Dissertation Ref No:

Bovine Tuberculosis in Central Ethiopia: Epidemiology, BCG Efficacy in Reducing Transmission,
and Performance of Defined Antigen Cocktails for Differentiating Infected from Vaccinated
Crossbred Cattle
PhD Dissertation
By

Abebe Fromsa Merga

College of Veterinary Medicine and Agriculture, Department of Veterinary Epidemiology and
Public Health, Addis Ababa University

PhD Program in Tropical and Infectious Diseases

April 2025

Addis Ababa, Ethiopia



Bovine Tuberculosis in Central Ethiopia: Epidemiology, BCG Efficacy in Reducing Transmission,
and Performance of Defined Antigen Cocktails for Differentiating Infected from Vaccinated
Crossbred Cattle

A Dissertation Presented

By:

Abebe Fromsa Merga (DVM, MVSc)

A Dissertation Submitted to:

College of Veterinary Medicine and Agriculture, Department of Veterinary Epidemiology and
Public Health, Addis Ababa University

Submitted in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy in

Tropical and Infectious Diseases

April 2025

Addis Ababa, Ethiopia



Addis Ababa University

Graduate Program

This is to certify that the dissertation prepared by Abebe Fromsa Merga, entitled “Bovine Tuberculosis
in Central Ethiopia: Epidemiology, BCG Efficacy in Reducing Transmission, and Performance of
Defined Antigen Cocktails for Differentiating Infected from Vaccinated Crossbred Cattle” and
submitted in partial fulfilment of the requirements for the degree of Doctor of Philosophy in Tropical and
Infectious Diseases complies with the regulation of the Addis Ababa University and meets the accepted

standards with respect to originality and quality.

Signed by the Examining Board:

Chair Person: Signature: Date:
External Examiner: Signature: Date:
Internal Examiner: Signature: Date:
Advisors:

Prof. Balako Gumi Signature: Date: April 15, 2025
Prof. Gobena Ameni Signature: Date: April 15, 2025

Department chairman:

Signature: Date:




STATEMENT OF AUTHOR

I, Abebe Fromsa Merga, hereby declare that this dissertation entitled “Bovine Tuberculosis in Central
Ethiopia: Epidemiology, BCG Efficacy in Reducing Transmission, and Performance of Defined
Antigen Cocktails for Differentiating Infected from Vaccinated Crossbred Cattle” is my original
work and has not been submitted to any other institution for the award of any academic degree, diploma,
or certificate. All sources of materials used for this dissertation have been duly acknowledged.

Name: Abebe Fromsa Merga

Signature:

Date: April 15, 2025



TABLE OF CONTENTS

STATEMENT OF AUTHOR .......ocoiiiiiiiii et I
LIST OF TABLES. ... ..ottt e e e e e e e e e nab e e e nsa e e e nnaeeenneeas 111
LIST OF FIGURES ...ttt et e e nnre e e nneeas v
LIST OF APPENDICES ...ttt e e nre e nnneas v
APPENDIX MATERIALS AND METHODS ........ccoiiiiee e v
APPENDIX FIGURES ..ottt e et e e e e nnee e nnees VI
LIST OF ABBREVIATIONS ..ottt a e e nae e VIII
ACKNOWLEDGMENTS ...ttt sae e e saa e e nnae e nnaeeaneeas XI
ABSTRACT ...ttt e e e e st e e e sae e e e eae e e e eneeeeseeeaseeeanneeeanes XIIT
TIMPAL VRTICT ..ottt ettt et et et se et et et ete et et e seebe st et ese et e st et etesbentenserns XV
CHAPTER ONE: INTRODUCTION ...ttt nnae e 1
1.1  GENERAL BACKGROUND ......cooiiiiiiiiiiiiiieaiiie sttt ettt et snte e nse e snn e e e e e e snneas 1
L 1.1 BoOVIne tUDEFCULOSIS....................ccoveeiiiiiiiiiiiiii et 1
1.1.2 Bovine tuberculosis in wild animal reservoirs.......................cccccocvviiviiiinnnninnnn. 2
1.1.3 Zoonotic tuberculosis (ZTB) ................ccoouiiieiiiiiicicieee e 3
1.2 JUSTIFICATION .....ooiiiiiiiiiiiiiiie st 4
1.3 LITERATURE REVIEW.......coiiiiiiiiiiiiiiii it 10
1.3.1 Distribution and epidemiology of bovine tuberculosis ......................c.....c....c..... 10
1.3.2 Immune response to mycobacterial infections ........................ccccceooevviiinninnnnnnnne, 14
1.3.3 Immune evasion and intracellular survival strategy of M. bovis........................ 16
1.3.4 Brief historical overview of BCG vaccine......................ccccoevvviiiiiiniiieinnn, 16
1.3.5 BCG induced immURILy ..................cccccooviiiiiiiiiiiiiiie e 17
1.3.6 Variable efficacy of BCG and influencing factors .....................c.coccovvvnnrnnnnne, 19
1.3.7 The omics overview of the MTBC: diagnostic biomarkers and immune
SIGIALUTES ...ttt ettt ettt n e et e e Rt e e e s me e e e e nn e e e neenneeanneennee s 20
1.3.8 Diagnosis of bovine tuberculosis......................c.cccccocociiiiiiiniiiiniiiiiiie e 29
1.4 PROBLEM STATEMENT .....ccoitiiiiitiiaittieatiteanteteateeesteeessbeeessseesssseesasseesssseessneesnsneesnes 36
1.5 RESEARCH QUESTIONS .....ciiiiiiiititiiiiieeeeieeettiiaseeeeeseestataseeeeeseesstbasaseeeseessataaeaeeeses 37
1.6 OBJIECTIVES ..ottt ettt ettt ettt e e et e e s ab e e e e ab e e ekt e e e be e e e e e e e nsneeenes 37
1.6.1 General 0BJective: .................cccoooiiiiiiiiiiiiii e 37
1.6.2  Specific OBJECHVES: ................cccueveiiiiiiiee e 37
1.7  SIGNIFICANCE OF THE STUDY ....ccoiittiiiiiiitiiesiitieeessiereessssseessanssneeesssnneeessnnneeessnnnes 37
1.8 SCOPE OF THE STUDY ....uuttiiiiitiiieeiiitieeessiiteeesasteeeessssseeeesassseeessassneeesssnneeesannseeessnnnes 38
1.10  STRUCTURE OF THE STUDY .....utttiiiitiiieaiiiieiesstieeeesstseeesssssseeesasssneeessnsnneeessnnnseesssnnes 39
CHAPTER TWO: BCG VACCINATION REDUCES BOVINE TUBERCULOSIS
TRANSMISSION, IMPROVING PROSPECTS FOR ELIMINATION ..........ccccooeeien, 40
2.1 SUMMARY ..ottt ettt b e e bt s et e e et bbb 41
2.2 ABSTRACT ..ooiiiii ittt 43
2.3 INTRODUCTION ...coiitiiiiiiiieiiiitaiieeaattee et e bttt s bt s b et s b e e e aa e e e s e e e abb e e s be e e s b e e snnes 43



0 S\ V | N 5 (6 ) 1

2.5  RESULTS AND DISCUSSION ....cuuiiiiittiieittiiieettriisesessnsssessnsssersnseressererneren
2.6 MATERIALS AND METHODS SUMMARY ....covvvvuiiiiirtieseiriiesessinsesessnesessnesesnns
2.5 REFERENCES ...uutiiiituiiitittiiettttissetestssstestatessesttsssssttsstaratesessarsteernresesrnreressans

CHAPTER THREE: COMPARATIVE PERFORMANCE OF TUBERCULIN AND

DEFINED-ANTIGEN COCKTAILS FOR DETECTING BOVINE TUBERCULOSIS

IN BCG-VACCINATED CATTLE IN NATURAL SETTINGS .......ccccoooviiiiiiene

R 20 T N 10 27N TSP
3.2 INTRODUCTION .....cuutiiiiieiieeeiiiititteeeeeeeesseeattreeeeeeasssasatbbseeeeaeassasasntsaereeaeesssansnrees
3.3 MATERIALS AND IMETHODS .......ccoiiiiiiiiiiiiiiiiieeeeeeseeittieeeeeeee s s s santsaeseeeeeessennnnens
3.3.1 Study SEMting ...............cccoooiiiiiiiiiiiii
3.3.2 Study animals and design of the experiment .......................c...cccccouerernnnnnn.
3.3.3 TESE AMIIGENS ...t
3.3.4 BCOG VACCIRALION ..............ouvnvennininrnininrnnerarssssssasssssssssssssssssssssssssssssssssssssassaaaes
3.3.5 Skin and IGRA Testing Schedules .....................c.ccooviiiiiiiiiiiiiiiiiiniiinen,
3.3.6 Skin Testing Procedure......................ccccoooiiiiiiiiiiiiiiiii e
3.3.7 IGRA Testing Procedure......................c...cooovuiiiiiiiiiiiiiiiiiiii e,
3.3.8 PoStmoOrtem eXaminliON...................uuuuvurnnnnnrnnnnnnnnnrer..—————————
R T 24 7] 1 B 1 USSP
3.5 DISCUSSION ....cooiiiiititiitie e e e e et r e e e e e s s e st e e e e e e s s sa st bt e e e e e aeeesssnsntaanreeeeeesannnnrres
3.6 REFERENCES ........cccutttiiiiieei it iiiittiee e e e e e s s siattte e e e e e e s s sasatsbaeeeeaeessssnsntaanreeeeeessnnnrens

CHAPTER FOUR: BOVINE TUBERCULOSIS IN CENTRAL ETHIOPIAN
SLAUGHTERHOUSES AND THE IDENTIFICATION OF CAUSATIVE

MYCOBACTERIA BY MULTIPLEX REAL-TIME PCR ...........cccoooiiiiiiiiiie,

4.1 ABSTRACT ..oiiiii i
4.2 INTRODUCTION .....ooiiiiiiiiiiiiie ittt
4.3  MATERIALS AND METHODS .......cccooiiiiiiiiiiiiiie i
4.3.1 STUAY APEAS ... s
4.3.2 Study animals.....................c..ccccooiiiiiiiiiiiii s
4.3.3 Postmortem examination (PM) and sample collection ...............................
4.3.4 Mycobacterial culture from tiSSUES .................c...cocoovioiiniiiiiiiiiiiiieiiieene
4.3.5 DNA EXITACLION ................cccveveeeiiiiiee e eae e aaee e
4.3.6 Detection and speciation of MTBC by mRT—PCR ......................ccocueenn...
4.3.7 Positive case definition for MTBC infection ...................ccccccccovvvevninnnnnnn.
4.3.8 Statistical AnaAlYSIs...................ccccoiviiiiiiiiiiii i
4.3.9 Ethical approval......................cccccooiiiiiiiiiiiieiiii e
44 RESULTS ..ottt
4.5 DISCUSSION .......oiiiiiiiie it
4.6 REFERENCES.......cccciiiiiiiiiiiiieiii ettt

CHAPTER FIVE: GENERAL DISCUSSION, CONCLUSIONS AND

RECOMMENDATIONS ... .o
REFERENCES. ...
APPENDIX ...



LIST OF TABLES

Reference

Table 2.1
Table 2.2

Table 3.1

Table 3.2

Table 3.3

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Title

Estimated vaccine efficacy for BCG in cattle by mode of action.
Estimated experimental reproduction numbers by the vaccination type of

sentinel and seeder animals -----------=-=-== = oo oo

The specificity of the DIVA and tuberculin elicited IFN-y and skin test
Positive Skin and IGRA test responses of experimental calves at the 121"
month postexposure to infected cattle in M. bovis PCR, and Gross VL test
status at PM e

Relative sensitivity of IGRA and skin tests with respect to M. bovis culture
PCR positivity in BCG vaccinated and unvaccinated control animals at the
12" month POStEXPOSUNE ---===-=============nmmmmmo e

Estimated risk factors from univariate and multivariate logistic regression
models for the risk of TBL in cattle examined at four slaughterhouses in
central Ethiopia: Sululta, Burayu, Adama, and Bishoftu (Elfora) -----------
Sampled lymph nodes and tissues with tuberculous-like lesions (TBLS)

from the thoracic cavity, head, GIT, and other superficial body regions of

Estimated risk factors from univariate and multivariate logistic regression
models for the probability of successful culture from lesions stratified by
sex, breed, slaughterhouse and anatomical site of lesion ----------=--=--=----
Estimated risk factors from multivariate logistic regression models for the
probability of successful culture from all TB lesions stratified by sex,
breed, and anatomical site of lesion ------------ —-mmmme e -

Number of positive amplifications of the target species genes in DNA
samples extracted by the CTAB-chloroform method --------------

Page:
50

51

82

84

87

110

111

113

114

115



LIST OF FIGURES

Reference  Title

Figure 1.1:  Schematic representation defined antigen peptide cocktails ---------------

Figure 1.2:  Phylogeny of the Mycobacterium tuberculosis complex --------------

Figure 2.1  Schematic representation of study design -----------=-=--=-=-m-mmmmmmmoumne

Figure 2.2 The two modes of action of BCG vaccination in cattle ---------------------

Figure 2.3  Scenario analyses for the prospective use of cattle vaccination within the
Ethiopian dairy SECtOr —----=-mmmm oo oo

Figure 3.1  Schematic representation of the experimental protocol ---------------------

Figure 3.2  Eight-week post-BCG immune response to tuberculin and DIVA
ANEIJBNS === mmmmm oo oo

Figure 3.3  Twelve-month postexposure immune response to tuberculin and DIVA
ANEIJENS == mm e e

Figure 3.4  Correlation between OD450 nm levels of IFN-y and skin test responses--

Figure 3.5  Venn diagram comparing the number of cattle positives for postmortem
visible lesions, culture or M. bovis PCR (PM) with the number of
unvaccinated control and vaccinated cattle tested positive on the IGRA
and skin test ---- -

Figure 4.1  Locations of the study slaughterhouses produced and marked using the
leaflet package iN R ==-=mmmmmmmm oo oo e

Figure 4.2  Different types of bTB lesions observed.

