity does not appear to develop. [2]

Early infections with F. hepatica are characterised by a mixed T helper (Th) 1 and 2 immune

response with upregulation of interferon (IFN) γ, immunoglobulin (Ig) G1, and interleukin (IL)

4. However by 4–6 weeks after infection a Th2/regulatory T cell (Treg) response predominates,

with upregulation of the cytokines IL4, IL5, IL13, transforming growth factor (TGF)β and IL10

(Flynn and Mulcahy, 2008; Gazzinelli et al., 1992; McCole et al., 1999). It is thought that fluke

have evolved to induce this anti-inflammatory response in order to facilitate their own survival

within the host. [6,7] Whilst the two species of fluke have a similar biology and pathology, little

is known about immune responses to F. gigantica in cattle.

Diagnostic methods for fluke include faecal egg counts, antibody detection in serum or

milk, and visualisation of fluke at post-mortem examination. The latter is considered the gold

standard for fluke diagnosis with 100% specificity. Sensitivity varies, being up to 99% if the

liver is examined thoroughly, but may be as low as 63% in a commercial abattoir setting. [8,9]

Faecal egg counts (FEC) have 90–100% specificity, but sensitivity ranges from 43–80% depend-

ing on the amount of faeces used and the season. [10] Antibody-detection enzyme-linked

immune-sorbent assays (ELISAs) can be used on serum and on milk samples, and have higher

sensitivity than, and comparable specificity to FEC. [10,11]

Bovine tuberculosis

Bovine tuberculosis (bTB) is caused by M. bovis and occurs in cattle throughout the world.

[12] M. bovis is a slow growing intracellular bacterium with a lengthy pre-clinical phase lasting

months or years.[13] To establish infection in a host, M. bovis bacilli must be taken up by mac-

rophages.[14] A cell mediated immune response results, and a granuloma consisting of classi-

cally activated macrophages and IFN γ –producing T cells walls off the infected macrophages.

[15–17] This is often sufficient to control the infection in a latent phase for many years, [13]

but in some cases clinical disease develops, characterised by a drop in IFN γ and an increase in

antibody levels. [18] During this phase, bacilli multiply and spread leading to disseminated

granulomas, increased infectiousness, and clinical signs. [19]

In endemic countries, tuberculin skin testing is the mainstay of control programmes.[20]

This entails the subcutaneous injection of tuberculin, followed by measurement of a delayed-

type hypersensitivity response in the form of a lump after 72 hours.[20] Variations include

injection into the tail head (used in USA, New Zealand and elsewhere)[21] and into the neck

(EU).[22] In Britain and Ireland, the single intradermal comparative cervical tuberculin test

(SICCT) is used, due to the high prevalence of environmental mycobacteria. For this test, an

additional injection is made of avian tuberculin (PPDa) and the response compared with that

of the bovine tuberculin (PPDb). Animals that show a sufficiently greater response to PPDb

than PPDa are considered positive.[22] Although test specificity is high at around 99.9%, sensi-

tivity is estimated between 50–80%. [23–26] As the test detects an antigen-specific memory T-

cell response, infection is not detectable during the early stages of infection, and there can also

be a lack of response during advanced disease due to a predominant humoral response.

[13,23,26] Immune responses can also be suppressed by factors such as corticosteroid treat-

ment, parturition and production related stress.[26]
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The Bovigam1 TB Kit (Thermo Fisher Scientific Inc., MA, USA) which measures IFN γ
response is also used in some situations, usually as a more sensitive but less specific test in bTB

positive herds.[20] Again, this test compares responses to PPDa and PPDb. Positive animals

(known as ‘reactors’) to any test are either retested or compulsorily slaughtered and attempts

are made to confirm bTB infection by lesion detection, histopathology and culture. Post-mor-

tem diagnosis is by finding lesions in affected tissues, most commonly the lungs and lymph

nodes, and by culture and/or histopathology of tissues to confirm the diagnosis.[20] No gold

standard for the detection of bTB exists, with all available tests having a relatively poor sensitiv-

ity.[26] Not all endemic countries have control programmes, particularly where resources are

limited.[27]

Co-infection with Fasciola spp. and M. bovis
There has long been a concern that liver fluke may affect the outcome of the bTB skin test, and

that this may hamper control programmes for bTB. The primary aim of this review was to

examine the evidence to determine the effect of liver fluke infection on four outcomes relevant

to bTB diagnosis: SICCT (or other similar diagnostic skin test), IFN γ test, lesion detection

and bacterial culture. The secondary aim was to try to understand why different study

approaches may have led to opposing outcomes.

Materials and methods

The PRISMA guidelines for systematic reviews from the Cochrane Collaboration were fol-

lowed [28]. A protocol (S1 File) and PRISMA check list (S2 File) can be found in the support-

ing information.

Type of studies

All types of study were considered for inclusion, as long as they included animals co-infected

with liver fluke and tuberculosis, plus a control group testing negative for liver fluke. We

searched for studies on F. hepatica, F. gigantica, M. bovis and M. tuberculosis, in any species of

host. Observational studies and experimental studies were considered.

Fluke measures

Any method of herd or individual fluke diagnosis was considered.

TB measures

The outcomes of interest were TB diagnostic measures, whether pre- or post-mortem. Some

studies had looked at various other measures of immune response, but for the purposes of this

study, we only included those measures that were related to diagnosis: SICCT response, IFN γ
test, lesion detection, culture or bacterial recovery, and other commercially available tests such

as antibody assays.

Search methods

Searches were carried out in Google Scholar, Scopus, Web of Science and Pub Med using com-

binations of the following search terms: Fasciola, liver fluke, tuberculosis, tuberculin, myco-

bacterium, M. bovis and BCG. Searching was performed separately by two researchers.

