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BCG vaccination reduces bovine tuberculosis
transmission, improving prospects for elimination
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INTRODUCTION: Bovine tuberculosis (bTB) poses
a substantial global threat to animal health,
food security, and human well-being. Although
proven effective in many high-income coun-
tries, the traditional test-and-slaughter approach
for bTB control is expensive and impractical
for socioeconomic reasons in many regions
where the disease remains endemic. This has
necessitated a need for alternative bTB con-
trol strategies, with Bacille Calmette-Guérin
(BCG) vaccination presenting a promising op-
tion. However, the effectiveness of BCG in con-
trolling bTB by reducing onward transmission
remains unclear. This study investigated both
the direct and previously unexplored indirect
effects of BCG vaccination on bTB transmis-
sion in cattle, thereby providing key missing
insights for control.

RATIONALE: Traditional vaccine efficacy evalua-
tions cannot measure the impact of vaccination
on reducing onward transmission from infected
individuals. This mode of action of vaccination

is critical for the evaluation of BCG in cattle
because the primary effect is to reduce the
extent and rate of progression of lesions rather
than to provide sterilizing protection. Our study
addresses this gap by performing a natural
transmission experiment with bTB in cattle,
using a crossover design approach. This method
enabled a more realistic and robust assessment
of BCG’s true impact on bTB transmission,
quantifying both the direct efficacy of BCG as
well as its effect on reducing transmission. We
developed a mechanistic transmission model
to explore the potential of using BCG vaccina-
tion in Ethiopia, where the transmission risk
of bTB varies considerably between herds and
the relatively infrequent trading of animals is
projected to contribute to a gradual yet sub-
stantial increase in prevalence.

RESULTS: The natural transmission study showed
a 74% reduction in bTB transmission [95%
credible interval (Crl): 46 to 89%] in vacci-
nated as compared with unvaccinated animals.
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Quantifying BCG vaccination’s total efficacy against bovine tuberculosis. Sentinel calves, both
BCG-vaccinated and unvaccinated, were exposed to seeder cattle to measure direct efficacy through
IGRA-conversion times over 12 months. Subsequently, these sentinels were used to determine BCG's indirect
transmission-reducing effects, and the results helped inform development of models for evaluating TB

elimination strategies.
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tion exceeded the observed direct protec....-
against infection (58%; 95% Crl: 34 to 73%),
and the combined effects translated to a total
vaccine efficacy of 89% (95% CrlI: 74 to 96%).

Vaccinated animals exhibited substantially
lower total visible lesion scores compared with
unvaccinated controls, which is consistent with
the notion that BCG vaccination reduces dis-
ease severity and potentially infectiousness.

A stochastic metapopulation transmission
model, calibrated with data from Ethiopia,
suggests that routine calthood BCG vaccination
has the potential to prevent the predicted ex-
pansion of bTB in dairy herds and bring the
population average reproduction ratio below
1 within as few as 10 years, resulting in a sub-
stantial decrease in predicted bTB prevalence
as compared with baseline scenarios without
vaccination. The results highlight the critical
importance of the combined direct and indirect
effects of BCG vaccination in enabling bTB
elimination.

The findings suggest that BCG vaccination
represents an important tool for bTB control,
particularly in resource-limited settings where
traditional methods are impractical. The results
also suggest that achieving elimination through
vaccination alone would require a long-term
commitment, as the full benefits may take de-
cades to be realized. Our studies highlight a need
for further research on the duration of efficacy,
including the potential for extending protec-
tion through revaccination, as well as the impact
on cross-species transmission.

CONCLUSION: Our study demonstrates remark-
able and previously unrecognized indirect ef-
fects of BCG vaccination on bTB transmission,
extending beyond its direct protective effect.
Scenario analyses with mechanistic models
for transmission in Ethiopia suggest that
implementation of BCG vaccination may en-
able effective bTB control and progress toward
elimination. Moreover, these findings sug-
gest that BCG may provide an effective method
of control in resource-limited settings where
current test-and-slaughter approaches are
unfeasible. Lastly, the crossover trial design
incorporating natural transmission provides
a general framework for studying other vac-
cines and interventions aimed at reducing
onward transmission of TB, with broad ap-
plicability to other infectious diseases of ani-
mals, including humans.
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VACCINATION
BCG vaccination reduces bovine tuberculosis
transmission, improving prospects for elimination

Abebe Fromsa?t, Katriina Willgert®t, Sreenidhi Srinivasan**%+, Getnet Mekonnen’,

Wegene Bedada’, Balako Gumi', Matios Lakew’, Biniam Tadesse’, Berecha Bayissa't,

Asegedech Sirak’, Musse Girma Abdela’, Solomon Gebre’, Tesfaye Chibssa’, Maroudam Veerasami®,
H. Martin Vordermeier®, Douwe Bakker*'®", Stefan Berg®§, Gobena Ameni'*2, Nick Juleff'>,