Figure 4.3  Amplification plot showing PCR-positive M. bovis, M. tuberculosis and
M. caprae Samples =-=-=-=--emememm e e

LIST OF APPENDICES

APPENDIX MATERIALS AND METHODS

Reference

Appendix 2.1

Appendix 3.1

Title

Supplementary Materials and Methods

Supplementary Materials and Methods

Page:

22
46
49

54
75

83

85
88

90

103
105

116

Page:

158

196



APPENDIX TABLES

Reference

Supplementary Table 2.1:

Supplementary Table 2.2:

Supplementary Table 2.3:

Supplementary Table 2.4:

Supplementary Table 2.5:

Supplementary Table 2.6:
Supplementary Table 3.1:

Supplementary Table 3.2:

Supplementary Table 3.3:

Supplementary Table 3.4:
Supplementary Table 3.5:
Supplementary Table 4.1:

Title

Diagnostic thresholds. Diagnostic thresholds used to
define positivity for skin (SIT, SCT, DST 10, in mm
increase in thickness) and IGRA (DST 1, in optical
density [OD] units) tests as used in this analysis ------------
Estimated vaccine efficacy for BCG in cattle by mode of
action and method of imputation of infectious seeders in
Phase Il ------------=-=-mmmmmmmmeem

Variable estimates for the selected exponential random
graph model of cattle movement networks in three study

regions in Ethiopia ---
Events and transitions between states of the stochastic

transmission model -----

Parameters and input values used in the transmission
model. NA = not applicable ----------====mmmmrmmmmmeeeo
Semi-quantitative systems of visible lesion scoring criteria
2 x 2 contingency table used to define measures of
diagnostic test performance -----------==-==-==-m-mmmmemmmno
Relative sensitivity and specificity of IGRA and skin tests
with respect to visible lesion (VL), culture or PCR
positivity in BCG vaccinated and unvaccinated control
animals at the 12th month postexposure -

Summary of concordant test outcomes between
antemortem bTB diagnostic tests to supplement the data
presented in the Venn diagram in Figure 5 ------------------
Supplementary to Supplementary Figure 3.3 ---------------
Supplementary to Supplementary Figure 3.4 ---------------
Reported Prevalences of TBL (Tuberculous Like Lesions)
Based on Detailed Meat Inspections Conducted at
Different Years and Slaughterhouses in Ethiopia -----------

Page:

178

179

179

180

180
182

190

190

191
194
195

197



Supplementary Table 4.2:

APPENDIX FIGURES

Reference

Supplementary Figure 2.1:

Supplementary Figure 2.2:

Supplementary Figure 2.3:

Supplementary Figure 2.4:

Supplementary Figure 2.5:

Supplementary Figure 2.6:

Supplementary Figure 2.7:

Supplementary Figure 2.8:

The primer/probe sets used in this study for MTBC group

and species-level identification with m-qPCR ---------------

Title

The relationship between vaccine efficacy and endpoint
estimates based on relative risk ratios within a modelled

natural transmission study ------=-=-===-=======nmmmmmmmmemeee-

Total Visible Lesion Scores as a Measure of Severity of
bTB Pathology Across Two Study Phases and Treatment

QrOUPS -======mmmmmmmmm oo mmmmmmnnee

The estimated transmission rate between the different
combinations of vaccinated and unvaccinated sentinel and

seeder animals expressed as the experimental reproduction

ratio R =-=--=-=sememeemennas mmmmmmmmmmmmoeeeee
Combined Phase-I and Phase-1l. Test status of
experimental sentinel animals, 67 controls and 67 BCG

VaCCINALES -=---mmmmmmmmmm o oo oo oo
Intradermal injection sites for PPDB, PPDA and DST at
right and left mid-cervical regions of the experimental

CAIVES =-mmmmmmm e e

Apparent prevalence plotted against herd size with respect
to the SIT and CCT formats of the tuberculin skin test and
estimated values of the (within-herd) basic reproduction
ratio Ro for the same herds plotted against herd size -------
Flow diagram of the components of the between-herd (in
blue) and within-herd (in yellow) transmission model of
bovine tuberculosis in Ethiopian dairy herds for each of the

three study regions ------=-=-=-==mnemmmmmme oo eeeee

Comparison of the network characteristics of observed

cattle movements (in red) and the distribution of network

Vi

198

Page:

183

184

185

186

187

187

188



Supplementary Figure 2.9:

Supplementary Figure 3.1:

Supplementary Figure 3.2:

Supplementary Figure 3.3:

Supplementary Figure 3.4:

characteristics of simulated cattle movements (in grey) for
three regions in Ethiopia with emerging dairy markets ----
[llustration of the compartmental transmission model
consisting of four states: susceptible (S), infected (1),
vaccinated (V) and infected vaccinated (1V) cattle ---------
Reduced skin test response at the fourth repeated test is
suggestive of desensitization in the skin test ----------------
Correlation between OD450 nm levels of IFN-y and skin

test responses - e

Venn diagram comparing the number of cattle positives for
visible lesions, culture or M. bovis PCR (PM) with the
number of unvaccinated control and vaccinated cattle
tested positive on the skin and IGRA test formats ----------
Venn diagram comparing the number of cattle positives for
M. bovis culture PCR (PCR) with the number of
unvaccinated control and vaccinated cattle tested positive
on the skin and IGRA test formats -----------------------

Vii

189

189

192

193

194

195



LIST OF ABBREVIATIONS

AAU Addis Ababa University

Ad585A Adenovirus type 5 expressing Ag85A

Ag85 Antigen 85

AFB Acid-Fast Bacilli

AGP Alpha-1 acid glycoprotein

AHI Animal Health Institute

AhR Aryl Hydrocarbon Receptor

AIM2 Absent in Melanoma 2/ Apoptosis inhibitor of macrophages 2
ALIPB Aklilu Lemma Institute of Pathobiology

ALRs AIM2-like receptors

AMBP Alpha-1-microglobulin/ bikunin precursor protein
ANOVA Analysis of variance

APCs Antigen-presenting cells

BCG Bacillus Calmette-Guérin

BCL2 B-cell lymphoma 2

BoLA Bovine leukocyte antigen

BSL-3 Biosafety level 3

bTB Bovine Tuberculosis

CCT Comparative Cervical Tuberculin Test

CD Cluster of differentiation

CFP-10 Culture Filtrate Protein 10 kDa

CFT Caudal Fold Test

CFU Colony Forming Unit

CHI3L1 Chitinase-3-like protein 1

CRP C - reactive protein

CXCL-9 C-X-C Motif Chemokine Ligand 9

cGAS cyclic GMP-AMP synthase

Cl Confidence interval

CMI Cell-mediated immunity

CTLRs C-type lectin receptors

CTLA-4 Cytotoxic T lymphocyte antigen 4 (CD152)
CTLs Cytotoxic T lymphocytes

DAMPs Damage-associated molecular patterns

DCs Dendritic cells

DC-SIGN DC specific intercellular adhesion molecule 3-grabbing nonintegrin
DIVA Differentiate Infected from Vaccinated Animals
DNA Deoxyribonucleic Acid

DST Defined Skin Test

DTH Delayed type hypersensitivity

viii



ELISA
ELISPOT
ESAT-6
EU
GMP-AMP
ICs

IFN-y
IGRA
IL-2
IL-2R
IP-10

IS

LAG-3
LAM

LM

LJ

LMIC
LOSs
ManLAM
MAP
MCE
MHC I&II
Mincle
MIG
m-gPCR
MPB70
MPB83
MRNA
MTBC
MVARSSA
NLRs
NLRs
NOD
NTM

oD

OR

OTF
PAMPs
PCR
PD-1
PD-L1/2
PGLs
PIMs

Enzyme-Linked Immunosorbent Assay

Enzyme Linked Immunospot Assay

Early secretory antigenic target 6 kDa

European Union

Guanosine monophosphate—Adenosine monophosphate
Immunological checkpoints

Interferon Gamma

Interferon Gamma Release Assay

Interleukin 2

Interleukin-2 receptor

Interferon gamma-induced protein 10

Insertion sequence

Lymphocyte activation gene 3
Lipoarabinomannan

Lipomannan

Léwenstein—Jensen

Low- and middle-income country
Lipooligosaccharides

Mannosylated lipoarabinomannan

Mycobacterium avium subspecies paratuberculosis
Mammalian Cell Entry

Major histocompatibility complex class I and class 11
Macrophage Inducible C - Type Lectin

Monokine induced by IFN-y

multiplex quantitative PCR

Mycobacterium Protein Bovis 70 kDa
Mycobacterium Protein Bovis 83 kDa

Messenger Ribonucleic Acid

Mycobacterium tuberculosis Complex

Modified vaccine virus Ankara expressing Ag85A
NOD-like receptors

Nucleotide-binding domain and leucine-rich repeat-containing receptors
Nucleotide-binding oligomerization domain
Nontuberculous mycobacteria

Optical density

Odds ratio

Officially tuberculosis-free

Pathogen-associated molecular patterns
Polymerase Chain Reaction

Programmed cell death 1

Programmed cell death ligand 1/2

Phenolic glycolipids

Phosphatidylinositol mannosides



Pks5
PM
PPD
PPD-A
PPD-B
PRRs
RD
RIG
RLRs
Ro

SIT
SNPs
SR

SSI
STING
B
TBL
Tem
TCR
TDM
TGF-B
TIM-3
Thl
TLRs
TNF-a
Tregs
TST
UK

us
USD ($)
VDBP
WHO
WOAH
yrbE A and B
ZN
zTB

Polyketide synthase 5

Post-mortem

Purified protein derivative

Purified protein derivatives of Tuberculin — of M. avium origin
Purified protein derivatives of Tuberculin — of M. bovis origin
Pattern recognition receptors

Region of Difference

Retinoic acid-inducible gene
RIG-I-like receptors

Basic reproduction ratio

Single Intradermal Tuberculin Test
Single Nucleotide Polymorphisms
Scavenger receptors

Staten’s Serum Institute

Stimulator of interferon genes
Tuberculosis

Tuberculous Like Lesions

Central memory T cells

T cell receptor
Trehalose-6,6'-dimycolate
Transforming growth factor 3

T-cell immunoglobulin -3

T helper type 1

Toll-like receptors

Tumor necrosis factor alpha
Regulatory T cells

Tuberculin skin test

United Kingdom

United States

United States Dollar

Vitamin D binding protein

World Health Organization

World Organization for Animal Health
Genes encoding putative ATP-Binding Cassette transporter protein
Ziehl-Neelsen staining

Zoonotic tuberculosis



ACKNOWLEDGMENTS

This work is an outcome of the collective efforts and support of many wonderful individuals
who guided and mentored me throughout this study. | would like to take this opportunity to
express my deepest gratitude to all those who supported and contributed to the successful
completion of this research project.

I would like to express my sincere gratitude to my advisors, Professor Balako Gumi, Professor
Gobena Ameni, Prof. Vivek Kapur and Dr. Andrew Conlan for their unreserved support,
provision of resources, mentorship, close supervision of the field and laboratory activities,
assistance in data analysis and in writing and reviewing the manuscript. | also, sincerely
appreciate them for taking a leap of faith by offering me this invaluable opportunity to pursue
my PhD studies within this research project.

This research was made possible by generous funding from the Bill & Melinda Gates
Foundation and the U.K. Department for International Development (Grant number:
OPP1176950), without which such an ambitious research project would not have been possible.
| thank the Aklilu Lemma Institute of Health Research, Centre for Pathobiology Research,
Addis Ababa University and Animal Health Institute (AHI) for administrative support and
provision of the resources and infrastructure necessary for this research. My special
acknowledgement goes to Professor Mengistu Legesse for his kind support and facilitation of
fieldwork throughout the research. | would like to acknowledge the support from the late Dr.
Mesfin Sahle and Dr. Solomon Gebre for their administrative assistance and commitment in
facilitating the construction of the animal barns, enabling us to overcome the critical setback
we faced at the beginning of the project. I would also like to thank Dr. Tesfaye Rufael and Dr.
Getnet Abie for continuing their support and facilitate the smooth execution of the research. |
would also like to express my sincere appreciation to the management of Addis Ababa
University, College of Veterinary Medicine and Agriculture for providing me with the study
leave and all invaluable support to pursue this study.

The weekly zoom meetings and discussions with a collaborative team of experts within the
ABTBCD consortium were instrumental for the continuous appraisal, necessary amendments,
and successful completion of this research. | would like to extend my thanks to Dr. Adane
Mihret, Dr. Assegedech Sirak, Dr. Douwe Bakker, Dr. Martin VVordermeier, Dr. Sreenidhi
Srinivasan, and Dr. Stefan Berg for sharing valuable resources, assistance in the preparation of
various SOPs (Standard Operating Procedures) and providing technical assistance in various
aspects of this research activities. 1 am grateful to all members of the AB™CD consortium for
their collaboration and insights from which | have learned a lot.

Xi



My sincere appreciation goes to my colleagues — Dr. Berecha Bayissa, Dr. Muse Girma,
Miserach Zeleke, Dawit Worku, Tadesse Regassa, Dr. Getahun Bahiru, and Jelkeba Bali from
AAU — as well as Dr. Matios Lakew, Dr. Biniam Tadese, and Dr. Wegene Bedada, Ato
Tafesse Koran from AHI for their invaluable assistance in the field and laboratory testing. |
would like to sincerely thank Yitbarek Getachew and Elias Mulugeta for their friendly support
and safe driving to and from the field and laboratory. | am grateful to the meat inspectors—Dr.
Dejene Tesema, Dr. Henock Wagaye, Dr. Awol Hasen, Ato Befikadu Asefa, Ato Hailu
Wodajo—and all slaughterhouse management and staff for their collaboration and support.
Their collaboration and support kept me on track, even during the COVID-19 shutdown, a time
I will always remember.

Above all, | give praise to the almighty God for granting me the strength and patience
throughout the six-year PhD research journey.

Finally, I want to thank my wife, Tirusew Mamo, for taking care of our family and filling the
gap | left while I was busy with the work. Without your understanding, love, patience, and
constant support, I would not have been able to finish this journey. I also want to thank my
sons, Naol and Yeroken, and my daughter, Atina. You are my strength and the reason | keep
going, even when things seem challenging.

Xii



ABSTRACT

Background: Bovine tuberculosis (bTB) is a threat to animal health, the livestock economy,
food security, and human safety. Although animal level prevalence ranges from 25% to 39%
and herd prevalence exceeds 50% in intensive dairy farms in central Ethiopia, control measures
are lacking. The conventional test-and-slaughter strategy is resource-intensive and
unaffordable for low- and middle-income countries (LMICs) such as Ethiopia. This
necessitates a cost-effective alternative control strategy. Bacillus Calmette-Guérin (BCG)
vaccination may constitute a cost-effective approach to control bTB in LMICs and regions with
wildlife reservoirs. A meta-analysis of previous BCG vaccine evaluation studies demonstrated
limited overall direct efficacy of 25% and additional partial protection by reducing the
frequency and severity of disease pathology. Whether this partial protective effect translates
into indirect protection through a reduction in the infectiousness of vaccinated animals has not
been evaluated. Besides, since the interference of the BCG vaccine with the tuberculin skin
testing is a major hindrance to the deployment of BCG vaccination for cattle, there is also a
need to adopt a diagnostic test that differentiates infected from vaccinate animals (DIVA). On
top of these, a slaughterhouse survey was conducted to identify hotspots of bTB in central
Ethiopia to prioritize targeted control measures.

Objectives: The objectives of this study include to quantify the direct and indirect efficacies
of BCG vaccination in crossbred cattle, evaluate the diagnostic performance of defined peptide
antigen cocktails (ESAT-6, CFP10, and Rv3615c) in differentiating infected from vaccinated
animals (DIVA), assess the practical implications of routine vaccination on the spread of bTB
in the emerging dairy sector, and estimate the prevalence and identify the causative agents of
bTB in cattle in central Ethiopia.