Further searches were carried out in Google and in the conference proceedings of the World

Association for the Advancement of Veterinary Parasitology, Society for Epidemiology and

Preventive Veterinary Medicine, the International Mycobacterium bovis Conference,
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International Conference of Parasitology and British Society for Parasitology. Hand searches

of reference lists from recovered papers were performed. Finally, personal contacts from other

research institutions were approached to ask for any unpublished studies. See Fig 1 for details

of studies found and removed at each stage.

Data collection and analysis

Selection of studies. Search results were merged and duplicates removed. Titles and

abstracts were examined and obviously irrelevant papers removed. The full text of reports was

obtained where possible, through the British Library or by contacting the main research

Fig 1. Numbers of studies found and removed at each stage of the systematic review (PRISMA flow diagram).

https://doi.org/10.1371/journal.pone.0226300.g001
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institutions in the countries of origin. For the English language papers, these were all read

independently by two researchers initially. For foreign language studies, these were initially

screened by one researcher able to read the language. Where papers were considered to be of

interest, another colleague was sought for a second opinion.

Papers were discarded at this stage according to the following criteria: a review or letter

rather than an original study, a different research question addressed, no control group, did

not separate fluke effect from other parasites, did not mention co-infections between the two

parasites, or did not include both pathogens.

Data extraction and management

Studies were read in detail by at least two researchers to assess the quality of evidence and

extract the data (data extraction forms were piloted before use, S3 File). Effect size and direc-

tion, statistical significance and author interpretation of the findings were recorded. In the

case of disagreement, a consensus was reached by discussion or by seeking a third opinion.

Studies were numbered in order of date of publication. Where a single study was reported in

more than one place, the reports were grouped together and given a single number. A small

number of studies were rejected at this stage due to inability to extract useful data.

Assessment of the risk of bias

The risk of bias was categorised as low, medium or high for each study, based on consideration

of the following:

Study design. Low: Randomised experiment i.e. a study where a randomly selected pro-

portion of individuals are exposed in a standardised way to the pathogens of interest

High: All other study designs including observational studies: cohort, case control and

cross sectional designs.

Randomisation (Applicable only to experimental studies). Low: Animals were ran-

domly allocated to a control or intervention (i.e. exposure to relevant pathogen) group, with a

suitable method of randomisation.

High: No appropriate method of randomisation was reported, or randomisation was not

used

Sampling bias. Low: Animals were a representative sample from the population

Medium: Selection of animals was not related to the outcomes of interest, however animals

came from a source that meant only a part of the underlying population was represented

High: Study design made bias likely, e.g. animals were selected based on features related to

the outcomes of interest

Comparability of exposed and non-exposed animals. Low: Exposed and non-exposed

animals (i.e. all the animals in the study whether considered positive or negative for the patho-

gens) were drawn from the same underlying population, and the most important confounders

were controlled for in the analysis. For case control studies, matching on confounders is an

alternative option. The main confounders were considered to be age, breed, type (dairy or

beef), herd size, region or factors associated with region such as climate variables and the prev-

alence of bTB in the area [29–32].

Medium: Some but not all confounders were controlled for

High: Exposed and non-exposed animals were not from the same population, and/or con-

founders not controlled for.

Detection bias. Low: The same diagnostic tests were used for all groups of animals

High: The diagnostic test used was determined by infection status or treatment group, or it

was implemented differently between the groups.
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Blinding. Low: The report mentioned that there was blinding at all of the following stages:

administration of intervention (if possible), data collection, diagnoses or measurements taken,

laboratory work, and statistical analysis

High: There was no mention of blinding being used at one or more of these stages

Incomplete outcome data. This refers to animals that were selected to be part of the study

but for which some or all results were not reported.

Low: All data were complete, or reasons for incomplete data were analysed and found to be

unlikely to introduce bias (i.e. for reasons unrelated to the infection status of the animals)

High: Incomplete information for a proportion of study subjects with no explanation, or

for reasons likely to introduce bias

Selective reporting. Low: All aspects of the study that were mentioned in the methods

were fully reported in the results. Interpretation of results and discussion of the implications

fitted what the results showed

High: Some procedures that were mentioned in the methods were missing from the results.

Results were over interpreted or claims were made that were not supported by the results.

Data synthesis

As the studies were heterogenous in their methods and outcome measures, as well as being few

in number, a meta-analysis was not possible. Instead a harvest plot and narrative synthesis was

used to summarise the results [33].

Results

Results of search

A total of 85 reports were identified: 67 through database searches, eight through hand search-

ing reference lists of other papers, seven through personal contacts, two through searching the

internet using Google, and one from conference proceedings. Full details of the sources of the

studies can be found in Fig 1. Following removal of duplicates and initial screening, 57 reports

remained. These were published between 1950 and 2019 and were published in seven

languages.

Six studies were excluded because the full text could not be obtained. Five of these were

Russian or Eastern European studies dating from the 1950s-70s. One study was omitted

because it was reported in conference proceedings with insufficient details. See S4 File for a list

of the excluded studies. The full text was screened for 51 studies.

Included studies

Thirteen studies were included in the final analysis, and are summarised in Table 1. Eleven

were published in peer reviewed journals, often in more than one paper, and part of one study

has not been published. One was a government report with part of the study reported as a

poster at a conference and one study was reported in a PhD thesis. Their publication dates ran-

ged from 1962 to 2019.

Three studies used experimentally infected calves, and were performed by the same

research group in Ireland. BCG was used to infect calves in one experiment (study 4) and M.

bovis was used in the other two (studies 5 and 9). The latter two experiments were reported in

three different papers, see Table 2 for details. The design of the three studies was similar. The

SICCT and interferon gamma levels were compared between calves co-infected with M. bovis
and F. hepatica and singly infected calves a number of weeks post infection. In the M. bovis
studies, presence of lesions and recovery of mycobacteria from tissues were also measured.
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Table 1. A summary of the studies meeting the criteria for inclusion in the systematic review of bovine tuberculosis (bTB) and liver fluke.