Mart C. M. de Jong'*, James Wood>, Andrew Conlan®*, Vivek Kapur*>*

Bacillus Calmette-Guérin (BCG) is a routinely used vaccine for protecting children against Mycobacterium
tuberculosis that comprises attenuated Mycobacterium bovis. BCG can also be used to protect livestock
against M. bovis; however, its effectiveness has not been quantified for this use. We performed a natural
transmission experiment to directly estimate the rate of transmission to and from vaccinated and
unvaccinated calves over a 1-year exposure period. The results show a higher indirect efficacy of BCG to
reduce transmission from vaccinated animals that subsequently become infected [74%; 95% credible
interval (Crl): 46 to 98%] compared with direct protection against infection (58%; 95% Crl: 34 to 73%)
and an estimated total efficacy of 89% (95% Crl: 74 to 96%). A mechanistic transmission model of
bovine tuberculosis (bTB) spread within the Ethiopian dairy sector was developed and showed how the

prospects for elimination may be enabled by routine BCG vaccination of cattle.

ovine tuberculosis (bTB) is an economi-
cally important disease of livestock with
the potential for zoonotic transmission
(D). Statutory programs for elimination
currently rely on intensive test-and-
slaughter of animals that react to tuberculin,
which provides a measure of exposure but not
necessarily of infection. Test-and-slaughter based
elimination programs have been successful in
many countries including Australia (2) and
the United States (3) but are unfeasible socio-
economically in most low-and-middle income
countries (LMICS), where the disease is un-
controlled. Test-and-slaughter also continues
to place considerable economic pressures in
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countries such as the United Kingdom (4),
Ireland (5), and New Zealand (6), where the
disease persists in cattle and wildlife despite
intensive efforts. The development and de-
ployment of vaccines such as Bacillus Calmette-
Guérin (BCG) has thus long been seen as a
solution for accelerating control and the ulti-
mate elimination of bTB across the globe (4).
However, the use of BCG vaccination as a sup-
plement, rather than an alternative, poses eco-
nomic challenges because of the ongoing costs
associated with test-and-slaughter and the
potential for BCG to undermine the effective-
ness of existing bTB control programs (7, 8).
Surveillance for bTB relies predominantly on
tuberculin testing, a method that detects delayed
hypersensitivity reactions to purified protein
derivatives (PPDs, also known as tuberculins)
from specific Mycobacterium species. The stan-
dard approach internationally is the skin test,
in which the response is assessed by the size of
the swelling at the injection site. Complement-
ing this, interferon-gamma release assays (IGRAs)
offer a blood test alternative that use the same
tuberculins but avoid the issue of desensitiza-
tion that may be observed in animals repeatedly
exposed to tuberculins. Animals vaccinated
with BCG yield higher rates of false positive
reactions to tuberculin in both formats of the
test (9), which is the primary reason it has
not yet been licensed for use in domestic live-
stock. Recent developments in diagnostic tests
with defined antigens (ESAT-6, CFP10, Rv3615c,
and others) provide a promising avenue for
the detection of infection in vaccinated animals
(DIVA) testing (10—13) and potentially en-
able the use of BCG vaccination without com-
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promising the ability to assess freedom from
infection. These considerations are perhaps
less relevant for endemically infected LMICs with
major cattle populations throughout the world,
such as Ethiopia or India, where the high but
variable prevalence of infection within herds
(14—17) makes the introduction of test-and-
slaughter economically prohibitive and the
use of vaccines more attractive. Intensification
of farming in these emerging dairy markets
poses the risk that cattle movements will fuel a
parallel increase in the prevalence of bTB. For
instance, the animal-level prevalence in Ethiopia
has been recently estimated at 5.8% [95% con-
fidence interval (CI): 4.5 to 7.5%] (I8), but with
the prevalence within some heavily infected
herds approaching 100% test positivity, this
burden could dramatically increase.

Although DIVA tests are being validated to
pave the way for vaccination programs, the effi-
cacy of BCG remains a subject of debate. Recent
meta-analyses estimate its direct protection
against infection to be as low as 18% [95% cred-
ible interval (CrI): 11 to 24%] in experimental
studies and 61% (95% Crl: 40 to 74%) in natu-
ral transmission models (Z9). This low and
variable primary direct efficacy (VEp) is con-
sistent with BCG’s performance in human popu-
lations (20). However, in the context of bTB
control, these direct effects only partially cap-
ture the vaccine’s impact on transmission dy-
namics. The primary claim for BCG is its ability
to decelerate disease progression and minimize
lesions. In closed herds with high vaccination
rates, the total vaccine efficacy (VEt) also en-
compasses an indirect effect (VEy), which rep-
resents the reduced transmission rate from
vaccinated, infected animals to others (21).
This indirect effect is increasingly recognized
as a critical factor for assessing BCG’s overall
effectiveness in field conditions (19).