Methodology: A natural transmission experiment was conducted using a crossover design in
two phases, each lasting for one year to evaluate both the direct and indirect effects of BCG
vaccination in reducing the transmission of bTB. Sixty-seven unvaccinated control and 67
vaccinated calves were exposed to an equal number of respective seeders eight weeks post-
vaccination and maintained in contact for twelve months during each phase. Sixty-five
unvaccinated control and 62 vaccinated calves underwent postmortem tests. Skin and IGRA
tests were conducted using tuberculin and DIV A antigen cocktails every four and two months,
respectively. For efficacy evaluation, calves that ever tested positive for DIVA antigens in the
IGRA test were considered infected and potentially infectious. Then a mechanistic
transmission model calibrated using within-herd basic reproduction number (Ro) and empirical
cattle movement data was used to explore the long-term effect of routine BCG vaccination in
controlling bTB in the Ethiopian dairy sector. The performance of DIV A antigen cocktails was
compared to tuberculin in both IGRA and skin test formats. A slaughterhouse survey was
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conducted in Central Ethiopia to assess the prevalence, risk factors, and causative agents of
bTB. The causative agents were identified using multiplex quantitative PCR (m-gqPCR) in all
culture-positive samples.

Result: The study found a significantly lower total visible lesion score in vaccinated animals
compared to unvaccinated controls and a reduction in bTB transmission of 74% (95% CI: 46—
89%) among vaccinated animals compared to unvaccinated controls. The direct efficacy was
58% (95% CI: 34%—73%). The combined direct and indirect effects resulted in a total vaccine
efficacy of 89% (95% CI, 74-96%). The estimated Ro, representing the average number of
secondary cases per infectious individual was 3.1 (95% CI: 2—4) in unvaccinated group while
it was 0.3 (95% CI: 0.1-0.7) in the vaccinated group. A mechanistic transmission model
suggests that routine neonatal calf vaccination has the potential to reduce the average
population Ro to below 1 within 10 years, presenting significant opportunities for the control
and elimination of bTB in cattle. Eight weeks after vaccination, but before exposure to infected
seeder animals, the specificities of IGRA and skin test-based defined antigen cocktails were
98.5% and 94.0%, respectively. However, at the end of the experiment, the sensitivities of these
tests were 46% and 47%, respectively, which were similar with 45% sensitivity of the
comparative tuberculin test (CCT). A slaughterhouse survey revealed the ongoing challenge of
bTB in Central Ethiopia, with a prevalence of 2.3% bTB-related lesions and an eleven-fold
greater risk in crossbred cattle than in local zebu cattle. All mycobacterial species isolated from
experimental and slaughterhouse cattle were identified as M. bovis, except for two cases from
the slaughterhouse. One of these cases exhibited co-infection with M. bovis and M.
tuberculosis, while the other was co-infected with M. bovis and M. caprae. However, no
positive M. orygis was detected in any of culture-positive samples.

Conclusions: The study revealed previously unrecognized superior indirect effects of BCG on
bTB transmission compared to its direct protective effect against infection. Scenario analyses
using mechanistic models indicate that BCG vaccination may enable effective control of bTB
and contribute to elimination efforts. DIVA antigens demonstrated high specificity in BCG-
vaccinated cattle, highlighting their importance for potential integration into BCG vaccination
programs for bTB control. These findings hold significant implications for resource-limited
settings where the test-and-slaughter strategy is not feasible, while vaccination combined with
DIVA testing remains a beneficial and effective approach. The higher risk of bTB in crossbred
cattle underscores the necessity for targeted interventions, particularly in crossbred cattle

predominantly raised in intensive dairy production systems.

Keywords: Bovine tuberculosis, Bacillus Calmette-Guérin, Vaccine, Direct efficacy, Indirect
efficacy, Transmission, Basic reproduction number, DIVA, Slaughterhouse survey, Ethiopia
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CHAPTER ONE: INTRODUCTION

1.1 General Background

1.1.1 Bovine tuberculosis

Bovine tuberculosis (bTB), caused by Mycobacterium tuberculosis complex (MTBC), poses a
threat to the health of livestock, humans, and wildlife (Ashford et al., 2001; Malone and
Gordon, 2017; Smith et al., 2021). The MTBC is a group of extremely closely related
mycobacterial species with average nucleotide identity of 99.2 - 99.9 % (Brites et al., 2018;
Riojas et al., 2018). All cases of tuberculosis caused by MTBC in cattle are considered bTB
(European Food Safety Authority (EFSA) and European Centre for Disease Prevention and
Control (ECDC), 2023). The MTBC subspecies include Mycobacterium tuberculosis sensu
stricto (lineages 1—4 and lineage 7), M. africanum (subtypes I and II), M. bovis, M. bovis
Bacillus Calmette-Guérin (BCG), M. microti, M. pinnipedii, M. orygis, M. mungi, M.
suricattae, M. caprae, and Dassie Bacillus (Brites et al., 2018; Fellag et al., 2020). M. bovis
BCQG, the attenuated vaccine strain, shares more than 99.9% genomic identity with M. bovis
and retains the conserved sequences characteristic of the MTBC (Riojas et al., 2018). The
MTBC members exhibit host-specific preferences, with M. tuberculosis sensu stricto and M.
africanum being human-adapted strains, whereas the remaining MTBC species and M. bovis
are animal-adapted, infecting a wide range of domesticated and wild animals (Malone and
Gordon, 2017). A recent systematic review revealed geographic patterns of MTBC species
distribution in livestock. Mycobacterium bovis was the predominant pathogen globally, while
M. orygis was specific to Asia and M. africanum was restricted to Africa. European livestock
were mainly affected by M. bovis, M. caprae, M. microti, and M. pinnipedii, while M.
tuberculosis had the highest prevalence in Africa (Reis et al., 2021a).

These MTBC members are transmitted via the transcutaneous, gastrointestinal, and respiratory
systems, leading to infection of the lymphatic system and secondary spread to various organs
(Fellag et al., 2020). In cattle, the principal method of transmission is through the inhalation of
infected respiratory droplets. Additional routes of infection include consumption of
contaminated milk, feed, or water, and contact with infectious excretions such as urine, feces,
vaginal secretions, and sperm (Parlane et al., 2015; WOAH, 2022). The main drivers of animal

TB transmission include management strategies (herd type, husbandry system, and multi-



species cohabitation), livestock-wildlife interactions, pathogen characteristics (different
MTBC members and strains), host factors (sex, age, breed), animal movements, livestock-
human interactions, and environmental conditions—each with varying predominance and

contribution across different continents (Reis ef al., 2021a).

1.1.2 Bovine tuberculosis in wild animal reservoirs

As in livestock, the most frequently reported infectious agent in wild animals was M. bovis
(89.5%). M. orygis and M. mungi were reported exclusively in Asia and Africa, while M. caprae
was found in Europe. M. pinnipedii was detected in both South America and Oceania. M.
tuberculosis was reported in Africa, Asia, and Europe. Asia documented cases of both M.
tuberculosis and M. bovis, whereas North America reported only M. bovis. Both South America

and Oceania reported M. pinnipedii and M. bovis (Reis et al., 2021Db).

Cattle are the main sources of M. bovis infection referred to as maintenance hosts. The key
characteristics of maintenance hosts are susceptibility to M. bovis, prolonged survival after
infection, the ability to reproduce during infection, and the capacity to shed the pathogen
through multiple routes spreading the disease (Goodchild and Clifton-Hadley, 2001; Haydon
et al., 2002). M. bovis infection of several wild animals has been confirmed in recent studies
(Constable et al., 2017; Chang et al., 2024), indicating the challenge wildlife is posing to bTB
control and eradication in endemic settings. In South Africa alone, M. bovis has infected 24
wild animal species (Bernitz ef al., 2021), showing the potential role of wildlife in spreading

the disease and complicating control.

The well-known maintenance wild animal hosts for M. bovis infection are brushtail possums
(Trichosurus vulpecula) in New Zealand, European badgers (Meles meles) in Great Britain and
Ireland, kudu (Tragelaphus strepsiceros) and African buffalo (Syncerus caffer) in South Africa,
wild boar (Sus scrofa) and red deer (Cervus elaphus) in the Iberian Peninsula, white-tailed deer
(Odocoileus virginianus) in Michigan, USA, and bison (Bison bison) and elk (Cervus
canadensis) in Canada (Bengis et al., 2001; Ali, 2013; Palmer, 2013; Buddle et al., 2018).
Depending on their abundance and densities as well as the composition and structure of natural
communities of these species, the specific wildlife hosts can be perceived as TB reservoirs in
some countries (badgers in the UK, red deer and wild boar in the Iberian Peninsula and Central
Europe), but spillover species in others (Reis ef al., 2021b). Many other animals can also serve

as spillover hosts that do not support transmission in the absence of maintenance hosts.



However, spillover hosts can temporarily transmit the infection to maintenance hosts and other
species under certain conditions such as high population density (Ali, 2013). Generally, the
role of wildlife in bTB spread might be less important in the urban, intensive dairy systems,
but the risk of transmission can still occur in peripherally located herds with close proximity to
wildlife, where the biosecurity is poor and barriers limiting wildlife-cattle interactions is
lacking. However, despite the potential influence of interactions between cattle, sympatric
domestic animals and wildlife reservoirs, their role on the transmission of bTB has not been
sufficiently studied and remains unconfirmed in Ethiopia. Tschopp et al. (2010) investigated
bTB across 133 mammals representing 28 wildlife species from five regions in Ethiopia,
utilizing rapid serology tests (RT) and lymph node cultures. Their study found that 23% of the
animals tested positive for bTB antibodies in the rapid serology tests, and 32.5% of cultured
specimens exhibited acid-fast bacilli (AFB); however, no M. bovis or other members of the
MTBC were isolated. The high bTB antibody test positive rate suggests the potential for bTB
presence in wildlife in Ethiopia. However, several limitations of the study may have
contributed to the inability to detect MTBC, including: (1) small sample sizes for each species,
(2) lack of RT validation for most African wildlife (except for elephants), (3) the test's low
sensitivity, which could result in missed early infections, and (4) incomplete culturing of tissues
from seropositive animals. These gaps highlight the need for more sensitive and specific

diagnostic methodologies in future studies on wildlife tuberculosis.

1.1.3 Zoonotic tuberculosis (zTB)

The World Health Organization (WHO) defines zoonotic tuberculosis as an infectious disease
in humans caused by M. bovis that originates from animals (WHO, 2019). However, five
members of the MTBC species, including M. bovis, M. caprae, M. microti, M. orygis, and M.
pinnipedii, that cause tuberculosis in animals has already been reported as zoonoses,
transmissible to humans (Fellag et al., 2020). Farmers, abattoir workers, veterinarians, and
butchers are at higher risk due to their regular contact with sick livestock or wildlife (WOAH,
2024).

The global level median proportion of zoonotic TB cases caused by M. bovis was < 1.4%,
whereas Africa bears the highest burden with a reported median proportion of 2.8% zoonotic
TB (Miiller et al., 2013). Zoonotic TB due to M. bovis caused 147,000 new cases and killed
12,500 people worldwide in 2016 (WHO, FAO, OIE, & The Union, 2017). The most affected



region was Africa, followed by Southeast Asia. In 2016, the European Union (EU) documented
182 confirmed human cases of M. bovis and 11 confirmed human cases of M. caprae. By 2020,
these figures had decreased to 86 confirmed human cases of M. bovis and 2 confirmed human
cases of M. caprae. Notably, the majority of cases reported in 2020 (55.7%) were of EU origin
(European Food Safety Authority (EFSA) and European Centre for Disease Prevention and
Control (ECDC), 2023). These figures are likely to be underestimates due to the inability to
distinguish M. tuberculosis from M. bovis (WHO, FAO, OIE, & The Union, 2017) and the lack
of reporting of causative Mycobacterium species. In North America and Europe, M. bovis
causes 0.5 to 1.0% of human infections while in South America, where bTB is common, but
milk is routinely pasteurized or boiled, human infection ranges from 1 to 6%. In regions like
Africa, where bTB prevalence is high and raw milk is commonly consumed, human infection
rises, ranging from 10% to 15% (Ashford et al., 2001; WOAH, 2022). M. tuberculosis
primarily affects the lungs, though it can also cause extra-pulmonary TB in about one-third of
cases, whereas zTB due to M. bovis may also involve the lungs but more often affects extra-
pulmonary sites such as lymph nodes and other organs (WHO, FAO, OIE, & The Union, 2017).
However, the role of zTB in the extra-pulmonary human TB cases is not well studied. In
Ethiopia, human infections with M. bovis have been reported in previous studies (Firdessa et
al., 2013; Nuru et al., 2017), whereas M. tuberculosis has been identified in a variety of
livestock species, including cattle (Ameni et al., 2011), pigs (Arega et al., 2013), camels (Gumi
etal., 2012), sheep, and goats (Mamo et al., 2012; Deresa et al., 2013), indicating transmission
between animals and humans, highlighting the need for control of the disease at its animal

source to prevent transmission to humans.

1.2 Justification

The impact of bTB on human health, cattle production, and wildlife conservation requires
practical and affordable alternative control strategies (Zinsstag et al. 2006; Malone and Gordon
2017). The high endemic prevalence of bTB in crossbred cattle used for milk production is
posing a substantial threat to food security and the livelihood of the dairy farmers in Ethiopia.
BCG vaccination was also granted regulatory approval for use in selected wildlife species, such
as badgers (WOAH, 2022), reflecting its practical application for bTB control in wildlife
reservoirs. Although no vaccine has been approved for cattle, there is an increasing interest to
employ BCG as a viable alternative or complementary control measure in resource-limited

settings like Ethiopia.



In many developed countries, bTB has been effectively controlled through test-and-slaughter
programs, which have enabled the elimination or reduction of the prevalence to very low levels.
The test-and-slaughter strategy involves tuberculin testing and removal of infected animals,
accompanied by monetary compensation to affected farmers and movement restrictions of
affected herds. However, this strategy is expensive and unacceptable in many developing
countries for economic, cultural, and religious reasons (Srinivasan et al. 2021). As a result, it
has never been implemented in the majority of low- and middle-income countries (LMICs),
where the disease is endemic with high prevalence (WOAH, 2024). Moreover, transmission
to and from wildlife, the persistence of M. bovis in the environment, imperfect diagnostic tests,
residual infection within the herd (undetected infected cattle remaining in a herd), and the
movement of infected cattle all contribute to the failure of the test-and-slaughter strategy for
controlling bTB in some countries such as the UK and Ireland (Chang et al., 2024).