Study Reported in Sample

size

Country Type of study bTB outcome

measure

Fluke outcome

measure

Findings

1 Schanzel and Stolarik, 1962

[34]

10,711 Czechoslovakia Cross-sectional abattoir study with PM

1, general abattoir cattle population,

single abattoir

Skin test (B)

Lesion presence (B)

Gross evidence

of liver fluke

infection (B)

1. Fluke infected cattle less likely

to have false negative bTB skin

test (significant, p = 0.02)

2. Fluke infected cattle less likely

to have lesions (significant,

p = 0.003, only if controlling for

skin test result)

2 Meyer, 1963 [35] 320 EastGermany Cross-sectional abattoir study with PM

1, general abattoir cattle population,

single abattoir

Skin test (B)

Lesion presence (B)

Gross evidence

of liver fluke

infection (B)

1. No difference in the chance of

false negative bTB skin test in

fluke-infected compared to

fluke-free cattle

2. Fluke infected cattle less likely

to have lesions (significant,

p = 0.03)

3 Broughan et al., 2008;

DEFRA, 2005 [36,37]

400 UK Case control study with 200 bTB

reactors, 200 in contacts (partially

matched but not from same farm). Beef

and dairy cattle, PM3

Culture-confirmed

lesion (B)

SICCT (B)

Liver fluke

antibodies (B)

Cattle with fluke antibodies less

likely to have confirmed bTB in

both SICCT positive and

negative animals. Significant in

dairy reactors only, p = 0.005

4 Flynn et al., 2007 [38] 18 Ireland Calves, experimentally infected with

BCG and/or fluke. 4 groups: Fluke only,

Fluke first then BCG 4 weeks later, BCG

then fluke 4 weeks later, and BCG only.

SICCT carried out 13w after BCG

infection. PM3 after 23 weeks

SICCT (B)

IFN γ (B)

Antibody ELISA

(Q)

Liver fluke

numbers (Q)

1. Co-infected calves more likely

to test negative on both

Bovigam1 test and SICCT than

BCG only–in both the BCG first

and the fluke first groups.

2. No difference in IFN γ
response to bPPD

3. Fluke only calves had higher

fluke numbers than co-infected,

and fluke-BCG had more fluke

than BCG-fluke (non-

significant)

4. No difference in fluke ELISA

between bTB infected and

uninfected

5 Flynn et al., 2009; Garza-

Cuartero et al., 2016,

unpublished (Jim McNair,

personal communication)

[39,40]

18 Northern Ireland Calves, experimentally infected in 3

groups: fluke only, fluke and M. bovis,
and M. bovis only. PM3 after 14 weeks

SICCT (B)

IFN γ (Q)

Antibody ELISA (B)

Lesion size (Q)

Lesion count (Q)

Culture-positive

tissues (Q)

M. bovis bacterial

recovery (Q)

Lesion quality (D)

Antibody ELISA

(B)

Liver fluke

numbers (Q)

1. Fluke only calves had higher

fluke numbers than co-infected

(non-significant)

2. Co-infected had lower IFN γ
production than M. bovis only

(significant only at certain time

points)

3. Co-infected group had fewer

bTB lesions (non-significant)

4. Co-infected group had fewer

culture positive lesions

5. Bacterial recovery was lower

in co-infected (significant)

6. Fewer SICCT positives in the

co-infecteds than in M. bovis
only (non-significant)

7. No difference in fluke ELISA

between bTB infected and

uninfected

6 Munyeme et al., 2012 [41] 1680 Zambia(Fasciola
gigantica)

Cross sectional abattoir study with PM1

followed by culture. General abattoir

cattle population across 13 abattoirs

Unclear: either lesion

presence or culture-

confirmed lesion

presence (B)

Current

infection (B)

Cattle infected with fluke were

significantly more likely to have

bTB lesions

7 Claridge, 2012 [42] 80 UK Case control. 40 matched pairs of

lactating dairy cattle, 20 each of reactors

and inconclusive reactors.

SICCT (B; positive

either R or IR)

Antibody ELISA

(Q)

No difference between groups in

terms of fluke antibody levels,

p = 0.5

8 Claridge et al., 2012 [43] 3026

herds

UK Cross sectional dairy herd level study

using bulk milk tank samples and herd

bTB status.

Herd SICCT

breakdown (B)

Antibody ELISA

(Q; smoothed)

1. Positive fluke test is

significant negative predictor

for bTB breakdown

2. Fluke antibodies and bTB

breakdown are spatially

separated

(Continued)
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A case control study looking at the association between fluke antibody levels of individual

adult cattle and their bTB test result was reported in a PhD thesis (study 7). Studies 8 and 13

Table 1. (Continued)

Study Reported in Sample

size

Country Type of study bTB outcome

measure

Fluke outcome

measure

Findings

9 Claridge et al., 2012a; Garza-

Cuartero et al., 2016 [39,43]

12 Northern Ireland Calves, experimentally infected in 2

groups: M. bovis only and fluke and M.

bovis. SICCT after 10 and 21 weeks.

PM3 after 22 weeks

SICCT (Q)

IFN γ (Q)

Lesion size (Q)

Lesion count (Q)

Culture-positive

tissues (Q)

M. bovis bacterial

recovery (Q)

Lesion quality (D)

Antibody ELISA

(B)

Liver fluke

numbers (Q)

1. Co-infected had smaller

response to SICCT (although no

change to qualitative result i.e.

all still reactors)(significant,

p�0.05)

2. M. bovis bacterial load lower

in co-infected (significant,

p�0.05)

3. No difference in lesions

between groups

4. IFN γ response lower in co-

infected (significant only at

certain time points)

10 Byrne et al., 2017 and Byrne

et al., 2018 [44,45]

6242/

5698

Northern Ireland Cross sectional abattoir study with

PM2, SICCT positive and SICCT

negative in-contacts cattle only, single

abattoir

SICCT reaction size

(Q)

Lesion count (Q)