Existing literature primarily calculates BCG’s
efficacy on the basis of the number of positive
animals in both vaccinated and control groups
at a fixed end point, often using the postmortem
presence of visible lesions or culture confirma-
tion as this end point (Z9), and in one instance,
by using multiple antemortem diagnostic tests
(22). Such end point-based estimates are prob-
lematic for chronic diseases such as bTB in that
they are highly sensitive to the force of infection
within the study population and the duration of
exposure (fig. SI), hence making them unsuitable
for predicting the effectiveness of vaccines or
other interventions under field conditions.
Hence, to accurately gauge BCG’s utility in con-
trolling bTB, there is a critical need to focus on
its efficacy in reducing transmission rates. This
is particularly crucial given the consistent evi-
dence that BCG vaccination slows down disease
progression and reduces lesion extent (79), im-
plying that vaccinated animals, if infected, are
less infectious. Therefore, the relevant metric
for control is not the traditionally reported

lof8

202 ‘€2 |11dy uo B10°30US 195" MMM//:SANY W) papeo luMoq


mailto:vxk1@psu.edu
mailto:ajkc2@cam.ac.uk

RESEARCH | RESEARCH ARTICLE

end-point estimate but rather the vaccine’s effi-
cacy in reducing transmission rates, especially
so in closed herds with potential for high vacci-
nation coverage (23). The comprehensive effects
of vaccines, extending beyond mere reduction in
susceptibility, have been previously explored for
acute viral infections (23, 24). However, their ap-
plication to chronic bacterial infections, includ-
ing bTB, are notably lacking. This knowledge gap
is particularly relevant given the complex nature
and extended course of chronic infections, for
which an understanding of the full effect of
vaccines, including impact on onward transmis-
sion, is key.

To quantify the efficacy of both the direct and
indirect modes of action of BCG to reduce
transmission in cattle, we carried out a natural
transmission study under controlled conditions
(Fig. 1). In brief, four experimental groups of
sentinel animals were included in the study,
each exposed to different types of seeder ani-
mals across two distinct phases, with each
phase lasting for 12 months of contact. In phase I,

Phase |
Group 1

Phase Il
Group 3

two groups (groups 1 and 2) functioned as
biological replicates. Each group included ap-
proximately equal numbers of seeder (~34)
and sentinel animals, divided equally between
vaccinated (~17 animals) and unvaccinated
controls (~17 animals). Following an initial
2 months after vaccination, these sentinels were
introduced to a separate barn, joining older test-
positive seeder animals sourced from local
Ethiopian dairy herds. In phase II, sentinel ani-
mals from phase I were reassigned into two
groups on the basis of their vaccination status:
vaccinated n = 32 and unvaccinated n = 32.
These animals then served as seeder animals
for a new set of approximately 34 sentinel calves
(similar to the arrangement during phase I). We
next developed a mechanistic transmission
model calibrated using estimates of the within-
herd reproduction ratio, Ry, and empirical
cattle movement data from four regions of
Ethiopia, to explore the potential for control of
bTB in LMIC settings through routine BCG
vaccination.
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Fig. 1. Schematic representation of study design. For phase |, sentinel animals (calves) were acclimatized
for about 2 weeks after recruitment, and then they were randomized (double-blind lottery system) into
control (U) and vaccinate (V) experimental groups. At 2 months after vaccination, blood was drawn for IGRA,
and a skin test was conducted to confirm vaccine response. After confirmation of vaccine response, two
sets of ~34 adult infected (CCT and IGRA+) seeders were housed with a target of 17 unvaccinated and

17 BCG-vaccinated sentinel calves (2 to 6 months of age) in each group (group 1 and 2) with a range of
between 16 to 18 animals in practice after the loss of animals after vaccination but before exposure. A total of
5, 4, 4, and 3 animals in total were removed early from groups 1, 2, 3, and 4, respectively. The majority

of removals in each group (except for group 3) were seeders consisting of 3/5, 3/4, 1/4, and 2/3, respectively.
During the exposure period of 1 year, blood was drawn for IGRA every 2 months, and the skin test was conducted
every 4 months. The surviving sentinel animals from phase | were then used as seeders for two new experimental
groups (groups 3 and 4) with a fresh set of sentinel calves, which were then followed with the same schedule of tests

for a second 12-month period of natural exposure.
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Trajectories of cellular immune responses in
BCG-vaccinated cattle

After acclimatization and before vaccination,
sentinel animals’ negative bTB status was
established with IGRA using PPDs from avian (A)
and bovine (B) mycobacteria as the stimulat-
ing antigens. All sentinel animals entering the
experiment showed no signs of infection and
tested negative with no significant difference
observed between responses elicited by con-
trols and vaccinates to PPD (B - A) in IGRA before
BCG vaccination (fig. S2A). At the eighth week
after BCG vaccination, and before exposure to
seeder herds, both vaccinated and control
calves were subjected to skin and IGRA blood
tests with bovine and avian PPDs to confirm
vaccine response.