Previous vaccine efficacy studies measured direct efficacy of BCG based on confirmation of
lesion development and positive mycobacterial culture at the endpoint. Field evaluation have
shown highly variable direct efficacy ranging from 22 to 86% (Nugent et al., 2018; Abalos et
al., 2022). A single, low-dose BCG vaccination (3 x 10° CFU) administered via subcutaneous
injection has been shown to protect free-ranging cattle against infection with virulent strains of
M. bovis and development of detectable bTB lesions with an efficacy of 85.7% (Nugent et al.,
2018). Despite similar ratios of susceptible calves to reactor seeders were maintained in two
natural transmission experiments, a lower 30% direct effect was observed in the second study
compared to the 56% in the first study (Ameni et al., 2010b; Ameni et al., 2018). The
differences are attributed to severe bTB pathology in the infected seeders used in the second
study. A metanalysis showed a direct efficacy of 18% in experimental and 61% in natural
transmission studies, with an overall mean efficacy of 25% (Srinivasan et al. 2021). Higher
infection doses of 10% to 10* CFU directly delivered through trachea in the experimental studies
compared to a natural force of M. bovis infection, may have contributed to these differences,

suggesting the effect of the force of infection on direct BCG efficacy estimates.

However, BCG can potentially reduce transmission within host populations. Studies have
demonstrated that BCG vaccination confers partial protection through reduced frequency and
severity of pathology ( Ameni et al., 2018; Bayissa et al., 2021). This partial protection is

expected to minimize bTB transmission within vaccinated herds, but not yet measured. Given
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the primary objective of any vaccination strategy is not only preventing the risk of infection,
but also to achieve herd immunity and minimize disease transmission, understanding the
overall effect of the vaccine is crucial. In closed herds with high vaccination coverage, the total
vaccine efficacy of BCG (VEr) includes an indirect effect (VEi) that represents the rate at
which infected vaccinates transmit the disease. Thus, the overall efficacy depends on whether
it is effective in reducing transmission from vaccinated to susceptible animals in a herd
(Halloran et al., 1991). Combined with the capability to maintain closed herds and high
vaccination coverage, indirect effects can reduce bTB transmission. Hence, there is a need to
estimate the impact of BCG on transmission rates within herds to inform decisions about the
practical deployment of the BCG vaccine. The role of partially protective or leaky vaccines in
the control of viral infections has been explored previously (De Jong and Kimman, 1994; Orsel
et al.,2007). The effectiveness of partially protective Salmonella vaccines in reducing infection
prevalence, infectiousness, and outbreak size has also been evaluated using a stochastic
transmission model based on longitudinal Salmonella Cerro outbreak field data in adult dairy
cattle (Lu et al., 2014). However, appropriate experimental methods to measure the impact of
vaccination on disease transmission in chronic bacterial infections, such as bTB, are lacking.
As a result, the critical benefit of BCG vaccine-induced reduction in transmission has never
been quantified, and the true impact of the BCG vaccine in lowering the infectiousness of
vaccinated animals remains unknown. In this study, we employed a novel experimental design

to address this key knowledge gap (Conlan ef al., 2018).

Currently, the only licensed vaccine for humans tuberculosis is the BCG (Thom et al., 2012),
which has also shown promising protective efficacy against M. bovis infection in cattle in
experimental and natural transmission studies. Currently, no other vaccine against tuberculosis
has consistently demonstrated better efficacy and safety compared to BCG. However,
improved immunogenicity has been achieved through heterologous prime-boost strategies by
combining BCG prime vaccination with booster viral vector vaccines such as Modified
Vaccinia Ankara (MVA), a non-replicating poxvirus expressing antigen 85A (Ag85A) or
adenovirus type 5 (Ad5), which also express Ag85A (Ad85A) (Vordermeier et al., 2009; Rizzi
etal., 2012). This highlights their potential to boost primary immunity induced by BCG against
bTB. MVAB85A and Ad85A are recombinant viral vector vaccines designed to boost immunity
following BCG vaccination. However, the production of MVA85A and Ad85A requires

advanced biotechnological processes increasing their costs compared to the relatively



inexpensive and widely available BCG vaccine, limiting their potential accessibility in low-

resource settings (Rizzi et al., 2012).

The attenuated BCG strain is safe across a broad spectrum of animal species that are susceptible
to M. bovis. Even high bacillary doses and repeated administration of BCG are safe in calves,
pregnant heifers, guinea pigs, rabbits, and non-human primates (Irvine et al., 2021; Williams
et al., 2024). Research has indicated that the Danish 1331 strain of BCG is well tolerated by
calves and lactating cows, eliciting mild and temporary local or systemic responses.
Additionally, no evidence of BCG shedding in the raw milk, saliva, or excrement of vaccinated
animals has been reported and no adverse effects on the milk yield of lactating cows were
observed (Williams et al., 2022), suggesting the absence of public health risk and negative
impact on animal productivity from use of BCG in the livestock.

The primary barriers to using the BCG vaccine in cattle are incomplete direct protection and
interference with tuberculin-based diagnostic tests used in the official bTB surveillance,
international trade, and bTB control programs (WOAH, 2022). Non-specific tuberculin
reactions to BCG can hinder international cattle trading with countries that demand a strict
bTB-free status. Tuberculin tests are also compromised by exposure to environmental
mycobacteria, which reduces their specificity and accuracy. This implies that the deployment
of BCG for cattle vaccination requires a compatible diagnostic test that distinguishes

vaccinated from infected animals (DIVA).

Interest in BCG vaccination for bTB control in cattle has increased due to the development of
diagnostic tests with DIVA capability (Srinivasan et al., 2020). For specific bTB diagnosis,
ESAT-6, CFP-10, and Rv3615¢ have been used ether as a recombinant fusion proteins or as a
combination of short and long peptides (20-to 40-mer) spanning the whole sequences of ESAT-
6, CFP-10, and Rv3615c with a 10 to 20-residue overlap (Figure 1.1). Defined antigen peptide
cocktails, are used in both skin and IGRA DIVA tests. The defined antigen cocktails are
chemically synthesized peptides through an automated, software-controlled process that
sequentially adds and anchors amino acids to a growing peptide chain on an insoluble resin,
enabling accurate synthesis. However, whole ESAT-6, CFP-10, and Rv3615c¢ proteins are
biologically produced expressed in Escherichia coli, as histidine-tagged fusion recombinant
proteins and purified by nickel affinity chromatography. The defined peptide antigens offer

multiple advantages over whole recombinant proteins and tuberculin, including a defined
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composition, simpler manufacturing without biosafety level 3 (BSL-3) requirements, and easier
quality control using chemical methods instead of a bioassay. Unlike defined peptide cocktails,
whole recombinant proteins can vary in folding, stability, and purity between batches,
introducing unwanted variability into the diagnostic test. A complete set of overlapping
peptides ensures that every possible epitope from the antigen is present across diverse bovine
leukocyte antigen (BoLA) than the whole proteins, improving sensitivity. The defined peptide
cocktails have high potential for use in countries where genetically modified or recombinant
proteins with synthetic tags are either not permitted or face a high threshold for approval

(Srinivasan et al., 2019).
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Figure 1.1: Schematic representation defined antigen peptide cocktails containing a
combination of 13 immune-dominant overlapping long and short peptides covering the whole
amino acid sequences of ESAT-6 (4 peptides), CFP-10 (4 peptides), and Rv3615c¢ (5 peptides)
(based on Srinivasan et al., 2019, Table S1).

All pathogenic mycobacteria secrete the ESAT-6 and CFP-10 encoded by the RDI region,
which is deleted from all BCG strains, presenting an opportunity to deploy along with BCG
vaccination. The secretion of Rv3615c is dependent Esx-1, a secretion system located in the
RD1 (Srinivasan et al., 2019, 2020; Bayissa et al., 2022; Subramanian et al., 2022). These
specific antigens demonstrated remarkable sensitivity and specificity in laboratory and field
settings (Srinivasan et al., 2019; Bayissa et al., 2022). Their sensitivity of 78% is comparable
or slightly better than CCT (Nunez-Garcia et al., 2017). The inclusion of combinations of

immune-dominant long and short peptides has been shown to enhance antigenicity, offering



the opportunity to further optimize and refine the cocktail composition to elicit broad and
promiscuous immune responses. A study that compared whole ESAT-6/CFP-10 proteins to
overlapping peptide pools showed that mixtures of synthetic overlapping peptides elicited
significantly stronger IFN-y responses and superior performance to the recombinant fusion
protein in IGRA and equivalent in inducing skin responses in infected animals while
maintaining high specificity in naive or BCG-vaccinated animals (Srinivasan et al., 2019).
Despite these encouraging findings, some issues remain. For example, except for a few studies
conducted in the UK, most research evaluated the diagnostic performance of these antigens
using tuberculin positive reactor status as a reference standard (Srinivasan et al., 2020; Bayissa

etal.,2022).

Most non-tuberculous mycobacteria (NTM) do not express either ESAT-6 or CFP-10
homologues, providing an opportunity to improve test specificity in animals exposed to
environmental mycobacteria that do not express these antigens. However, expression of ESAT-
6 and/or CFP-10 homologues has been identified in NTM, including M. kansasii, M. szulgai,
M. marinum, M. riyadhense, M. persicum, M. gordonae, and M. lymphaticum (Van Ingen et al.,
2009; Scherrer et al., 2019), potentially raising non-specificity issues in bTB diagnosis that
relies on the detection of immune reactivity to these defined antigens as well as tuberculins.
Cross-reactivity has been observed between M. kansasii-expressed ESAT-6 and CFP-10
homologues and their M. bovis counterparts, leading to false-positive test results (Vordermeier
et al., 2007). Thus, whenever possible, it is essential to use additional peptide antigens specific
to MTBC other than ESAT-6 and CFP-10 such as Rv3615¢ followed by molecular confirmation

from cultures of post-mortem or biopsy samples.

Tuberculin reactions may include false negatives in early stages of infection or anergy-related
cases that compromises the accuracy of the findings. This underlines the importance of
reassessing using confirmed infection status by M. bovis culture and PCR positive reference
standard to provide better recommendations for use along with BCG vaccine for bTB control.
Although BCG vaccine interferes with the tuberculin test, it is worth noting that regions
affected the most by bTB lack national control programs and this test is not routinely used. In
such cases, immunization remains beneficial. The effectiveness of vaccination programs can
be monitored through DIVA testing complemented with slaughterhouse detection of lesions
and BCG's interference with the tuberculin can be less relevant for LMICs where routine test-

and-slaughter strategy is not employed.



1.3 Literature review

1.3.1 Distribution and epidemiology of bovine tuberculosis

1.3.1.1 Global distribution and epidemiology

Tuberculosis (TB) is globally distributed disease reported across six continents (Reis et al.,
2021b, 2021a). The prevalence varies substantially between countries and regions, depending
on the presence or absence of control measures, animal movements, and wildlife reservoirs
(Allen et al., 2018). Bovine tuberculosis was endemic worldwide in the early 20th century, with
herd prevalence rates reaching 63% and animal prevalence rates ranging from 20% to 45%
(Constable et al., 2017). However, the disease has been eliminated or nearly eliminated from
domesticated animals in many developed nations with operational national bTB control using
test-and-slaughter strategy. Many countries have achieved officially tuberculosis-free (OTF)
status, which is defined as maintaining the percentage of bTB-infected herds below 0.1% per
year for six consecutive years. Seventeen European members states including Austria,
Belgium, the Czech Republic, Denmark, Estonia, Finland, France, Germany, Hungary, Latvia,
Lithuania, Luxembourg, the Netherlands, Poland, Slovenia, Slovakia, Sweden and non-
members states including Iceland, Liechtenstein, Norway, and Switzerland are OTF (Allen et
al., 2018; European Food Safety Authority (EFSA) and European Centre for Disease
Prevention and Control (ECDC), 2023). Other non-European nations classified as bovine
tuberculosis-free include Australia, Barbados, Canada, Israel, Jamaica, Singapore, and USA
(Ali, 2013). Bovine tuberculosis has been eradicated from most states of the USA, but some
pockets of infection remain in wildlife, particularly in Michigan, where white-tailed deer serve
as a free-ranging wildlife maintenance host (O’Brien et al., 2023). Ten European member states
(Bulgaria, Croatia, Cyprus, Greece, Ireland, Italy, Malta, Portugal, Romania and Spain) are
non-OTF. Three of these non-OTF European member states (Italy, Portugal and Spain) had
OTF regions or provinces. The prevalence of bTB is approximately 80 times higher in non-
OTF states compared to OTF states within the European Union. An overall bTB-positive herd
prevalence of 1.01% has been reported in eight non-OTF member states (European Food Safety
Authority (EFSA) and European Centre for Disease Prevention and Control (ECDC), 2023).

Despite the insufficient surveillance of bTB in numerous regions, current evidence suggests
that the disease is prevalent and uncontrolled in Africa, Asia, Latin America, and most countries

in the Middle East (Ali, 2013; Kasir et al., 2023). A review conducted by Reis et al. (2021a)
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analyzed 443 articles on livestock tuberculosis published between 1981 and 2020 across six
continents. The review identified 283 articles from Europe, 157 from Africa, 59 from South
America, 55 from North America, 29 from Asia, and 21 from Oceania, highlighting the global
significance of the disease in livestock. The review identified seven species of the MTBC
infecting livestock, with a prevalence of 76.8% for M. bovis, 9.1% for M. caprae, 8.9% for M.
tuberculosis, 2.5% for M. pinnipedii, 1.4% for M. africanum, 0.9% for M. microti, and 0.5%
for M. orygis. Livestock tuberculosis was predominantly reported in farmed animals (90.4%),
with lower prevalence observed in zoo animals (6.7%) and pets (2.9%). Among farmed species,
Bovidae were most affected (82.1%), followed by Suidae (6.7%), Cervidae (6.2%), Camelidae
(3.5%), and others (1.5%). Cattle accounted for 82.3% of cases in the Bovidae family, while
small ruminants (goats, sheep, mouflon) represented 12.3%, buffalo 3.6%, and bison 1.8%,
highlighting on the diversity of the livestock species infected with multispecies members of

MTBC.