Max. lesion size (Q)

Lesion presence (B)

Current

infection (B)

Liver damage

(B)

Either (B)

1. No difference in bTB lesion

presence between liver fluke and

non liver fluke groups (current

or previous fluke infection)

2. No difference in SICCT

reaction size

3. No difference in number of

lesions

4. Maximum lesion size smaller

in fluke infected (n = 2471)

11 Kelly et al., 2018 [46] 732 Cameroon

(Fasciola
gigantica)

Cross sectional abattoir study with

PM1, general slaughter population,

single abattoir. Fulani and mixed breed

cattle

Lesion presence (B)

IFN γ PPDa-PPDb

(Q)

Bovigam1 test (B)

Liver damage

(B)

1. Co-infected animals more

likely to have bTB lesion [mixed

breed]

2. Co-infected animals more

likely to have false negative IFN

test [mixed breed]

3. Fulani cattle more likely to

have bTB lesions than mixed

breed

12 Byrne et al., 2019a [47] 138,566 Northern Ireland Cross sectional abattoir study with PM

1/2 followed by culture. Single abattoir.

Populations examined include all cattle

slaughtered at abattoir, LRS, cNRs or

reactors

SICCT (B; standard

and severe analysed

separately)

Lesions (B)

Culture confirmation

(B)

SICCT reaction size

(Q)

Active liver

fluke infection

and/or fluke

damage (B)

1. No association between liver

fluke and SICCT result

2. SICCT reaction size smaller

in fluke infected cattle (non-

significant)

3. No association between liver

fluke and lesion detection

4. No association between liver

fluke and bTB confirmation

5. Liver fluke infected animals

less likely to have false negative

SICCT (could indicate fewer

lesions rather than effect on

SICCT)

13 Byrne et al., 2019b [48] 1494

herds

Northern Ireland Dairy herd level study. Repeat bulk milk

samples

Culture-confirmed

herd breakdown (B)

SICCT herd

breakdown (B)

Lesions at routine

slaughter (B)

Herd breakdown size

(Q)

Antibody ELISA

(B and Q)

Possible small size effects but

near universal liver fluke

infection could have hidden the

result

Q indicates quantitative or ordinal measure. B indicates binary measure. D indicates description of differences

PM1: Routine post-mortem examination that is routinely carried out in the slaughterhouse for all cattle. PM2: Standard PM for reactors involves examination of more

tissues than that done routinely, but is still carried out according to the usual protocols followed by abattoir staff. PM3: Detailed PM has been carried out by researchers

and may include more in depth examination e.g. slicing and soaking the liver

https://doi.org/10.1371/journal.pone.0226300.t001
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investigated the association between bTB herd breakdown and the fluke antibody level in bulk

milk tank samples from the same herd. These were all UK studies.

There were five cross-sectional abattoir studies, from Czechoslovakia (study 1), Germany

(study 2), Zambia (study 6), UK (study 12), and Cameroon (study 11). The Zambian and Cam-

eroonian studies were on the tropical liver fluke F. gigantica, and investigated the association

between bTB lesions and presence of fluke in the liver at slaughter. The Cameroon study also

looked at Bovigam1 test results. The other three studies investigated the association between

bTB skin test result and presence of bTB lesions at the abattoir, comparing cattle with and

without evidence of liver fluke infection (studies 1, 2 and 12).

Study 10 was an in depth project using different subsets of the same population of Northern

Irish cattle slaughtered for bTB control, to look at associations between liver fluke (determined

by post-mortem evidence) and different aspects of bTB including presence of lesions, lesion

counts, SICCT reaction size and bacteriological confirmation. Most of the included cattle were

slaughtered due to positive SICCT results (cases), with a small proportion being negative ‘in

contact’ cattle (controls). The findings were written up in two papers (see Table 2 for details).

Finally, there was a case control study carried out by DEFRA in the UK (study 9). This was

a large study looking at many aspects of bTB infection in cattle, of which liver fluke was one

small part. The population comprised SICCT reactors and ‘in contacts’ (defined as cattle

which had been in contact with bTB reactors but were not from the same farm as the bTB reac-

tors used in the study). Fluke exposure was measured by antibody ELISA and bTB was defined

as lesions confirmed by either culture or histology [36]. Some aspects of this study were written

up in a poster [37].

Risk of bias in included studies

Study design. Of the thirteen studies considered, three were laboratory studies, and the

remaining ten were observational studies, of which two were case control studies, and eight

were cross sectional studies.

Sampling bias. For studies 1, 2, 6, 11 and 12, abattoir populations were used. These may

be geographically biased and may also be more limited in terms of age and general health than

the underlying population: for example, most cattle of beef breeds are likely to be young and in

good condition whereas those of dairy breeds may be older.

Studies 3 and 10 did not include any TB free cattle–only those that either tested positive or

were in contact with positive cattle. These studies are aimed specifically to look at the potential

for under diagnosis in cattle considered to be high risk.

Table 2. A summary of where the outcomes from studies 5, 9 and 10 were published.

Allocated study number Aspect of study Reported in

5 SICCT Unpublished

Lesions [40]

Bacterial recovery [39]

IFN γ [40]

9 SICCT [43]

Lesions [39]

Bacterial recovery [39]

IFN γ [39]

10 Presence of visible lesions [44]

Tuberculin reaction size, post-mortem lesion counts, pathology [45]

https://doi.org/10.1371/journal.pone.0226300.t002
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Studies 8 and 13 used dairy herds only. Study 7 used lactating cattle. Therefore only adult

female cattle of dairy breeds were included.

Studies 4, 5 and 9 were experimental studies which used immature cattle.

Convenience sampling was used for all of the observational studies, and random sampling

is not a realistic option for observational studies of this nature. All of the studies have

attempted to sample representatively from the populations that they target. The underlying

population may affect the generalisability of results, especially as one study found marked dif-

ferences between dairy and beef cattle.