The infection status of sentinel animals within
each experimental group was then monitored
using the same sequence of skin tests (bovine,
avian, and DIVA antigens) at four-month in-
tervals, with whole-blood samples taken every
2 months for IGRA assays using the same set
of antigens (Fig. 1). In phase II, the sentinel
animals exposed to naturally infected compara-
tive cervical tuberculin (CCT) test-positive ani-
mals during phase I were used as seeder animals
in phase II, split according to vaccination status
(25). Thus, by comparing the rates of transmis-
sion experienced within the four experimental
groups, we were able to directly compare the
relative infectiousness of vaccinated and un-
vaccinated animals. Transmission rates were
inferred by estimating a discrete-time stochastic
chain-binomial model (26, 27) according to
logical infection histories imputed from the
diagnostic test results (Fig. 1).

Given the chronic nature of bTB and lack of
reliable antemortem correlates of infectiousness,
animals are assumed to be infected, and po-
tentially infectious, from their first positive
test through the duration of observation. Al-
though the inferred transmission rates based
on test positivity are influenced by the sensitivity
of the diagnostic assay, for the purposes of es-
timating vaccine efficacy, the baseline trans-
mission rate may be treated as a nuisance
parameter because the efficacy depends only
on the relative magnitude of transmission rates
between different treatment groups and not
on the absolute values. Traditional tuberculin-
based tests are ill-suited for this purpose be-
cause they reduce specificity for BCG-vaccinated
animals, thereby inflating apparent transmis-
sion rates. By contrast, DIVA tests with peptide-
based defined antigens offer more precise
estimates with the key assumption that they
perform equivalently in both vaccinated and
control animals. Consistent with this assump-
tion, even though the response magnitude for
DIVA tests is generally lower than for tuber-
culin tests, and though DIVA tests have higher
specificity for BCG-vaccinated animals, prior
evidence from multiple experimental trials
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suggests that the commonly used categorical
cutoffs do not result in performance differ-
ences or misclassification of infected animals
(28). For this study, we used antigens developed
for the defined skin test (DST) in both a skin
and IGRA format. Owing to the risk of de-
sensitization of animals from repeated expo-
sure to antigens, skin testing was carried out
at a lower frequency (four-month intervals)
compared with that for IGRA. Given the higher
temporal resolution, we focus on the DST1
(IGRA) results and compare estimates of vac-
cine efficacy with the more uncertain DST 10
(skin test) results.

Estimates of direct and indirect efficacy of BCG

DST-based IGRA test history was used to
calculate the baseline experimental reproduc-
tion ratio (defined as the number of new in-
fections expected in which a single infectious
individual is held in contact with a fully sus-
ceptible population for a 12-month period),
which was estimated to be 3 (95% Crl: 2 to 4%).

A

The attack rate for both vaccinates and controls
was consistent across all the experimental groups
except for the group with vaccinated seeders
(Group 4), indicating that high indirect pro-
tection of BCG reduced the infectiousness of
vaccinates (fig S1). This effect is reflected in
an estimated indirect vaccine efficacy for re-
duction in infectiousness (Fig. 2C) of VE; = 74%
(95% Crl: 46 to 89%); this is higher than the
estimated direct protection of VEp, = 58% (95%
Crl: 34 to 73%), with a 86% posterior proba-
bility that VE; is greater than VEp. Taken to-
gether, this corresponds to a total vaccine
efficacy of BCG to reduce transmission of bTB
of 89% (95% Crl: 74 to 96%). Estimates from
the DST 10 (sKin test) are consistent but more
uncertain, which is in line with the lower tem-
poral resolution of this data (Table 1).

The practical importance of the indirect vac-
cine effect is reflected in the pairwise experimen-
tal reproduction ratios (Fig. 2B and Table 2),
which show that the direct and indirect ef-
fects of BCG, when considered alone, are not

sufficient to prevent transmission within the
experimental system, with posterior proba-
bility that R is less than the critical threshold
value of 1 of only 0.075 for vaccinated sen-
tinels placed in contact with unvaccinated
seeders, rising to 0.72 for the combination of
vaccinated seeder animals and unvaccinated
sentinels (Table 2). By contrast, the posterior
probability that R < 1is 1.0 for the combination
of vaccinated sentinel animals and seeders,
implying that both direct and indirect modes
of action of BCG could achieve elimination in
our experimental system. This has important
consequences for the utility and monitoring of
BCG vaccination policies in endemic settings
because the full protective benefits may take
multiple generations to accrue.