A meta-analysis encompassing 60 cross-sectional studies that evaluated prevalence using
bovine and avian tuberculin alone estimated the global prevalence of bTB to be 3.3% at the
animal level and 18.1% at the herd level (Neto et al., 2024). This figure may likely be an
underestimate. Notably, the overall pooled prevalence estimate for South America was the
lowest at 0.36% as 15 of the 16 included studies were conducted in Brazil, where national
animal tuberculosis control has been under implementation for two decades. Furthermore, the
review solely considered tuberculin test-based reports, whereas South American countries
conducted a higher proportion of nucleic acid-based studies (34.6%) compared to tuberculin-
based studies (17.3%) (Reis et al., 2021a). This exclusion of a significant number of studies
and the low sensitivity of the CCT may have contributed to the lower global prevalence
estimate in their study. Despite this, review revealed that both animal- and herd-level
prevalences were highest in Asia, with estimates of 8.2% and 48.3%, respectively, followed by
Africa, with estimates of 6.9% and 37.0%, respectively. From 1996 to 2011, 38 out of 54
African countries reported confirmed infections or clinical cases of bTB in livestock,
demonstrating the widespread presence of disease across the continent (De Garine-Wichatitsky
et al., 2013). A recent meta-analysis indicated a pooled prevalence of 7.3% within the Indian
cattle population, suggesting that approximately 21.8 million cattle may be affected (Srinivasan
et al., 2018). Between 2015 and 2020, 7.8% of individual animals and 61.7% of dairy farms in
Fiji tested positive for bTB (Garcia et al., 2022).
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Despite being more prevalent in LMICs, the United Kingdom, and Ireland also experience
considerable economic pressures from the bTB which continues to persist despite intensive and
costly control programs (Allen et al., 2018). In the UK, the reported herd prevalence of bTB
was 14.4% in 2010 and 13.8% in 2011. In Ireland, the reported herd prevalence was 5.27% in
2009 and 4.37% in 2011 (European Commission, 2013). The annual prevalence of bTB-
positive herds in the United Kingdom (Wales, England, and Northern Ireland) was consistently
over 10% from 2010 to 2019. In 2019 and 2020, the UK reported M. bovis positive herd
prevalence of 10.51% and 10.7% for Northern Ireland, 11.0% and 10.5% for Wales, and 11.7%
and 10.72% for England, respectively, indicating the persistence of the disease despite the
implementation of costly test-and slaughter control strategy for decades (European Food Safety
Authority (EFSA) and European Centre for Disease Prevention and Control (ECDC), 2023).

Although the exact figures are not known, it is estimated that bTB infects 50 million cattle
globally, resulting in $3 billion in annual economic losses due to decreased productivity, higher
mortality, lower rates of reproduction, and trade restrictions (Schiller et al., 2010). Bovine
tuberculosis is estimated to cause a 5% loss in fertility, a 5% loss in carcass weight, and a 10%

reduction in milk production (Meisinger, 1970).

Wildlife tuberculosis (TB) has been reported in Europe, Africa, North America, and Oceania.
Most wildlife TB studies were conducted in Europe whereas less studied in Asia and South
America. An analysis of a recent review identifies specific wildlife targets for bTB research
across various continents. European studies primarily focus on badgers (35.7%), wild boar
(37.5%), and red deer (26.2%), while 76.5% of African research is predominantly centered on
buffalo, the majority of which are from South Africa, particularly from the Kruger National
Park. In North America, 90.9% of wildlife TB research concentrate on white-tailed deer,
whereas 66.7% of studies in Oceania focus on brushtail possums (Reis et al., 2021b). These
trends highlight the different ecological and epidemiological elements of each region. The
pooled prevalence was 21.98% in wild boar, 13.71% in red deer and 11.75% in European
badger (Reis et al., 2021b). The prevalence in wild boar was 31.68% in Spain, 23.84% in Italy,
18.12% in Hungary, 13.03% in Portugal, and 9.49% in France. A higher prevalence of wildlife
tuberculosis has been observed in the southern regions of European countries, where both wild
boar density and the incidence of tuberculosis in livestock are elevated, suggesting the
importance of tackling the disease in both cattle and wildlife reservoirs. High prevalence of

wildlife TB presents significant challenges for Southern European nations, impeding their
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efforts to achieve OTF status. The estimated prevalence is 2.54% in wild boars in Asia, derived
from only two studies both from South Korea. The prevalence of TB in red deer also varied
across European countries, with higher prevalence rates of 31.6% in Austria and 27.8% in
Portugal, moderate prevalence rates of 6.4% in France and 12.1% in Spain, and significantly
lower prevalence rates of 0.2% in Switzerland, 0.2% in Italy, and 1.0% in the UK. The pooled
prevalence of TB in red deer is estimated at 19.26% for New Zealand. The prevalence showed
a decreasing temporal trend across study periods for European badgers and wild boar.
Accordingly, pooled prevalence rates of 19.1% and 51.7% were observed during the 1991—
2000 study period, 13.1% and 26.2% during 2001-2010, and 11.3% and 19.50% during 2011-
2020 for European badgers and wild boar, respectively. A similar temporal decreasing trend
was observed for bTB in cattle. In the Sicilian provinces of southern Italy, a higher prevalence
of 6.74% was recorded during the 2010-2012 study period compared to 3.36% during 2017—
2019 (Abbate et al., 2020). The temporal decline in animal TB prevalence is likely attributable
to enhanced control measures and/or the inclusion of lower prevalence areas adjacent to high

burden TB zones in latter studies (Reis et al., 2021b).

1.3.1.1 Distribution and epidemiology in Ethiopia

In Ethiopia where there is no national bTB control program, the disease is endemic. The pooled
animal level prevalence was estimated at 5.8%, with the highest prevalence of 21.6% found in
Holstein-Friesians, 9.9% in crosses and 4.1% in zebu cattle (Sibhat et al., 2017). The animal
level prevalence in the intensive dairy farms in central Ethiopia ranges from 25% to 39%,
whereas herd prevalence surpasses 50% (Firdessa et al. 2012; Almaw et al. 2021; Tulu et al.
2021), posing substantial public health risk. However, the actual contribution of such a high
prevalence of bTB to human TB cases is not well characterized due to the absence of routine
surveillance and the possible misdiagnosis of the extra-pulmonary form of zoonotic TB caused
by M. bovis. The prevalence is notably highest in the central region of the country, exhibiting
a decreasing trend as one moves toward the peripheries in all geographic directions (Sibhat et
al., 2017). Current efforts in the genetic improvement and intensification of cattle farming
aimed at increasing milk productivity are expected to further increase the risk of bTB
transmission. In Ethiopia, bTB is estimated to cost the national improved dairy production
system 132 million USD, or 219 USD per cow (Tschopp et al., 2022). In addition to cattle,

bTB also affects other livestock species including goats, sheep and camels. A recent systematic
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review and meta-analysis reported an estimated pooled prevalence of 2.3% in goats, 0.8% in

sheep and 8.2% in dromedary camels (Asmare et al., 2020).

1.3.2 Immune response to mycobacterial infections

M. tuberculosis and M. bovis are closely related pathogens associated with chronic,
granulomatous diseases in humans and animals, respectively (Mihret, 2012; Parlane and
Buddle, 2015). This implies the immune response to M. tuberculosis can inform the immune
response to M. bovis and vice versa. A variety of germline-encoded pattern recognition
receptors (PRRs) expressed on antigen-presenting cells (APCs) recognize external and internal
pathogen-associated molecular patterns (PAMPSs), as well as endogenous molecules generated
by damaged cells known as damage-associated molecular patterns (DAMPS). This detection
triggers the release of proinflammatory cytokines, which facilitate the recruitment of immune
cells responsible for eliminating the pathogens (Dorfleutner et al., 2015; Gaudino and Kumar,
2019; Vlasova and Saif, 2021). A variety of PRRs that are expressed on APCs to recognize
mycobacterial PAMPs include Toll-like receptors (TLRs), nucleotide-binding domain and
leucine-rich repeat-containing receptors (NLRs), C-type lectin receptors (CTLRS), scavenger
receptors (SRs), cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING),
CD14 receptors, AIM2, and AhR (Parlane and Buddle, 2015; Stamm et al., 2015; Ravesloot-
Chavez et al., 2021; Li et al., 2023). TLRs, scavenger receptors (SRs), and C-type lectin
receptors recognize extracellular or vacuolar PAMPs and DAMPs, whereas RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs), and AIM2-like receptors (ALRS) recognize
cytoplasmic PAMPs and DAMPs (Stamm et al., 2015).

Mycobacterial antigens are presented by major histocompatibility complex (MHC) class | and
class 1l molecules. All nucleated cells express MHC | while, only APCs express MHC |1
molecules. The main types of APCs are dendritic cells (DCs), macrophages and B lymphocytes
(Bretou et al., 2016). APCs bind to the appropriate PAMP or DAMP and then internalize it by
phagocytosis, pinocytosis, or clathrin-mediated endocytosis. MHC class 1l molecules present
peptide-derived antigens that are taken up by APCs via endocytosis. The process by which
APCs display antigens bound to MHC molecules to T lymphocytes, resulting in their
activation, is known as antigen presentation. The presentation of antigens to naive T cells in
lymphoid tissues, leading to their activation, is known as T-cell priming (Gaudino and Kumar,
2019).
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Contact between T cells and dendritic cells (DCs) initiates a T cell response, but one or more
co-stimulatory signals from APC surface molecules and cytokines are necessary to prevent
anergy and to enhance proper production and survival of effector and memory T cells (Schorer
et al., 2019). Full activation of naive CD4+ T cells and the lineage they will differentiate to
requires three signals (Gaudino and Kumar, 2019). The binding of TCR to the antigen-MHC
complex provides signal 1. Signal 2 comes from co-stimulatory molecules B7-1 (CD80) and
B7-2 (CD86) on APCs binding to CD28 on T cells. In the absence of signal 2, lymphocytes
become anergic and fail to respond efficiently (Sharpe and Freeman, 2002). Signal 3 involves
DC-derived cytokines such as IL-12 (Sharpe and Freeman, 2002; Ogawa and Abe, 2019). T
lymphocytes are stimulated by various cytokines produced by dendritic cells and macrophages,
including IL-2, IL-12, IL-18, and IL-23 (Lam et al., 2017). Inflammatory cytokines act as a
'switch' that determines whether antigen and costimulatory signals lead to tolerance in the
absence of inflammatory cytokines or a productive immune response leading to strong effector
functions, survival, and memory formation in their presence (Curtsinger and Mescher, 2010).
Though, induction of inflammation is a crucial component of an effective host response to
infection, it must be tightly regulated to prevent severe tissue damage (Storek and Monack,
2015).

To prevent excessive T-cell activation and the subsequent immunopathology or autoimmunity,
immune checkpoints (ICs), act as co-inhibitors functioning as brakes (Ahmed et al., 2022).
While B7-1 and B7-2 promote T cell activation via CD28, they can also bind CTLA-4 to
suppress excessive T cell proliferation (Sharpe and Freeman, 2002; Ogawa and Abe, 2019),
indicating a delicate balance in the immunological response involving CD28-mediated T-cell
activation and CTLA-4-mediated inhibition. The engagement of CTLA-4 inhibits TCR and
CD28-mediated signal transduction, suppresses IL-2 synthesis, blocks cell cycle progression
and terminates T-cell responses (Sharpe & Freeman, 2002). Apart from CTLA-4, other
immunological checkpoints (ICs), compounds that act as co-inhibitors of T-cell activation
include lymphocyte activation gene 3 (LAG-3), programmed cell death 1 (PD-1, CD279),
programmed cell death ligand 1/2 (PD-L1/2), and T-cell immunoglobulin 3 (TIM-3). These
host pathogen interactions might result in latent infection, tuberculosis, or pathogen clearance
(De Martino et al.,, 2019) depending on the balance between proinflammatory and

immunoregulatory cytokine and chemokine production (Averbakh and Ergeshow, 2018).

15



Once a cell-mediated immune (CMI) response is established, immune cells and cytokines form
a granuloma around infected macrophages, the granuloma localizes the infection and prevent
its spread. However, persistent immune activation and high frequencies of regulatory T cells
(Tregs) predispose individuals to clinical tuberculosis. Hyperinflammation at the late stage of
the disease causes cavitation of the granuloma and favors bacterial transmission (Chai et al.,
2020). Tregs suppress other T cells by producing inhibitory cytokines such as transforming
growth factor-p (TGF-B) and interleukin-10 (IL-10) (Romero-Adrian & Ndez, 2015).

1.3.3 Immune evasion and intracellular survival strategy of M. bovis

A Th1l-biased response is required to eliminate intracellular M. bovis infections. This response
is characterized by inflammatory cell infiltrates, enhanced phagocytosis, the release of 1L-2,
IFN-y, and TNF-a, as well as the formation of reactive oxygen and nitrogen species, which kill
pathogens inside cells (Romero-Adrian and Ndez, 2015). M. bovis and M. tuberculosis have
both evolved diverse evasion strategies, including obstructing phagosome maturation,
interfering with phagolysosome fusion, reducing autophagy and antigen presentation, causing
phagosome damage to escape into the host cytosol from the hostile phagosome environment,
and altering cytokine responses (Mihret, 2012; Parlane and Buddle, 2015; Chai et al., 2020).
It is hypothesized that one of the key strategies for M. bovis intracellular survival during the
early stages of infection is inhibition of apoptosis by inducing BCL-2 (B-cell lymphoma 2)
over-expression in order to evade host immune responses. BCL-2 is an anti-apoptotic member
the Bcl-2 family proteins that play key role in cell survival by blocking mitochondrial outer
membrane permeabilization, inhibiting the release of mitochondrial apoptogenic factors
(Asimov, 2015). A study that compared bTB positive plus PCR positive to bTB positive, but
PCR negative healthy cattle showed high BCL2 mRNA expression only in bTB positive and
PCR-positive cattle (Fang et al., 2020).

1.3.4 Brief historical overview of BCG vaccine

Large human populations have been safely immunized against tuberculosis using one of two
live vaccines: BCG or M. microti, the vole bacillus (Pym et al., 2002). The RD1 locus has been
deleted from both BCG and M. microti. M. microti was used as a live vaccine until the 1970s
but was discontinued because it was just as effective as the Danish BCG vaccine strain and not
superior (Brodin et al., 2004). BCG is named after Albert Calmette and Camille Guerin, who

developed an attenuated M. bovis BCG vaccine strain between 1906 and 1919, founded on the
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principle of the similia similibus curentur (like cures like) (et al. Lange et al., 2022). It was
developed through sequential passage of the M. bovis strain on cultures of potato slices
immersed in ox bile and glycerol. Renewing their cultures every three weeks for four years,
they made 230 passages by 1920. In this process, nine gene loci, collectively known as region
of difference 1 (RD1), were deleted resulting in the loss of two powerful T cell antigens, ESAT-
6 and CFP-10 and the attenuated M. bovis BCG strain (Pym et al., 2002). The RD1 is now
present in virulent M. bovis and M. tuberculosis strains, but absent in all BCG strains. The
genes encoding for the peptide antigens ESAT-6, CFP-10, and the secretion system for
Rv3615c are localized in this deleted region from BCG (Whelan et al., 2010; Casal et al.,
2012). The deletion of RD1 from BCG has enabled the development of diagnostic tests based
on these specific antigens (ESAT-6, CFP-10 and Rv3615c¢) to distinguish M. bovis infection
from BCG vaccination (et al. Srinivasan et al., 2020).

The first BCG efficacy evaluation was conducted in 1912 by Albert Calmette and Camille
Guérin in newborn calves through intravenous injection. The early studies showed that BCG
vaccination protected against M. bovis infection for up to 1.5 years. Calmette Guérin, and
Benjamin Weill-Hallé gave the first BCG immunization to a neonate on July 18, 1921,
providing three 2 mg doses suspended in milk without adverse reactions for 5.5 years. This
oral route of BCG administration was discontinued following the ‘Liibeck Disaster,” where the
oral administration of the BCG vaccine contaminated with M. tuberculosis infected 228 out of
the 251 vaccine recipient newborns (Fellag et al., 2020). Oral delivery of BCG is still used to
control bTB in wildlife reservoir hosts such as European badgers, brushtail possums, wild
boars, and deer (Buddle et al., 2018).