Randomisation. None of the experimental trials specified a method of randomisation.

Blinding. Many of the study designs led to blinding at certain points, for example the

SICCT administrator would generally be unaware of the animal’s fluke status, but none of the

studies mentioned blinding at other stages.

Comparability of exposed and unexposed animals. In all observational studies, exposed

and non-exposed animals were drawn from the same underlying population. All of the main

confounders of age, breed, sex and region were adjusted for by including in regression models

in studies 10 and 12. Of the two herd-level studies, study 13 controlled for region whilst study

8 did not. Studies 3 and 11 controlled for three of the main confounders. Study 6 controlled

only for region of origin. In study 7, cases and controls were matched by farm, which would

include factors including herd size, region of origin and TB history of the farm, but not of the

age of the animal. Studies 1 and 2 did not control for any confounders. This measure did not

apply to the experimental studies (4,5 and 9) as the small numbers of animals included were all

of a similar age, sex and breed and kept under controlled conditions. Table 3 shows the con-

founders adjusted for in each study.

Detection bias. Study 4 had unexplained differences between sampling times between the

different groups of calves. In this study, there were two co-infected groups. These groups were

both administered the two pathogens 4 weeks apart, but in different orders. The M. bovis only

group and the M. bovis then F. hepatica group were sampled for IFN γ at weeks 1, 3, 5 and 13

after BCG infection whereas the F. hepatica then M. bovis co-infected group were only sampled

at weeks 1 and 13. The changes observed in IFN γ level mostly occurred at weeks 3 and 5, so

would not have been detected in the F. hepatica then M. bovis group even if they had occurred.

Incomplete outcome data. Study 6 reported missing data on the region of origin of the

cattle which could have introduced bias. Studies 10, 11, 12 and 13 reported missing data for

logistical reasons which are unlikely to have caused bias.

Table 3. The confounders controlled for in each study included in the systematic review on liver fluke and bovine TB.

Study Age Breed Sex Region Others

1 no no no no

2 no no no no

3 yes yes no yes Flukicide treatment, herd size, season, test interval

4 NA NA NA NA

5 NA NA NA NA

6 no no no yes

7 no no no no

8 NA NA NA no Herd size, environmental/climate factors

9 NA NA NA NA

10 yes yes yes yes Herd of origin

11 yes yes yes no

12 yes Herd type (dairy or non-dairy) yes yes Herd size, year, environmental/climate factors

13 NA NA NA yes Herd size, bTB history in herd and locality, season

https://doi.org/10.1371/journal.pone.0226300.t003
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Selective reporting. Studies 5 and 9 did not report qualitative (positive/negative) Bovi-

gam1 results although use of the test was reported. Only the quantitative result of the IFN γ
response was shown. There was a statistically significant difference between the mean IFN γ
results of the groups at 3 out of 8 (study 5) or 2 out of 15 time points (study 9), yet the authors

interpreted that this was likely to affect the outcome of diagnostic tests. The difference in skin

measurements between M. bovis infected groups of calves with and without F. hepatica for

study 5 was not statistically significantly different, and has never been published. Taken

together, these findings suggest a reporting bias.

Study 11 describes culture methods and regression analysis for these data, but the results

are not provided. The proportions of the culture are given in another paper [49] but modelling

results not described.

Other sources of bias. Study 8 used smoothed fluke ELISA PP values for each farm as

independent variables in a logistic regression model. Smoothing is a statistical process which

aims to capture patterns in data whilst reducing noise. However, artificially reducing variabil-

ity which may be due to genuine differences in fluke exposure on different farms can cause

inflation of regression co-efficients, artificially enhancing the observed effect of fluke exposure.

Studies 4, 5, 8 and 9 were done by the same group of collaborating authors and some also on

the same calves, increasing the risk of confirmation bias, as authors who have previously

reported one result are probably more likely to publish similar findings in the future. Studies

10, 12 and 13 were also done by a single group.

Summary of potential for bias. None of the studies met the required criteria for avoiding

bias. This is not surprising for the observational studies, but even for the experimental studies,

missing information in both the methods and results made it difficult to interpret the validity

of the findings.

Experimental studies may provide more consistent evidence due to similarity of infectious

doses and the animals used, whereas in naturally infected animals it may be difficult to be sure

whether an animal is infected at all. In the three laboratory studies included here, the infectious

doses of the pathogens and routes of infection were similar to those animals might experience

in the field [50]. However, experiments are generally designed to maximise the chance of find-

ing an effect by infecting animals with each pathogen in a particular order and measuring out-

comes at optimal time points. Table 4 summarises the assessments of bias for each study.

Table 4. Summary of bias for the included studies.

Study

number

Study

design

Sampling bias Random

allocation

Blinding Comparability of

groups

Detection bias Incomplete outcome

data

Selective

reporting

1 NA

2 NA

3 NA

4 NA

5 NA

6 NA

7 NA

8 NA

9 NA

10 NA

11 NA

12 NA

13 NA

Red denotes a high risk of bias, yellow, medium, and green, a low risk of bias. NA (not applicable) refers to measures which do not apply to the study due to its design.

https://doi.org/10.1371/journal.pone.0226300.t004

Co-infection of cattle with Fasciola hepatica or F. gigantica and Mycobacterium bovis: A systematic review

PLOS ONE | https://doi.org/10.1371/journal.pone.0226300 December 30, 2019 11 / 21

https://doi.org/10.1371/journal.pone.0226300.t004
https://doi.org/10.1371/journal.pone.0226300


Narrative synthesis

Skin test. Eleven studies investigated the effect of fluke on the SICCT or other tuberculin

skin test. Studies 4, 5 and 9 found that the response to the SICCT was reduced in fluke-infected

calves. Study 4 had the largest effect, with 4/5 BCG-only infected calves testing positive whilst

1/9 co-infected calves tested positive. Study 4 also investigated the relative timing of the infec-

tions, and found that the greatest effect was seen when the animal was infected with F. hepatica
before BCG, but the effect was still observed when the animal was infected with BCG first.