The results of our investigations also corrob-
orate the findings from previous studies on
BCG vaccination’s partial protective effects
and lesion reduction in cattle (19). Although
lesions were still observed in vaccinated ani-
mals, the total visible lesion scores were notably
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Fig. 2. The two modes of action of BCG vaccination in cattle. (A) The
infection history for unvaccinated (purple, orange) and vaccinated (light blue,
green) animals within each experimental group (1 to 4) as represented by the
cumulative number of animals that have ever tested positive by IGRA (DST1) and
have survived to that time point. These curves represent the number of sentinel
animals assumed infectious within each group at the test date, reflecting the
animals removed on welfare grounds, as well as those that have tested positive.
The lower attack rate in group 4, in which all seeder animals were vaccinated,
demonstrated the reduced infectiousness of these animals compared to that of
the other groups with unvaccinated seeders. (B) The estimated transmission rate
between the different combinations of vaccinated and unvaccinated sentinel and

Fromsa et al., Science 383, eadl3962 (2024) 29 March 2024

seeder animals can be expressed as an experimental reproduction ratio R, defined as
the expected number of new infections in a fully susceptible population of the given
sentinel type when exposed for a duration of 1 year to the respective seeder type.
Posterior distributions for the four combinations are presented with the threshold
value of R = 1 indicated by the vertical line. Only the combination of vaccinated
sentinels and seeders within our experimental unit shows a high posterior probability
that R < 1, which increases from 0.72 to 1.0 with vaccination of both seeder and
sentinel groups (C). Posterior estimates for the vaccine efficacy of BCG with respect to
reducing infectiousness (VE,, orange), reducing susceptibility (VEp, light blue), and the
total efficacy (VEr, green). This total efficacy represents a combination of both direct
(reducing susceptibility) and indirect (lowering infectiousness) effects of the vaccine.
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Table 1. Estimated vaccine efficacy for BCG in cattle by mode of action.

Diagnostic test End-point efficacy

Transmission rate efficacy

Total efficacy (95% Cl)

Direct efficacy (VEp) (95% Crl)

Indirect efficacy (VE;) (95% Crl)

Total efficacy (VEr) (95% Crl)

DST 1 (IGRA) 39 (22 to 54) 58 (34 to 73) 74 (46 to 89) 89 (74 to 96)
DST 10 (skin) 40 (19 to 57) 46 (14 to 66) 67 (39 to 87) 82 (55 to 94)
Visible lesions 25 (1to 47)

]
Table 2. Estimated experimental reproduction ratios by vaccination type of sentinel and

seeder animals.

Seeder Sentinel pair

R (1-year contact)

Posterior probability that

(95% Crl) R<1
Unvaccinated-Unvaccinated 31(23to041) 0.0
Unvaccinated-Vaccinated 1.3 (0.9 to 1.8) 0.075
Vaccinated-Unvaccinated 0.8 (0.4 to 1.5) 0.72
Vaccinated-Vaccinated 0.3 (01t 0.7) 1.0

lower compared with those of the control group
across both seeder (phase 1 sentinels) and sen-
tinel animals (fig. S2). Given the study’s design
constraints, which necessitated retaining phase
I sentinel animals as seeders for phase II, it was
not possible to obtain end-point efficacy esti-
mates based solely on visible lesion scores.
However, when pooling all sentinel animals
from phase II groups 3 and 4, we observed a
1-year end-point efficacy of 25% (95% CI: 1 to
47%) (Table 1), which is consistent with earlier
meta-analysis estimates (19). Although BCG’s
inability to fully prevent infection could raise
questions about the efficacy estimates being in-
fluenced by reduced DIVA antigen detection
sensitivity in vaccinated animals, the study
design and results mitigate this concern. Specif-
ically, if reduced test sensitivity among vacci-
nated animals were influencing the results, we
would not expect to see the marked reduction
in the attack rate among unvaccinated controls
that was also seen in group 4 (Fig. 2A).

Prospects for elimination of bTB
by BCG vaccination

To explore the consequences of implementing
BCG vaccination in a relevant context, we as-
sessed the feasibility of eliminating bTB from
the Ethiopian dairy sector through routine vacci-
nation alone. Using tuberculin skin-testing data
from the Ethiopia Control of Bovine Tuberculo-
sis (ETHICOBOTS) project (15, 16) and historical
data from the Ethiopia’s Animal Health Insti-
tute (14), we estimated within herd reproduction
ratios (Ro,)—defined as the expected number
of new infections when a single infectious indi-
vidual is introduced into a fully susceptible
population—ranging from 1.3 to 17.3 (Fig. 3B),
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with a population average of 3.26 (95% Crl: 2.7
to 4.0%). Given that cattle rarely show clinical
signs of bTB during the early stages of disease,
cattle trade can facilitate long-distance trans-
mission in the absence of systematic herd testing.
Consequently, we considered cattle movements
as the primary mode of transmission between
herds. Directed exponential random graph
models (ERGMs) were used to estimate new
generative models for the frequency and pattern
of cattle movements between herds in Ethiopia
previously collected from three emerging dairy
markets (29).