1.3.5 BCG induced immunity

The aim of vaccination is to prime the adaptive immune system with attenuated pathogens and
induce memory cells capable of quickly and effectively responding to re-exposure to a virulent
pathogen. M. bovis can be phagocytosed by both dendritic cells (DCs) and macrophages;
however, the bacteria can proliferate in both cell types, though macrophages can kill more
bacteria than DCs. BCG is more easily killed by both cell types compared to virulent M. bovis
(Parlane and Buddle, 2015), enabling rapid and vigorous response upon re-exposure to

pathogenic M. bovis infection.
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The interaction of M. bovis BCG with APCs such as macrophages and dendritic cells at the
inoculation site induces immune responses. Dendritic cells after engulfing BCG mature and
upregulate MHC class I and Il molecules, co-stimulatory molecules (e.g., CD80, CD86), and
cytokines (e.g., IL-12), to effectively prime and initiate T-cell responses (Waters et al., 2015).
The dendritic cells present in the peripheral tissues are called immature dendritic cells, whereas
those in lymph nodes are called mature dendritic cells or activated dendritic cells. Dendritic
cells within the site of infection are active in antigen capture, intake, and processing, but when
they move to secondary lymphoid tissue, they lose these properties while gaining the ability to
activate naive T cells (Parham, 2015). DCs scan the tissue environment for danger-associated
antigens and ingest extracellular components of the pathogen. This encounter initiates the DC
maturation process, which results in decreased antigen internalization and increased expression
of the chemokine receptor CCR7, directing the DCs to lymphatic vessels and lymph nodes,
where they present the antigen to CD8+ and CD4+ T lymphocytes via MHC class | and class
Il molecules, respectively (Bretou et al., 2016). Dendritic cells that engulf mycobacteria
antigens, activate CD8+ T cells by cross-presenting the antigen via MHC class | molecules
(Lam et al., 2017). Activated BCG-specific CD8+ T cells develop into cytotoxic T cells that
recognize and Kill infected cells through the release of cytotoxic proteins such as granzymes,
a family of five serine proteases, the proteoglycan serglycin, the membrane-disrupting protein

perforin, and granulysin, a detergent-like protein that attaches to membranes (Parham, 2015).

BCG vaccination induces a strong Th1 response, characterized by increased production of IFN-
y. Increased antigen-specific IFN-y secretion was observed for up to 90 weeks following BCG
vaccination (Thom et al., 2012). IFN-y activates macrophages to enhance the intracellular M.
bovis killing by increasing the lysosome fusion with phagosomes containing captured
pathogens and increasing the synthesis of potent microbicidal agents such as oxygen radicals,
nitric oxide (NO), and proteases to destroy the pathogens (Parham, 2015). The IFN-y also
promotes the differentiation of cytotoxic CD8+ T cells. The IFN-y production induced by BCG
is essential indicator effective immunization, but induction of IFN-y alone is not a sufficient
biomarker of protection since not all IFN-y producing immunizations are protective. vaccines

that do not produce any IFN-y quite frequently fail to protect (\Vordermeier, 2014).

BCG generates long-lived memory T cells (central and effector memory T cells), which
provide rapid and robust response upon re-exposure to M. bovis (Schorer et al., 2019). BCG

vaccination of calves indicated higher number of Tcm (central memory T cells) in vaccinated
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than in control animals at 12 weeks pos-vaccination and strongly associated with protection
(Thom et al., 2012).

1.3.6  Variable efficacy of BCG and influencing factors

Field evaluations have shown high variability in BCG vaccine efficacy. Several factors may
influence vaccine efficacy in the field (Buddle, 2010). Explanations given for lower and
variable efficacy of BCG include high doses of BCG (10® —10%° CFU), route of vaccination
(SC, oral), breed, age at immunization, general health condition of calves, BCG strain (Tokyo,
Danish, Russia, Pasteur), pre-exposure to NTM and consumption of milk from M. bovis
infected cows before vaccination, helminth infections, test used to measure efficacy
(pathology, mycobacterial culture, DIVA), and inadequate long-term protection (Thom et al.,
2012; Srinivasan et al., 2021; Abalos et al., 2022). Preexisting immune response against
environmental mycobacterial antigens shared with BCG was shown to prevent BCG replication
and vaccine take in animal models (Horwitz et al 2010), which has been associated with a lack
of protective immunity, possibly due to rapid clearance of BCG resulting in insufficient release
of immunogenic antigens (Pollock and Neill, 2002). A recent BCG vaccine efficacy evaluation,
based on IFN-y response to specific antigens ESAT-6, CFP-10 and Rv3615c, indicated 58.5%
vaccine efficacy in Holstein Friesian x Swedish Red crossbred cattle. However, no evidence
of protection was observed in pure Holstein Friesian in the same study, highlighting the
influence of breed on efficacy of BCG vaccine (Contreras et al., 2023). The BCG Danish
vaccine at a lower dose equivalent to a 0.5 human dose, was shown to be as effective as a 10-
fold-higher dose (Buddle et al., 2013), dictating the use of high dose unnecessary. Neonatal
calf vaccination has induced higher protection compared to vaccination at 6 months old
(Buddle, 2010). Vaccination of neonatal calves provides significant protection against M. bovis
challenge at 12 months, but protection decreases after 24 months due to a significant decrease
in antigen-specific IFN-y-secreting cells in long-term PBMC cultures (Thom et al., 2012),

highlighting the need for revaccination for long-term protection.

The distribution of the ancestral BCG strain to numerous institutions worldwide and further
culturing over several decades resulted in genetic differences among current BCG strains. BCG
strains used in vaccine trials includes BCG Pasteur (Hope et al., 2023), BCG Danish (Ameni
et al., 2010b), Russian (Bayissa et al., 2021). Although loss of some lipid virulence factors in

certain BCG strains reduced protective efficacy in laboratory animal models (Tran et al., 2016),
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suggesting a positive correlation between virulence and efficacy, there is lack of definitive
evidence on whether these differences contributed to the highly variable protective efficacy of
BCG in cattle. Challenge method used such as experimental infection with virulent M. bovis
through intranasal or endotracheal route (Hope et al., 2005) and subcutaneous vaccination with
exposure to reactors for natural transmission (Hope et al., 2005; Ameni et al., 2010; Lopez-
Valencia et al., 2010; Ameni et al., 2018), might have contributed to the variability of reported
BCG efficacies.

1.3.7 The omics overview of the MTBC: diagnostic biomarkers and immune signatures

High-throughput and integrated omics technologies have provided deeper insights into biology,
virulence, and host interactions, allowing thorough analyses of gene sequence variations for
generating molecular signature biomarkers (Brosch ef al., 2002; Costa ef al., 2014). Omics,
defined as the comprehensive study of related sets of biological molecules, primarily focuses on
identifying genes and genomic variants (genomics), mRNA expression levels (transcriptomics),
proteins (proteomics), and low-molecular-weight metabolites (metabolomics) in specific cell or tissue
(Nadeem and Javed, 2022). Biomarker is a broad term defined as any indicator of biological
processes, either pathogen based or host related (Smith ef al., 2021b) and subcategorized in
various ways. The most common categorization of biomarkers has been based on their use as:
diagnostic, staging, prognostic, prediction, monitoring, and surrogate endpoint (FDA-NIH
Biomarker Working Group, 2016). For pragmatic reasons, biomarkers are classified as
pathogen or host derived (Goletti et al., 2018). Host-derived biomarkers include transcripts,
proteins, inflammation markers, and measures of immune cells responding to MTBC
infections. Pathogen related biomarkers comprise mycobacterial DNA, peptides, lipids, and

volatile molecules (Goletti ef al., 2018).

Due to the dominance of CMI responses to mycobacterial infection, current bTB diagnostic
biomarkers research emphasizes on gene expression and detection of cytokine and chemokine
in livestock and wildlife (Smith et al., 2021b). The most studied TB biomarkers are host-
derived consisting of transcriptomic, proteomic, metabolomics, cellular markers or marker
combinations (Goletti et al., 2018). Host biomarkers are often used as a diagnostic tool when

pathogen identification is not practical (Pedersen et al., 2019).
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1.3.7.1 Genomics

Members of MTBC exhibit remarkable genetic similarity, exceeding 99% sequence
homogeneity at the nucleotide level despite variation in pathogenicity, epidemiology and host
preference (Huard et al., 2003). Comparative genomic analyses have demonstrated that the
members have evolved from a common ancestor via sequential DNA deletions at specific
genomic loci (Figure 1.2) (Malone and Gordon, 2017). Presence or absence of genomic regions
such as TbD1, RD1, RD2, RD4, RD7, RD8, RD9, RD10, RD12, and RD13 represent dominant
candidate diagnostic markers capable unambiguously identifying MTBC members (Brosch et

al., 2002).

The MTBC member species are classified into ancestral and modern strains based on the
presence or absence of TbD1 deletion. The modern MTBC strains are defined by deletion of
TbD1 genomic region and comprises Lineage 2 (Beijing genotype), Lineage 3 (Delhi/Central-
Asian), and Lineage 4 (Euro-American), which are responsible for the majority of human
tuberculosis cases worldwide (Brites and Gagneux, 2017). The loss of TbD1 is considered a
key factor that enabled better adaptation to human-to-human transmission, leading to its global
epidemic spread and evolutionary success (Bottai ef al., 2020). The TbD1 region is present in
the genomes of M. bovis, M. canettii and ancestral strains of M. tuberculosis including Lineage
1 (East African Indian), Lineage 5 (M. africanum West African 1), Lineage 6 (M. africanum
West African 2) and Lineage 7 (East Africa) (Brites and Gagneux, 2017). The ancestral strains
are geographically restricted and show a globally lower prevalence compared to modern

strains.

The RD1 deletion differentiates M. bovis BCG from M. bovis and M. caprae (Reddington et
al., 2011b). RD4 is a genotypic marker that is absent in M. bovis and M. bovis BCG vaccine
strains used to differentiate them from other subspecies of MTBC (Taylor et al., 2007). RD7
differentiates M. tuberculosis, M. africanum subtype 11, and M. canetti from the other MTBC
subspecies (Huard et al., 2003). RD9 is present in M. tuberculosis and in M. canettii and
commonly used for specific detection of M. tuberculosis (Reddington et al., 2011a). Like M.
tuberculosis, M. canettii contains all the RDs with the exception of RD12 M. canettii (RD12°"),
which has been deleted in M. canettii but present in M. tuberculosis and targeted for the specific
detection of M. canettii (Reddington et al., 2011a). RD?9 is absent in isolates of M. africanum
type 1 whereas RD7, RD8, RD9 and RD10 are deleted in M. africanum type 2 (Parsons et al.,

2002). The West African Mycobacterium africanum lineages can be differentiated from
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modern M. tuberculosis by at least two variable genetic markers, namely the absence of RD9

and the presence of TbD1 (Brosch et al., 2002).
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Figure 1.2 Phylogeny of the Mycobacterium tuberculosis complex (MTBC) based on genomic
deletions and polymorphisms. The evolutionary relationships are defined by sequential regions of
deletion (RD) and specific SNPs, tracing the lineage from an M. canettii-like ancestor to M. bovis BCG
Pasteur. These DNA losses serve as unique molecular markers. Animal silhouettes indicate the primary
host from which the associated MTBC species was originally or most frequently isolated, and a syringe

marks the vaccine strain BCG (Malone and Gordon, 2017).

In addition to RDs, other interspecies genetic differences including single-nucleotide
polymorphisms (SNPs) at gyrA, katG, pncA, oxyR', hsp65, and gyrB genes have also been
used to identify MTBC members (Huard et al., 2003). The pncA codon 57 SNP (pncAS57;
2289071G—C) segregates M. bovis and M. bovis BCG from other MTBC subspecies, whereas
the oxyR' pseudogene bears a position 285 SNP (oxyR285; 2725801C—T) that
differentiates M. bovis, M. bovis BCG, and M. africanum isolates from other MTBC members.
The genes such as MPB70 (Rv2875) and Rv0577 as well as insertion sequence IS6110
(formerly 1S986) and IS1081 are reported to be highly specific to MTBC (Abe et al., 1993;
Huard et al., 2003). The IS1561° element differentiates M. microti from the other MTBC
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subspecies (Huard et al., 2003). The gene IpqT (Rv1016c), deleted in M. bovis, M. caprae and
M. bovis BCG but present in M. tuberculosis, M. canettii, M. africanum and M. microti is used
as a diagnostics target for collective identification of M. bovis, M. bovis BCG and M. caprae
(Reddington et al., 2011b). The wbbll gene was used for the detection and differentiation of

M. tuberculosis and M. canettii from the remainder of the complex (Reddington et al., 2011a).

1.3.7.2 Transcriptomics

Simultaneous expression studies of cytokines and chemokines gene have opened new
possibilities for discovering diagnostic biomarkers capable of differentiating pulmonary,
extrapulmonary, and latent forms of tuberculosis (Korma et al., 2020). The availability of a well-
annotated bovine genome sequence, together with advances in high-throughput functional
genomics technologies such as gene expression microarrays and RNA-sequencing (RNA-seq),
has enabled detailed analysis of the host transcriptome and better understanding of the immune
response to M. bovis infection (McLoughlin et al., 2014). Several studies employed gene
expression using microarray (Blanco et al., 2012), RNAsequencing (McLoughlin ef al., 2014),
RT-PCR (Korma et al., 2020) and proteomics (Wanzala et al., 2017; Smith et al., 2021a) for
bTB biomarker discovery. Gene expression analysis of PBMCs from naturally infected animals
using microarray has been used to identify a large panel of potential candidate genes, which
are then verified by qPCR for detecting disease status (Blanco ef al., 2012). Whole-genome
microarray provides transcriptional profiling for identification of novel transcriptional changes
in previously uncharacterized genes and revealing genome-wide expression patterns. RT-PCR
is used as a confirmatory step in almost all microarray studies for being more accurate than
whole-genome techniques (Ward et al., 2010). Genes encoding immune response-related
proteins, such as IFNy, interleukines were significantly upregulated whereas the expression of
several matrix metallopeptidases was significantly downregulated in TB infected animals
(Blanco et al., 2012). RT-PCR analysis has demonstrated high expression of IFN-y, IP-10,
IL2R, and CXCL-9 (MIG) in patients with latent and active tuberculosis, while IL-10
expression was decreased. Besides, the combination of IL-10 and CXCL-9 readouts
differentiated patients with pulmonary tuberculosis from those with latent infection whereas
IL-10 together with IP-10 and IL-4 differentiated pulmonary tuberculosis from latent cases
(Korma et al., 2020). Evidence suggests that the systemic immune response in peripheral blood
correlates with the local immune response at the primary site of bTB infection (Rhodes et al.,

2000).
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1.3.7.3 Proteomics

Foreign antigens recognition by T lymphocytes are the basis for adaptive immunity (Purcell et
al., 2019). Immunization with protein antigens presented by MHC molecules generating Thl
response is known effective way for generating memory T-cells and immunity against M.
tuberculosis infection (Van Rhijn et al., 2009). As a result, vaccine development has focused
on identifying T-cell specific immunogenic proteins leading to production of
macrophage-activating cytokines such as IFN-y (Purcell et al., 2019). Many M. tuberculosis
antigens have been discovered using genome-wide screening approaches. Culture filtrate
proteins (CFP) and M. tuberculosis short-term culture filtrate (ST-CF) are among extensively
studied antigens as targets for T-cell induced immune responses against M. tuberculosis.
Several T-cell antigens including antigen 85 complex proteins (Ag85A/Rv3804c,
Ag85B/Rv1886¢ and Ag85C/Rv0129c), 6-kDa secreted antigen (ESAT-6, Rv3875), CFP-10
(Rv3874) and MPT-64 (Rv1980c) were identified from M. tuberculosis ST-CF (Chugh et al.,
2024). Several vaccine candidates under evaluation in clinical trials, such as H4-IC31, H56-
IC31, and Crucell Ad35, include antigen 85 complex proteins as candidate antigens. ESAT-6 is
a component of several TB vaccine candidates currently evaluated in clinical trials, such as H1-
IC31, H56-IC31, and TB/FLU-04L. CFP-10 is being assessed as a component of the AEC-
BCO2 vaccine currently under clinical trial (Chugh et al., 2024). Globally, 17 vaccine
candidates are currently in Phase I, II, or III clinical trials. These vaccines fall into five
categories and include viral vector-based, subunit, mRNA, live attenuated, and whole-cell

vaccines (Chugh et al., 2024).