Studies 5 and 9 had similar experimental designs, using virulent M. bovis to infect the calves.

In study 5 (unpublished results, Jim McNair personal communication), 6/6 of the M. bovis-
only calves tested positive for bTB compared to only 4/6 of the co-infected calves. In study 9,

all M. bovis only and co-infected calves tested positive but there was a significantly greater

reaction in the M. bovis only group compared to the co-infected group (raw skin measure-

ments unpublished but differences between avian and bovine reactions published in [43]).

Similar to study 9, study 12 found a reduction in SICCT reaction size that did not affect the

binary test result. Studies 2, 7, 10 and 13 found no effect. All were observational studies. Stud-

ies 10, 12 and 13 were rigorous, detailed studies and adjusted for all main confounders. Inter-

estingly, significant associations were found in univariable analysis which then disappeared in

the multivariable analysis, highlighting the importance of adjusting for confounders. Study 10

compared SICCT positive cattle with SICCT negative in-contacts, a group which is considered

high risk for having undetected bTB. Study 12 looked at the entire abattoir population and

subdivided them into SICCT reactors at either standard or severe interpretation. Study 13 was

a herd level study and 93% of herds had fluke exposure, which could have restricted the ability

to detect a difference between fluke infected and uninfected. A further limitation of herd level

studies is that fluke infection levels vary widely between individuals and usually only a very

small proportion of animals test positive for bTB at any herd breakdown; we cannot tell

whether the same individuals within the herd are at risk from each disease. Study 2 had a high

risk of bias as no confounders were controlled for. Study 7 was under-powered and 95% of cat-

tle had fluke, again limiting the ability to detect a difference.

Study 8 showed that fluke infected herds were one third less likely to have a cow test positive

for bTB on the skin test. However, region was not adjusted for in the model, and the smooth-

ing of explanatory variables may have inflated the effect size. In addition, herd-level study limi-

tations apply as for study 13.

Study 3 was a case control study with bTB reactors and in contact animals (a similar

approach to study 10). Fluke was found to be a significant negative predictor for confirmed

bTB (by lesion/culture/histology) in both SICCT test reactors and non-reactors, but only in

dairy animals. The authors interpreted these findings as fluke causing false positives to the

SICCT. However, an alternative explanation more consistent with the evidence from other

studies would be that fluke decreases likelihood of finding visible lesions.

The data from study 1 were used to determine that cattle with fluke had a decreased chance

of a false negative skin test. However, the data showed that the skin test had close to 100% sen-

sitivity and specificity in fluke positive cattle, which suggests a problem in the dataset

somewhere.

Overall, the evidence points towards fluke infection being associated with a reduced

response to the SICCT, although this effect is unlikely to be large enough to be of clinical sig-

nificance in naturally infected adult cattle on farms.

Interferon γ. Four studies looked at interferon γ, studies 4, 5 and 9 under experimental

conditions and study 11 in Cameroon. Study 4 reported both Bovigam1 qualitative results

(positive/negative) and the quantitative IFN γ response to PPDb stimulation for individuals.
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However, some of those reported as testing positive using Bovigam1 had lower IFN γ levels

than those reported as testing negative. This was because the response to PPDa was higher in

the co-infected animals (R. Flynn, personal communication), but this was not seen in any

other study, so could be an artefact. In studies 5 and 9 the mean IFN γ was consistently higher

in the M. bovis group than in the co-infected group, but this is a small difference and is only

statistically significant at a small number of time points. The statistical test used was not

detailed in either of the reports. Study 11 found a statistically significant difference between

cattle with and without fluke pathology, in cattle positive by M. bovis culture. However, the

majority of results from both groups were still classed as negative indicating unreliable test

performance in this setting. In a separate analysis of cattle with negative IFN γ test, there was

increased risk of a false positive in mixed breed cattle with fluke infection, however, this did

not apply to Fulani breed cattle. Overall the evidence suggests that fluke is associated with a

decreased response to the Bovigam1 test, but this may be too small to be clinically important.

Lesions. Nine studies reported on lesions. In experimentally infected animals, study 5

reported lower numbers of lesions in co-infected animals compared to M. bovis only, although

this was not a statistically significant difference, whilst study 9 found no difference between

the groups. Observational studies 10, 12 and 13 also found no effect.

The authors of studies 1 and 2 (cross-sectional abattoir studies) considered that the differ-

ences between groups were too small to be clinically significant. However, our analysis of the

data provided in the papers showed a significant decrease in lesions in fluke-infected cattle in

both studies, although confounders could not be adjusted for meaning the risk of bias is high.

Studies 10, 12 and 13, all large scale observational studies, found no effect after adjusting for

covariates.

Study 6, also a cross sectional study, reported that fluke infected cattle were five times more

likely to have bTB lesions than those without fluke. This is a much greater effect size than seen

in the other studies. This study took place in Zambia, where F. gigantica is the endemic species

of fluke, and there is no routine bTB testing programme, so there could be important differ-

ences in management and the stages of bTB occurring in the animals. There were also some

errors and inconsistencies in the analysis and reporting which cast doubt on the reliability of

the results. Findings from study 11, also in a tropical setting where there is no routine testing,

supported study 6 findings, but only in mixed breed cattle.

Overall the evidence does not support hypothesis that liver fluke has an effect on bTB lesion

detection, although if the two African studies are excluded, there is some support for the the-

ory of decreased visible lesions in fluke infected animals.