To predict the likely spread of bTB on the
basis of estimated networks of movements and
to assess the potential benefits of vaccination, a
stochastic metapopulation transmission model
was developed with four possible states: sus-
ceptible (S), infected (I), vaccinated (V), and
infected vaccinated (Iy). Three transmission
scenarios were simulated and were motivated
by the three regions around Gondar, Mekelle,
and Hawassa for which movement data were
available. For each scenario, a synthetic popu-
lation was simulated with initial herd sizes
sampled from the recorded herd sizes in Ethiopia
and initial herd-level prevalence sampled with
point estimates from (15) (18.0% in Gondar,
38.9% in Mekelle, and 10.5% in Hawassa). The
intrinsic within-herd R, was assumed to vary
between herds and was sampled from our esti-
mates. Affected herds were initialized at the
endemic equilibrium and simulated forward
for 50 years.

The baseline scenarios without vaccination
(Fig. 3C) demonstrate the scale of the potential
risk posed by cattle trading, with a predicted
increase in the animal-level prevalence across
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all scenarios to an endemic level of ~50%.
However, this emergence is predicted to be
slow—mediated by the relatively infrequent
trades of animals—and to require the full 50-year
span of our simulated scenario. This relatively
slow progression, in contrast to the rapid po-
tential for cattle-to-cattle transmission within
herds as shown in our natural challenge sys-
tem, offers a window of opportunity for vacci-
nation or indeed for interventions targeted on
the cattle-movement networks (29).

The effectiveness of vaccination as a control
measure for bTB was then evaluated by com-
paring the current baseline scenario with sce-
narios in which all newborn calves are vaccinated
(Fig. 3C). The potential waning of vaccine pro-
tection over time was not considered, and it
was assumed that animals would be revacci-
nated as needed to maintain levels of protection.
To illustrate the importance of the additional
indirect protection afforded by BCG, we com-
pared two vaccine scenarios in which animals
are protected only by a direct effect or with
the combined direct and indirect effects (sam-
pled from our posterior estimates). Our model
suggests that with the estimated total vaccine
efficacy of 89% (95% Crl: 74 to 96%), calthood
BCG vaccination can prevent the predicted
expansion of bTB through the dairy sector in
Ethiopia, bringing the population average R
below 1 within 10 years of deployment. However,
the path to elimination is slow, with herd prev-
alence still above the international officially TB-
free level of <0.1% annually through the 50-year
program simulation. In common with our ex-
perimental system, this impact can only be
achieved as a result of both the direct and in-
direct effects of BCG (Fig. 3C).

Implications for the deployment of
BCG in the field

Our scenario analysis demonstrates the chal-
lenges of controlling a chronic infection such
as bTB, in which infected animals potentially
remain infectious for life. Without the chance
of recovery, the scale by which transmission
is measured and control is manifested is deter-
mined by the life expectancy of the host. Through
this lens, even under the most favorable circum-
stances, routine BCG vaccination as the only
control measure is expected to take decades to
eliminate bTB infection. Even so, in endemic
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Fig. 3. Scenario analyses for the prospective use of cattle vaccination within
the Ethiopian dairy sector. (A) Within-herd rates of transmission of bTB were
calibrated with herd level prevalence data collected from herds in the dairy belt
surrounding Addis Ababa and emerging markets in Hawassa, Mekelle, and Kombolcha.
Gondar, Hawassa, and Mekelle are the only regions for which we also have between-herd
cattle movement data. (B) The wide range of estimated animal-level prevalence
within herds (5.8 to 78%) corresponds to a similarly large heterogeneity in estimates
of the basic reproduction ratio, Rp, with no clear associations with either geography

- Direct efficacy only

- Direct + indirect efficacy

or herd size. (C) Cattle movement models estimated data from Gondar, Mekelle,
and Hawassa were used to project how the prevalence of bTB might be expected to
evolve over the next 50 years. The projected median (solid line) and 95% prediction
intervals (shaded area) for the percentage of herds infected with bTB for this
baseline scenario (no vaccination, pink) are compared with scenarios with routine
vaccination coverage of all herds (with no assumed loss of immunity) with the
estimated direct vaccine efficacy of 58% (95% Crl: 34 to 73% only) (light blue) and
with the additional indirect efficacy of 74% (95% Crl: 46 to 89%) (purple).

settings, vaccination could play an important
role in limiting spread and reducing prevalence
such that more rapid measures such as test-
and-slaughter or test-and-segregate can become
economically tractable. The long-term commit-
ment to vaccination necessary to see epidemio-
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logical impacts must be factored into economic
cost-benefit analyses to support the business
case for specific regions. These benefits are
likely to vary considerably between settings
depending on the impact of bTB on animal
production and productivity, both of which
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are remarkably poorly characterized outside
of a single study from Germany in 1970 (30).