Several cytokines and chemokines have been identified as biomarkers of M. bovis infection
and as potential surrogates of vaccine-induced protection in cattle (Vordermeier et al., 2009;
Waters et al., 2016). Cytokines are signaling proteins that modulate the behavior or function of
their source cell or neighboring cells. They are commonly categorized into interleukins (ILs),
interferons (IFNs), chemokines, and tumor necrosis factors (TNFs). Given their role in
stimulating and modulating the immune system, they are often employed as important
biomarkers for assessing normal immune function and disease status (Romero-Adrian and

Ndez, 2015).

The cytokine IFN-y is the most commonly used biomarker to quantify in vitro CMI responses
to MTBC infection in humans, livestock, and wildlife (Wei et al., 2015; Bernitz et al., 2021;

Smith et al., 2021a). INF-y was also evaluated in a range of wild animals and showed its
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diagnostic capability in detecting M. bovis infected wild animals including white rhinoceros
(Chileshe et al., 2019b, 2019a), African buffalo (Smith et al., 2021a) and warthogs (Roos et
al., 2019). In addition to IFN-y, the expression of various cytokines and chemokine were
studied and some were suggested to serve as potential diagnostic markers to detect and
differentiate between various tuberculosis infection statuses. Cytokines and chemokines
involved in the host adaptive CMI such as IFN-y-inducible protein 10 (IP-10) (Bernitz et al.,
2019), IL-1B (Elnaggar et al., 2017) and IL-22 (Bernitz et al., 2019) showed capability to
increase sensitivity of bTB detection. The IP-10 has been found significantly increased in bTB
positive than in bTB negative animals and shown to be a biomarker of immune activation in
African buffaloes and warthogs with bTB (Goosen et al., 2015; Roos et al., 2018).
Measurement of the differential release of IP-10 in response to stimulation with bovine PPD
versus avian PPD distinguished reactor cattle from nonreactors with a sensitivity of 100% and

a specificity of 97% (Parsons ef al., 2016).

A multidimensional proteomic analysis of sera from calves experimentally infected with M
bovis identified an increase in 32 host and 16 pathogen specific peptides (Seth et al., 2009;
Lamont et al., 2014a). Among three pathogen-specific peptide biomarkers discovered in calf
serum and evaluated, MB2515¢c, a transmembrane family protein, and pks5 (polyketide
synthase 5) were validated by indirect ELISA and found reliable for detecting tuberculosis
infection in cattle and free-ranging deer sera, while the third hypothetical protein, MB1895c,

was found less reliable (Wanzala ef al., 2017).

Vitamin D binding protein (VDBP) distinguished confirmed bTB field samples from
uninfected and exposed cattle and Circulating M. bovis proteins, specifically polyketide
synthetase 5, detected M. bovis-infected cattle with little to no seroreactivity against M.
kansasii- and M. avium subsp. paratuberculosis-infected animals (Seth et al., 2009). Serum
levels of alpha-1-microglobulin/ bikunin precursor (AMBP) protein, alpha-1 acid glycoprotein
(AGP), fetuin, and alpha-1B glycoprotein were elevated exclusively in M. bovis infected
animals (Seth et al., 2009).

The levels of D-binding protein and alpha-1 B glycoprotein were reported to increase as M.
bovis infection progressed (Seth et al., 2009). The plasma level of CRP increases during an
inflammatory state and is widely used as a biomarker for pulmonary infections. PPD-B-
stimulated C - reactive protein (CRP) has a potential to differentiate between different stages

of M. bovis infection (Gao et al., 2019).
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High levels of Chitinase-3-like protein 1 (CHI3L1/YKL-40), an extracellular matrix
glycoprotein that plays a role in tissue inflammation and remodeling, have been observed in
many lung diseases. CHI3L1 has been implicated in the pathogenesis of granulomatous and
fibrotic interstitial lung diseases including bTB, explaining the why bTB positive, but PCR-
cattle do not shed mycobacteria (Fang et al., 2020). Also significantly higher BCL2 was
observed in bTB and PCR positive cattle than in bTB positive, but PCR negative healthy cattle
(Fang et al., 2020), supporting the hypothesis that M. bovis uses inhibition of apoptosis as an
intracellular survival strategy during infection. These findings suggest that BCL2 and CHI3L1
can be employed to differentiate bacteria shedding M. bovis-infected PCR positive cattle from
M. bovis-infected but PCR negative cattle that are not shedding the bacteria.

Some biomarkers were evaluated in combination to improve bTB detection. Parallel
measurement of IFN-y and IP-10 has demonstrated improved detection of M. bovis infection
with 100% specificity in cattle and buffaloes (Bernitz et al., 2019). Expression of CXCL10 and
IL-22 identified bTB positive but TST and IGRA cattle, suggesting their potential valuable role
in bTB diagnosis when TST and IGRA tests fail (Klepp ef al., 2019). Research has
demonstrated that using IL-1B as an additional readout can complement IFN-y, potentially
increasing the overall test sensitivity for detecting M. bovis infection in cattle. Using IFN-y,
IL-1B, and TNF-a in parallel increased the proportion of M. bovis-infected animals detected by
any one of these cytokines (Jones ef al., 2010). However, this parallel application also resulted
in a drop in specificity. When TNF-o was omitted, the parallel use of only IFN-y and IL-1
resulted in a 5% increase in sensitivity to ESAT-6/CFP-10 stimulation without a corresponding
loss of specificity (Jones ef al., 2010). Thus, incorporating an additional readout such as IL-13

can complement IFN-y and improve overall test sensitivity.

The identification of predictors of protective immunity is also one of the crucial aspect of
vaccine efficacy research (Thom et al., 2012). Quantifiable features of vaccine induced
protection such as immunological surrogates and correlates of protection are considered helpful
to select potentially effective vaccine before performing large scale efficacy trials (Lai ef al.,
2023). Immunological surrogates (predictors of vaccine efficacy) are defined as immunological
markers detectable after vaccination and capable of predicting the protective efficacy of a
vaccine before an exposure to infection. While correlates of protection refer to markers that

predict vaccine success after M. bovis challenge. Vaccination induced IFN-y production by T
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cells was postulated to serve as a correlate of protection. Such correlates are usually elevated
in infected, non-protected animals compared to infected vaccinated ones and may also serve as
indicators of severity of pathology or bacterial burden (Vordermeier et al., 2016). Thus, IFN-y
responses cannot predict vaccine success, however, remain valuable for screening out vaccines

that are unlikely to protect from further evaluation and avoid resources wastage.

Evidence also indicates that IL-17A and IL-22 can serve as both predictor of vaccine efficacy
and correlate of protection. A pre-challenge Ag85A and PPD-B induced IL-17 responses and
PPD induced IL-22 were elevated in protected, vaccinated cattle, similar to IFN-y (Vordermeier
et al., 2009, 2016). The pre-exposure expression of IL-17 mRNA after vaccination with an
Ag85B-overexpressing BCG strain was inversely correlated with post-challenge disease
severity (Rizzi et al., 2012). Furthermore, vaccine recipients showed reduced IL-17A responses
2.5 weeks after M. bovis challenge compared to non-vaccinated animals, which correlated with

lower disease burdens (Waters ef al., 2016).

1.3.7.4 Lipidomics

The mycobacterial cell wall is rich in lipids and glycolipids including mycolic acids, trehalose-
6,6'-dimycolate (TDM), lipoarabinomannan (LAM), lipomannan (LM), phosphatidylinositol
mannosides (PIMs), phenolic glycolipids (PGLs), and lipooligosaccharides (LOSs)
(Chancellor et al., 2018; Mishra and Kapoor, 2022; Gong et al., 2023). PIMs, LM, and LAM
are present in all mycobacteria, while glycopeptidolipids (GPLs) are specific to NTM but
absent in M. tuberculosis (Liu and Larrouy-Maumus, 2022). The variety and diversity of
mycobacterial cell wall lipids and glycolipids represents a potential reservoirs of specific
biomarkers that can be used for detection of mycobacterial infections. LAM has been among
extensively studied for its unique structural and immunomodulatory properties (Correia-Neves

et al., 2019b).

The LAM present in body fluids during mycobacterial infection has been used as a diagnostic
biomarker in a urine-based test (Goletti ez al., 2018). Its urinary concentration was reported to
range from 15 pg-mL" to several hundred ng-mL"!. However, inhibitory factors in patient urine
have been implicated in reducing the sensitivity and accuracy of LAM-based urine tests
(Correia-Neves et al., 2019a). Anti-LAM antibodies are also induced in M. tuberculosis
infection and following BCG vaccination (Correia-Neves et al., 2019b). Commercial ELISA

kits, available for detection of serum anti-LAM antibodies, differentiated bTB-positive from
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exposed animals, with a reported sensitivity of 100% and specificity of 91.7% (Lamont et al.,

2014b).

Although mycobacterial infection elicits both protein and lipid antigen specific T cell
responses, extensive subunit vaccine studies and antigen selection have primarily focused on
secreted proteins (Morgun et al., 2023; Chugh et al., 2024). The preparations and inclusion of
non-protein antigens such as lipids and glycolipids into subunit vaccine strategies have not
been well explored (Morgun ef al., 2023). The major challenges were difficulty of formulating
and administering lipid antigens due to their hydrophobic nature and lack of understanding on

how they are presented and recognized by the immune system (Morgun et al., 2023).

However, more recent studies have described mycobacterial cell-wall lipid presentation to non-
classical T cells through the CD1 molecules that are MHC class I like proteins.(Chancellor et
al., 2018). Humans express group 1 (CDla, b, and c) and group 2 (CD1d) and group 3 (CDle)
CD1 molecules whereas cattle expresses only CD1a, CD1e and multiple CD1b molecules (Van
Rhijn et al., 2006). CDla, CD1b and CDIlc expression is restricted to professional APCs
(Chancellor ef al., 2018). Mycobacterial cell wall antigens presented by CD1 molecules are
amphipathic, containing hydrophobic and polar regions. The hydrophobic moiety binds within
the CD1 pocket, while the polar region interacts directly with the T-cell receptor (TCR) (De
Libero et al., 2014). CD1-restricted TCRs recognize a broad range of lipids (Chancellor et al.,
2018). Mycobacterial lipid antigens with CD1a restriction include dideoxymycobactin while
CD1b binds lipids of different size ranging from C12 to C80 (De Libero et al., 2014). CD1b-
restricted immunogenic lipid includes iacylsulfoglycolipid, glucose monomycolate, glycerol
monomycolate, mycolic acid, LAM and LM. PIMs are CDI1d restricted (De Libero et al.,
2014). CD1 molecules exhibit limited polymorphism, suggesting that lipid antigens are more
likely to be recognized by most individuals (Morgun et al., 2023). The development of subunit
vaccines that simultaneously stimulate both lipid and peptide antigen-specific T cells was
recently described (Morgun et al., 2023). A new nanocarrier system termed bicontinuous
nanospheres allowed dual incorporation and co-encapsulation of mycolic acid and Ag85B
(Morgun et al., 2023). However, although scientific and methodological advances have
triggered a substantial progress in the investigation of immunogenic lipids for development of
improved subunit vaccine strategy, substantial challenges remain. Primarily, most studies were
conducted in mouse or guinea pig models and the role of immune responses to lipids in cattle

and humans remain unknown. Additionally, the potential autoimmune reactivity to self-
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phospholipids that are identical to pathogenic MTBC lipid components are unclear.
Furthermore, the protective Thl responses that do not trigger immune-evasive mechanisms
requires a thorough investigation. For example, ManLAM internalized by DC-SIGN PRR is
known to inhibit the release of pro-inflammatory cytokines (IL-12, TNF-a, IL-6) and induces
IL-10 that blocks macrophage activation (Gong et al., 2023), highlighting a need for careful
selection of lipid antigen components for vaccine. Thus, the current empirical evidence is
insufficient to translate lipid antigens to an effective subunit vaccine strategy warranting further

research.

1.3.8 Diagnosis of bovine tuberculosis

Bovine tuberculosis has no pathognomonic clinical symptoms, and only a limited number of
diseased animals show clinical signs, making the detection of M. bovis-infected animals
challenging (Bernitz et al., 2021). The onset of the disease is typically slow and usually
manifests late, allowing infected animals to remain in the herd undetected and transmit the
disease despite exhibiting no overt symptoms. Although extensive bTB lesions are detectable
at necropsy, some M. bovis-infected tuberculin reactor cattle may have no observable lesions
(Menin et al., 2013). Therefore, detection of infection requires the use of both pre- and post-
mortem diagnostic methods, each with unique diagnostic capabilities and inherent limitations.

In cattle, bTB can be detected using direct or indirect diagnostic methods. Indirect
(antemortem) tests rely on detecting host immunological responses to infection, including skin
testing, IFN-y release assays (IGRA), enzyme-linked immunosorbent assay (ELISA), and
lateral flow antibody testing. Direct methods identify an organism in the host through positive

bacterial culture or molecular detection of the bacterial genome.