Culture. Five studies describe culture/bacterial recovery. Studies 5 and 9 were experimen-

tal studies, and all lung and lymph node tissues with or without lesions were examined, rather

than culturing only from lesions as would be the case in the UK bTB control programme or

most abattoir studies. The results of both studies were analysed together and there was a signif-

icant difference, however in study 5, only one M. bovis-only infected animal actually had a

greater number of bacteria and the other M. bovis only and co-infected animals all had similar

amounts. The difference in bacterial recovery between fluke infected and fluke negative groups

was more marked in study 9, which could have been because these calves were slaughtered at

22 weeks post-infection compared to 14 weeks in study 5. There were only six calves per group

in each study and the data were skewed with most calves having low numbers of bacteria. Stud-

ies 12 and 13, after adjusting for confounders, found no effect. Overall, the evidence points

towards a decrease in the ability to culture M. bovis from lesions in fluke infected animals.

However, this effect is not as clear in naturally infected cattle.

Summary. Overall, most of the studies found that liver fluke exposure was associated with

either no effect or a decreased response to all of the four aspects of bTB diagnosis assessed:
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skin test, IFN γ, lesion detection and mycobacteria cultured or recovered (Fig 2). Most of the

studies found a small effect. A decrease was more likely to be seen in experimental studies than

observational studies. Those showing the largest effects were generally those where the evi-

dence was deemed of poorer quality.

Discussion

This is the first systematic review on co-infection with M. bovis and Fasciola spp. and its

impact on bTB diagnosis. Studies were included if they contained sufficient data to contribute

evidence on the association between liver fluke infection and four measures relating to bTB

diagnosis. Due to the paucity of studies on co-infection with M. bovis and Fasciola spp., we

wished to maximise the amount of information obtained by including both observational and

experimental studies. Although observational studies do not usually meet strict criteria for

avoidance of bias, they provide information about co-infection in naturally infected animals

Fig 2. A harvest plot showing the results from the thirteen studies included in the analysis. The numbers correspond to study numbers given in Tables 1 and 3.

Studies which cover more than one aspect are included more than once. Quality of evidence relates to the likelihood of bias and the clarity of reporting. The size of the

box is an assessment of the likely clinical importance of the finding, if it were true. Small effect boxes include some results considered statistically significant. The

number of stars was decided by allocating a value of 2 for best quality evidence, 1 for medium and 0.5 for poorest quality evidence, and multiplying this by 1 for a small

box and 2 for a large box, then summing all the values within that section. Studies are shown on the border line if there was a difference in skin test reaction size but this

did not affect binary skin test result.

https://doi.org/10.1371/journal.pone.0226300.g002
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under conditions that are difficult to replicate in the laboratory. This led to the inclusion of

studies of widely varying design, which made direct comparison of results difficult, and pre-

cluded doing a meta-analysis. A harvest plot was used instead to synthesise the data and aid in

drawing conclusions. Both the quality of the evidence and the clinical importance of the effect

size were taken into account. The use of this semi-quantitative method gave a representation

of the strength of the evidence for each measure, but was necessarily somewhat subjective. The

balance of evidence from the thirteen studies included in this review supports the hypothesis

that liver fluke-infected animals are likely to have a reduced response to both the SICCT (or

other tuberculin skin test) and the Bovigam1 test and fewer bacteria recovered/cultured from

their lesions. The clinical and practical importance of this effect is likely to be small, and many

studies particularly observational studies of naturally infected cattle showed no effect. The

main body of evidence showed no effect of liver fluke infection on visible lesions detection.

Differing findings between studies can arise by chance but may also be due to study design.

In all three of the studies on experimentally infected animals, the effect of liver fluke infection

was to reduce the response to the skin test. However, four studies on naturally infected cattle

found no association, and one study possibly found the opposite effect (depending on inter-

pretation) [36]. There is more variability in field studies, which could obscure small effects. In

addition, interpretation is made more difficult by not knowing whether the absence of lesions

is due to the animal not being infected or because it did not produce any detectable lesions in

spite of infection. A number of studies were excluded from the review because they were

designed to test the hypothesis that fluke caused false positives on the SICCT, and therefore

did not include bTB infected animals. However, several of these studies showed that fluke

infected animals did not have false positives on the bTB skin test [51–54]. It seems likely that,

in the absence of a gold standard test for bTB, so-called ‘false positives’ to the SICCT seen in

populations where bTB is endemic are actually due to a lack of lesions rather than the absence

of bTB infection.

The lower risk of bias in experimental studies, combined with work showing that fluke

infection down-regulates Th1 type immune responses [5,55] supports the view that fluke infec-

tion can reduce the size of the response to the SICCT. However, the effect size in the two

experimental studies that used M. bovis rather than BCG was small in terms of SICCT test

interpretation. This leads to the conclusion that the effect size is probably small, and could

explain why it was not seen in four of the 11 observational studies. Similarly, all three of the

studies on experimentally infected animals that looked at IFN γ levels found a small but consis-

tent reduction in co-infected animals. It is doubtful that this effect would be large enough to

affect Bovigam1 test outcomes. There was one study of the Bovigam1 test in naturally

infected animals, which supports these results in that there was a difference but it was only

seen in a small proportion of animals.

Of studies that looked at lesions and culture/bacterial recovery, the picture was more varied

in both experimentally and naturally infected animals. One explanation for the reduction in

lesion observation and/or culture/bacterial recovery reported in fluke infected cattle in many

of the studies is that an interaction is mediated via the host immune system. In fluke infected

cattle, macrophage phenotype switching occurs with alternatively activated macrophages

becoming the predominant type. These are less efficient at phagocytosis and this reduces the

rate of uptake of bacilli [39], which could lead to fluke infected cattle being more resistant to

infection. However, logically, if fluke infected cattle do take up M. bovis bacilli, the altered

immune environment with a reduced Th1-type response could lead to less efficient granuloma

formation, increasing mycobacterial dissemination around the body, but making it less likely

that lesions will be seen at post-mortem. This raises the possibility of a non-linear relationship

between the two pathogens, with the observed association depending on factors such as the
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order in which an individual is exposed, the length of time between infections, how long the

animal has been infected for, and the infectious dose. Post-mortem examination can reveal

current and/or past liver fluke infections. However, no difference in association with bTB was

found between the two metrics in studies 10 and 12. Study 7 [38] reported that the effect size

was greater for cattle that were infected with F. hepatica before BCG, than for cattle which

were infected in the opposite order. Associations due to immune interaction may be more

obvious in experimentally infected animals, where natural variability between individual ani-

mals’ immune responses can be reduced by using a homogenous group of cattle, and timing

and dose of infection can be standardised.