The evidence for substantial indirect protec-
tion provided by BCG in calves contrasts with
recent findings from field trials with bad-
gers in Ireland (37), but it is consistent with a
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smaller-scale trial within badger social groups
in England (32). Because the evaluation of in-
direct vaccine effects in free-living animals—
which depends on comparing the attack rates
in subpopulations with varying levels of vac-
cine coverage (21)—is exceptionally challenging
and typically only feasible once vaccines have
been deployed at scale, the contradictory find-
ings from the badger trials in England or
Ireland are difficult to interpret in context. It
is noteworthy that despite the widespread use
of BCG vaccine globally, no similar indirect
effects have been reported with respect to the
transmission of human tuberculosis. The well-
known geographic variation in BCG efficacy in
human populations (20), more complex life
history of infection, and the regular removal
of infectious individuals through treatment
(and mortality) would make such an effect more
difficult to measure than in the managed settings
of cattle production systems.

Despite the evidence for indirect effects of
BCG in cattle and the promising implications
of its use in accelerating bTB control programs,
there are several limitations to our study. A key
limitation is the relatively short duration of
1-year contact with infected animals as part
of these controlled trials. This is relevant be-
cause experimental studies with a revaccina-
tion approach indicate that the duration of
direct protection of BCG in cattle is limited to
between 1 and 2 years (33). Hence, the high
efficacy of BCG to reduced infectiousness that
was seen in our trial may not be maintained
for the average lifetime of a dairy cow in the
herd, which is ~7 years in Ethiopia (34). Future
investigations to assess the duration of indirect
effects on infectiousness, as well as the poten-
tial to maintain or extend these effects through
revaccination, remain key knowledge gaps, both
of which will likely only be practical to measure
once the vaccine is widely deployed in the field.
Another limitation is that our current models do
not account for cross-species transmission from
other livestock held on the same premises as
cattle, such as pigs, goats, and sheep; sympatric
free-living wildlife species; or even humans—all
of which may act as potential reservoirs of
spillover infection to cattle. Future studies are
needed to assess the potential benefits of cattle
vaccination in the face of risk of cross-species
transmission from other sympatric hosts (35).
Lastly, our model only projects the expected
increase in prevalence of bTB according to
current patterns of movements and rates of
transmission within dairy herds; intensifica-
tion and changes in husbandry are likely to
change both of these factors over such along
period that our scenarios should be consid-
ered only as projections to illustrate the po-
tential benefits of vaccination rather than as
forecasts.

The implications of our studies for popula-
tions with established surveillance and control
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programs, such as the United Kingdom, are
more nuanced because the costs associated
with bTB are dominated by the impacts on the
test-and-slaughter program itself (7) rather than
the prevalence of disease. Concern over the po-
tential for perverse consequences of vaccination,
given the evidence for limited direct protection
and the compromised specificity of tuberculin
diagnostics in vaccinated cattle, has been a major
barrier for the willingness of statutory and gov-
ernmental agencies to license BCG for use in
cattle (8). These concerns should be somewhat
alleviated by the results of our investigations,
which show that the indirect protection afforded
by BCG vaccination is at least equal to if not
greater than the direct protection typically
measured by efficacy studies.

Our studies suggest that the effectiveness of
BCG in the field is likely to be greater and the
risks lower than previously understood, and
we provide key missing evidence of the poten-
tial benefits of a BCG vaccination-based ap-
proach to accelerate control of bTB in regions
where the disease remains endemic.

Methods summary
Experimental study location and subjects

The study took place at the Animal Health
Institute, located in Sebeta, Ethiopia, about 20 km
southwest of Addis Ababa. The premises had
three separate barns, each capable of accom-
modating 80 adult cattle, with approximately
2000 to 2500 m? of fenced outdoor space. In
phase I, 68 naturally infected adult cattle were
recruited as seeders animals for groups 1 and
2 of the transmission experiment. Sixty-eight
Holstein-Friesian x Zebu crossbred male calves,
age <3 months and tested negative for bTB,
were recruited as naive sentinels from low-
prevalence herds split between the two experi-
mental phases, with sentinel animals from
phase I (groups 1 and 2) acting as seeder ani-
mals in the second phase (groups 3 and 4:).

Testing procedures, antigens, and vaccination

Eight weeks after BCG vaccination, all sentinel
animals were introduced to infected adult seeder
herds. The seeders and sentinels were housed
together in two separate barns during both
phase I and phase II. Every four months, skin
tests were conducted on sentinel animals using
both PPDs and the recently developed DST
antigens. Blood was drawn for IGRA every two
months. Bovine (PPD-B) and avian (PPD-A)
tuberculins were used as stimulating antigens
in both skin and interferon-gamma (IFN-y)
release assays. A novel peptide cocktail repre-
senting the antigens ESAT-6, CFP-10, and
Rv3615¢ was also utilized. We refer to the skin
test format of the DST as DST10 and the IGRA
as DST1 (corresponding to the units of antigen
used respectively for each test). Full details of
the IGRA and skin test protocols are provided
in the supplementary materials. The calves of
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the vaccinate group were subcutaneously in-
jected with 0.5 ml (1-4 x 106 CFU) of live BCG
Danish Strain SSI 1331, while the controls re-
ceived 0.5 ml of 0.9% normal saline (fig. S4).