Also of interest was that in two studies where fluke numbers were counted, there was a con-

sistent although non-significant finding that co-infected animals had fewer flukes at post-mor-

tem than those infected with F. hepatica only [38,40]. This applied regardless of the order of

infection with the two pathogens. The possibility that bTB could be protective against fluke

infection should not be ruled out.

A shortcoming of most of the studies reviewed here is that, due to either the difficulties of

keeping cattle under laboratory conditions, or the compulsory bTB control programme, stud-

ies only looked at relatively early stage bTB infections. In fact, the two studies (6 and 11) that

found a positive correlation between bTB lesions and liver fluke infection were both under-

taken in settings where there is no routine test and slaughter programme, meaning that bTB

could have reached a more advanced stage in some animals in the studies. A possible explana-

tion for this finding is therefore that, once bTB is established, fluke infection could accelerate

progression towards clinical tuberculosis. In general, a non-linear relationship between F.

hepatica and M. bovis infections could lead to inconsistent findings unless the pathogens are

measured quantitatively.

Correlations may also be observed that are not due to direct interactions between the two

pathogens, and this is more likely in naturally infected animals due to the non-random selec-

tion of which animals become infected. Animals have inherent varying resistance to parasites,

and this resistance has a cost [56]. Therefore, animals whose immune responses make them

relatively resistant to parasites could be more prone to contracting other pathogens. For exam-

ple, studies of nematodes and bTB in buffaloes found that those that were more resistant to

nematodes were more susceptible to bTB, so the two pathogens were inversely correlated [57].

Conversely, animals that were susceptible to nematodes but were treated to reduce their bur-

dens suffered less morbidity and mortality as a result of bTB, compared to animals from the

same population that were not treated [58]. If this same effect was true of fluke, flukicide treat-

ment could confound the findings if not adjusted for in observational studies of naturally

infected animals.

A review of co-infection studies in wild animals found that cross sectional studies can find

associations that are in the opposite direction to the underlying interaction [59]. The effects of

co-infection are context- specific and may only be important under certain conditions relating

to the relative timings, burdens of infection, or in certain population groups such as old,

young, pregnant, metabolically stressed [13,59]. This could explain the differences between the

studies in this review, and also the differences between dairy and beef cattle seen in study 3

[36], where there was a very large difference in effect size between beef and dairy cattle. The

interaction may also be of greater importance in contexts where the infections are able to prog-

ress further than would occur in a managed setting, for example in wild or feral populations.

The quality of a systematic review is limited by the available evidence. There was a medium

to high risk of bias in all of the studies included in this review. To some extent this cannot be

avoided with observational studies, however, certain measures could be taken in order to

ensure the data are analysed fairly, without the temptation to try to extract statistically
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significant results. We suggest that for future studies, choosing the statistical methods to be

used before data collection begins would help to reduce bias arising at the analysis stage, as

would keeping the statistician unaware of the disease status of the animals. There was evidence

of author bias in the different conclusions reached from similar results: in study 9 [43], the

authors inferred that a reduction in size of reaction to PPDb would cause marked under detec-

tion of bTB even though this reduction was not sufficient in magnitude to change the result of

the SICCT. Conversely, the authors of study 12 [47], who similarly found a reduction in reac-

tion size that did not affect the outcome of the SICCT, inferred that this was not clinically

important. Another example is that of study 4 [37] who concluded that unconfirmed SICCT

reactors were false positives rather than bTB positive animals with atypical lesions. These

examples illustrate the difficulty in disentangling the true meaning of study findings and high-

light the value of a systematic review of the data.

Studies 10, 12 and 13 [44,45,47,48] were undertaken in an effort to follow up the previous

findings and used large sample sizes and numerous modelling approaches to try to identify

any possible association between the two pathogens. This collection of studies was the most

thorough in controlling for confounders and the most rigorous in reporting all aspects of the

study. Interestingly there are several examples of association between liver fluke infection and

bTB on univariable analysis that disappeared in the multivariable analysis. This illustrates the

importance of circumspect judgement of results from any observational study that does not

control adequately for the main confounders.

The authors of some of the included studies have collaborated with the research group at

the University of Liverpool. This meant that we were able to obtain some extra unpublished

information which improved our understanding of these studies. This is likely to have

improved the review by enabling us to include more complete data. Conversely, due to the dif-

ficulties associated with obtaining and reading some of the older foreign language studies, and

the fact that methods were reported very briefly and authors were not contactable, some stud-

ies had to be excluded. This may have biased the conclusions reached in this analysis.

In summary, there is evidence than liver fluke infection may have an effect on the diagnosis

of bTB by both skin test and Bovigam1. Although it is likely that the practical importance of

this effect is small, the possibility of greater effects in particular sub groups of animals, such as

older or dairy cattle, should be considered. This begs the question of whether liver fluke should

be considered an impediment to the eradication of bTB. [60–62] Despite extensive testing and

culling, bTB incidence in England, Wales and Northern Ireland has risen consistently over

recent years, with the situation in Ireland not much better.[63] A recent review discussed pos-

sible reasons why attempts at controlling bTB in these countries have been so much less suc-

cessful than in continental Europe, and posited the relatively high prevalence of liver fluke as a

possibility.[64] This is pertinent as liver fluke is becoming more common in this region due to

climate change.[65] Whilst there are still questions to be answered, particularly around the rel-

ative timings of the infections, the current data suggests that, with limited resources, bTB con-

trol efforts should probably be focused on other factors.
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