Definition of logical infection histories and chain
binomial model to estimate vaccine efficacy

For the purpose of analysis, the infectious status
for each animal is imputed through the response
to each of the candidate DIVA tests. For each
variant of the DIVA test (DST1, DST10), we
constructed a logical infection history where
animals are considered to be infected—and
potentially infectious—from the first positive
test. The number of new infections per obser-
vation period is therefore calculated as the num-
ber of animals that switch diagnostic status
within that interval.

From the imputed time series of infection
states, we can estimate the rate of transmission
to control and vaccinate animals, respectively,
using a chain-binomial model (27, 36) in which
we assume that the rate of susceptible animals
acquiring infection between two tests is con-
stant and given by the number of infected
(unvaccinated) animals 7 and infected vaccinates
Iy at the earlier test, as follows

(I + 81[\/')

R(S — N

n=p
where N is the total number of animals within
the experimental group,  can be interpreted
as the per capita transmission rate per infec-
tious animal, and £; measures the reduction
in infectiousness of vaccinated animals that
become infected (relative to unvaccinated con-
trols). Under these assumptions, the proba-
bility of transmission within a discrete time
interval can be calculated and the number of
new cases within that interval will be binomi-
ally distributed. As the probability of infection
takes the same function functional form as the
complementary log-log transformation, this
chain-binomial model can be estimated using
a generalized linear model (GLM) with binomial
response (and complementary log-log link func-
tion). We used the rstanarm package (37) in
R (38) to estimate the model within a Bayesian
framework and obtain posterior estimates for
the direct vaccine efficacy to reduce suscepti-
bility (1 - €g), efficacy to reduce infectiousness
(1 - &7), and average base-transmission rate (8)
within the two experimental barns. Conver-
gence was assessed using standard diagnostics
(Rhat and effective sample size), and model fit
was assessed using posterior predictive checks
(specifically by forming Bayesian predictive
P values for the proportion of zeros, maximum,
and mean values).

Mechanistic transmission model for
scenario analysis

A stochastic meta-population model with herds
as the basic epidemiological unit was developed
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to carry out scenario analyses for the potential
impacts of BCG vaccination in Ethiopia and im-
plemented using the R package SimInf (39). This
compartmental model tracks four possible epi-
demiological states—susceptible (S), infected (I),
vaccinated (V), and infected vaccinated (Iy)—and
eight events corresponding to birth, transmis-
sion, and mortality (fig. S9). Full details of the
model structure and calibration are presented
in the supplementary materials along with raw
data, R scripts, and model code (40).

Transmission rates within herds were cali-

brated from estimates of the basic reproduc-
tion ratio R, derived from tuberculin testing
data from herds in five study sites across
Ethiopia, including the dairy belt surrounding
Addis Ababa and emerging markets in Gondar,
Hawassa, Mekelle, and Kombolcha (14—16).
Herds were assumed to be endemically in-
fected with the value of R, inferred from the
quasi-stationary distribution of the susceptible-
infected-susceptible (SIS) model (41). To adjust
for the imperfect sensitivity and specificity of
tuberculin testing, the true prevalence of in-
fection within herds was inferred with a latent
class model (42, 43). The model was imple-
mented in Stan and analyzed in R with the
RStan package (37). Transmission between herds
was assumed to be mediated by cattle move-
ments. Using samples of movement records
collected alongside tuberculin testing data for
a subset of herds in Ethiopia, we used ERGMs
to construct generative models for synthetic
movement networks with the same statistical
properties as the measured movement networks
from Gondar, Hawassa, and Mekelle (44, 45).

The initial number of animals in a herd was

randomly sampled from the recorded herd sizes
taken from this subset of our study populations
of herds with movement data. The population
size of a herd was assumed to be constant, and
the birth rate in a herd was balanced against
the mortality rate and the average movement
rate of cattle in the herd. The effectiveness of
vaccination as a control measure for bTB was
evaluated by comparing scenarios with no vacci-
nation with those in which all newborn calves
were vaccinated. For all scenarios, we sampled
vaccine efficacy from the posterior estimates
derived from our natural transmission study
and carried out a further sensitivity analysis
to the reduction in infectiousness (g;) for values
of 0, 25, and 50%. The range of vaccination
scenarios explored is summarized in Fig. 3,
and outputs were simulated from 1500 repli-
cates of the stochastic model.
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