1.3.8.1 Antemortem diagnostic tests

a) Skin tests

The tuberculin skin test is the OIE-recommended in vivo test for bTB diagnosis (WOAH,
2022). The test was first developed by Robert Koch in 1890 using tuberculin, purified protein
derivatives (PPDs) from M. avium (avian PPD) and M. bovis (bovine PPD) (de la Rua-
Domenech et al., 2006). The intradermal tuberculin skin test is performed as a single

intradermal tuberculin (SIT) test, or caudal fold tuberculin (CFT) test, and comparative cervical
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tuberculin (CCT) test. The SIT test is applied as a single injection of bovine PPD whereas the
CCT test requires both bovine and avian PPDs injected at adjacent sites in the mid-cervical
region (de la Rua-Domenech et al., 2006). The CFT is applied as a single injection of bovine
PPD in the caudal fold or at the base of the tail.

Tuberculin induces a T-cell-mediated delayed-type hypersensitivity (DTH) reaction to MTBC
or other mycobacterial infections. In a skin test, the local inflammatory response at the
tuberculin injection site is evaluated by measuring the increase in skin thickness 72 hours later.
Based on the WOAH’s guidelines, > 4 mm in skin thickness differences between the post- and
pre-injection is considered positive in the SIT test. In the case of the standard interpretation of
the CCT test, a >4 mm difference in skin induration between the bovine and avian PPD
injection sites is considered positive, while in the severe interpretation the animal is positive if
the skin induration difference is >2 mm. The CCT is the preferred test in regions where
exposure to M. avium complex and other NTM species jeopardizes specificity. The reported
specificity of the CCT test has been as high as 99.9% (de la Rua-Domenech et al., 2006;
Goodchild et al., 2015). The CCT test is used in Ethiopia, the United Kingdom and Ireland,
where cattle are frequently exposed to environmental mycobacteria (Ameni et al., 2010a;
Waters and VVordermeier, 2018). The CFT is currently used as a primary test for cattle in the
New Zealand, South Africa and North America whereas the SIT is used in many European
countries (de la Rua-Domenech et al., 2006; Waters and VVordermeier, 2018).

b) Interferon gamma release assay (IGRA)

IGRA is an ex vivo assay that measures the interferon gamma (IFN-y) released by T cells in
response to PPDs, ESAT-6 and CFP-10 antigens in animals exposed to MTBC infection before
the test. The IGRA test is an ancillary diagnostic test for bTB in cattle. The test is considered
positive when the difference between the optical density (OD) value of the bovine PPD and
avian PPD is >0.1 (Jones et al., 2017; Srinivasan et al., 2019). The IGRA is advantageous over
the skin test for it does not require repeated handling of animals and long intervals to repeat
the test. Its drawbacks include whole blood cells stimulation within 8 hours of collection, high
cost, and extensive sample processing time, which makes testing large herds in remote areas
difficult. Delay in processing the blood sample for more than eight hours results in a significant
decrease in the IFN-y responses. Delay in processing the blood sample for more than eight
hours results in a significant decrease in the IFN-y responses (de Lisle et al., 2017), which

30



could lead to missed detection of infected animals. The IGRA test can also lead to false positive
tests and cannot be applied in calves younger than six months old due to non-specific

production of IFN-y by NK cells, which adds to its limitation.

c) Serology or antibody tests

Serological methods assess the host’s humoral antibody response to specific MTBC antigens
when the disease progresses. Enzyme linked immunosorbent assays (ELISA) or lateral flow
assays, are the most commonly employed. Since specific antibodies to MTBC infection are
anticipated to form later during infection, serological or antibody testing is less sensitive than
cell mediated immune response assays at early stage of the disease (WOAH, 2022). Prior
injection of the skin test antigen within a specified period improves serological test sensitivity
in cattle species. The sensitivity of serological antibody tests in detecting M. bovis infected
animals before intradermal skin tests ranged from 23.9% to 32.6% in contrast to a significantly
higher number of infected animal identification was achieved 15 days after intradermal skin
tests, ranging from 66.7% to 85.2% (Casal et al., 2014).

1.3.8.2 Postmortem diagnostic tests

Postmortem diagnosis include detection of bTB lesions, bacterial isolation, molecular detection
of bacterial DNA and histopathological examination. The sensitivity of lesion detection at meat
inspection for presumptive bTB diagnosis in cattle is approximately 46% (Nufiez-Garcia et al.,
2017). The sensitivity of lesions as a diagnostic test for M. bovis infected animals using culture
as the reference standard was found to be 86% (95%CI: 81-90%), while the specificity stood
at 80% (95%ClI: 74-85%) (Egbe et al., 2016). Many pathogens, such as Actynomices bovis and
Trueperella pyogenes may induce granulomatous lesions similar to bTB contributing to lack

of specificity to lesion detection (Ramos et al., 2015).

a) Bacterial culture and histopathology

The gold standard test for confirmation of bTB is isolation of the causative MTBC species in
mycobacterial culture. Although culture remains the gold standard with specificity of 100%,
its sensitivity is 68.3% (Roy and Gupta, 2022). A report indicated that 58% of histological
sections from 265 tissues with bTB lesions were paucibacillary while 15.7% were negative,

explaining the reason for lower sensitivity of mycobacterial culture (Liebana et al., 2008).
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Histopathological assessment of granuloma morphology and cellular characteristics has been
used to gauge severity of pathology and vaccine efficacy (Palmer et al., 2022). The concurrent
use of histopathology and bacteriology was also employed to maximize diagnostic sensitivity
(Liebana et al., 2008). Tubercular granuloma displaying central necrosis with or without
mineralization surrounded by macrophages, lymphocytes, plasma cells, neutrophils, epithelioid
cells, and Langerhan’s giant cells, and partly or completely enclosed by a thin capsule were
defined as positive cases whereas irregular lesions characterized by non-capsulated clusters of
epithelioid macrophages without multinucleated giant Langerhan’s cells and absence of
necrosis were defined as inconclusive cases. But lesions with inconsistent features of
tubercular granuloma, including significant eosinophilic infiltrates and lymphoid hyperplasia

were considered negative (Medeiros et al., 2012).

b) Molecular diagnosis of MTBC

Although the constituent MTBC species show a high degree of genetic similarity (>99%), there
are also significant differences apparent in their genomes (Huard et al., 2003). According to
comparative genomic studies, members of the MTBC are evolved from a common ancestor via
successive DNA deletions at specified genomic sites (Brosch et al., 2002). The M. bovis has a
smaller genome, with large regions missing compared to M. tuberculosis. Nine RD were
deleted from M. bovis explaining its reduced genome size. These deleted sections are known
as regions of difference (RD) (Gagneux and Small, 2007; Egbe et al., 2016). The insertions or
deletions of these RDs and single nucleotide polymorphism (SNP) in the genomes of MTBC
members offers a genetic signature that can be used to differentiate between these mycobacteria

(Brosch et al., 2002; Costa et al., 2014).

DNA amplification in the diagnosis of tuberculosis was first introduced by Hance et al. (1989)
to avoid the detrimental delay in conventional culture procedures. PCR can differentiate the
MTBC members to the level of species and subspecies (Reddington et al., 2011b). The
discrimination between MTBC members provides an accurate diagnosis and epidemiological
assessment of mycobacterial disease, crucial for improved bTB control (Costa et al., 2014).
The widely applied MTBC genotyping methods such as standard 24-locus MIRU-VNTR
typing, spoligotyping and IS6110-RFLP typing are all PCR based techniques (Merker ef al.,
2017). Although these techniques have been extensively used for multiple applications, they

require time-consuming and labor-intensive post-amplification product processing like gel
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electrophoresis (Araujo et al., 2014). These limitations stimulated the search for faster and
alternative real-time PCR methods with more automation possibilities (Reddington et al.,
2011a, 2011b). As a result several studies have developed and tested multiplex qPCR assays
targeting the variable genomic regions in MTBC for species-level identification (Reddington

etal.,2011a,2011b; Dykema et al., 2016; Duffy et al., 2021).

c) Diagnostic molecular targets for MTBC identification

1) Gene encoding 16S rRNA

One of the most widely recognized strategies for improving mycobacterial strain identification
is the analysis of the 16S rRNA gene. This gene is present in all mycobacteria and has been
used to design both pan-mycobacterial and species-specific primer pairs (Huard et al., 2003;
Park et al., 2000). The identity of Mycobacterium species has been determined using species-
specific nucleotide polymorphisms in the 16S rRNA gene (Huard ef al., 2003). The internal
transcribed spacer (ITS), located between the 16S and 23S rRNA genes, is approximately 270
to 360 base pairs (bp) long. Its size varies between species, making it suitable for differentiating

mycobacterial species (Park et al., 2000).

2) Insertion sequences (IS)

i) IS6110

IS6110 1s present in all MTBC species genomic sequences and has become an important
diagnostic target for identification of MTBC species (Noordhoek et al., 1994; Figueiredo et
al., 2010). The host range of this transposable element is limited to species of the M.
tuberculosis complex group of bacteria (Noordhoek ef al., 1994). It is the most commonly used
genetic marker for DNA fingerprinting in outbreak investigations and tracking transmission of
M. tuberculosis (Cousins and Dawson, 1999). It has high discriminatory power for strains that
contains >6 copies, but low discrimination for strains with <5 IS6110 copies (Noordhoek et al.,
1994). In M. bovis BCG and most M. bovis strains, [S6110 element is present in only one or
two copies, limiting its value for typing these species (van Soolingen et al., 1994). Thirty-six
(80%) of 45 isolates studied in Australia harbored a single copy of IS6110 whereas in New
Zealand, 97% of 160 M. bovis strains investigated carried a single IS6110 element (Cousins

and Dawson, 1999). Previous reports indicated that amplifying species-specific DNA
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sequences like IS6110, and hybridizing the amplified sequence with a labeled probe can detect
5 fg of mycobacterial DNA, corresponding to one mycobacterium, in clinical samples (Vitale

et al., 1998).

i) IS1081

It has been demonstrated that 1S1081 is a multi-copy insertion element existing in six copies in
the MTBC, providing an excellent sensitivity for quick identification of MTBC positive cases
(Crawshaw et al., 2014). All MTB complex strains, such as M. canetti, M. tuberculosis
(H37Rv, H37Ra, CDC1551), all reference and field strains of M. microti, M. bovis strain
AF2122/97, and BCG Pasteur were detectable using 1IS1081 (Taylor et al., 2007). The 1S1081
is sensitive enough to detect as little as 2.35 fg DNA (0.5 genome copies), whereas the RD4 is
10 times less sensitive, requiring 23.5 fg (5 genome copies) for positive case detection (Taylor
etal., 2007).

3) Mammalian cell entry (mce) proteins

The mce (mammalian cell entry) protein belongs to a protein family that plays a crucial role in
the entrance and survival of the bacteria in the mammalian cells. Genomic analysis revealed
eight mce3 genes only found in human isolates (Jia et al., 2017), but absent from MAP, M.
bovis BCG, M. smegmatis, M. microti and M. leprae genes (Hemati et al., 2019). The MTBC
genome has four dispersed but homologous sets of mce operons (mcel-mced) arranged
similarly. Each mce operon encodes two integral membrane proteins (yrbEA and yrbEB) and
six mce proteins (MceA-F) (Hemati et al., 2019). The mce3 operon is also absent in animal
isolates in the two genes (yrbEA and yrbEB) located upstream of the eight mce3 genes
encoding integral membrane proteins and the other four genes (Rv1974, Rv1975, Rv1976c,
and Rv1977) located downstream of the eight mce3 genes encoding signal transduction (Jia et
al., 2017). The presence of mce3 only in the human isolates and the absence from the yrbE3A
gene of mce3 operon in the animal isolates are serving as valuable genetic markers to identify
and differentiate M. tuberculosis from animal-adapted MTBC members: M. bovis, M. orygis,

M. caprae. The M. tuberculosis lineage 6 also lacks the yrbE3A gene.
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4) Regions of difference (RD)

Molecular deletion typing had been found to be an important tool to differentiate M. bovis from
the other strains of the MTBC (Yahyaoui-Azami et al., 2017). Deletion analysis combined with
investigation of SNPs has been demonstrated to be effective method for studying the evolution
of the tubercle bacilli and subsequent discovery of evolutionary markers. These regions—most
notably RD9 and RD4, but also RD1, RD2, RD7, RD8, RD10, RD12, and RD13—represent
potent diagnostic tools for the quick and precise identification of M. tuberculosis complex
members. The genetic deletion of RD9 distinguishes M. tuberculosis from the other MTC
members. A strain is designated M. tuberculosis if RD9 is intact (Costa et al., 2014). Similarly,
deletion type of RD4 provides for M. bovis identification because M. bovis is deleted for RD4
but all other MTBC members are not (Costa et al., 2014; Yahyaoui-Azami et al., 2017). The
RD4 deletion is a single target per genome and it is less sensitive than 1S1081 (Crawshaw et
al., 2014).

5) Single nucleotide polymorphisms (SNPs)
i) SNP at the lepA (Rv2404c) gene

A characteristic C to T substitution at position 690 bp of the lepA gene is specific for M. caprae
and 1is used as a diagnostic target for detection of the MTBC members as well as for specific
identification of M. caprae (Reddington et al., 2011a, 2011b). LepA is an essential bacterial
elongation factor present in all currently sequenced bacteria. This specific SNP is conserved

and shown to be a stable marker (Domogalla et al., 2013).

ii) SNP at the RskA (Rv0444c) gene

The RskA (Rv0444c) gene has variable sequence in MTBC members due to mutations that
result in low/high-level expression of two antigenic proteins MPB70 and MPB83. MTBC
members with low-level production of MPB70 and MPB83 have the wild-type gene (H37Rv
sequence) whereas members with high-level expression of these antigens have a mutated
Rv0444c gene. A G698C mutation in the Rv0444c gene is specific for M. orygis (Said-Salim
et al., 2006). Both M. caprae and M. bovis have a C to T mutations at 320 and 551 positions.
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14 Problem statement

Control and eradication of bTB is primarily based on regular skin testing, mandatory slaughter
of positive reactors, movement restrictions of reactor herds, and abattoir surveillance that have
allowed some developed countries to eradicate or nearly eliminate the disease from farmed
animals. However, the test-and-slaughter strategy is not widely implemented in LMICs since
it is resource intensive and financially infeasible for developing nations. Moreover, it proved
ineffective in areas with wildlife reservoirs of infection. These situations lead to the continued
disease transmission among livestock, causing economic losses, threatening food security, and
endangering public health, highlighting the urgent need for alternative, feasible control
strategies for resource-limited regions. BCG vaccine could provide an alternative bTB control
strategy for LMICs. However, its efficacy in reducing bTB transmission in cattle is still poorly
understood. Furthermore, the lack of diagnostic tools capable of distinguishing infected from
vaccinated animals (DIVA) poses a challenge for widespread adoption of BCG. Thus,

validating the utility of such diagnostic tools are critical for supporting vaccination programs.

Although, conventional vaccine efficacy evaluations demonstrated highly variable and limited
direct protective effects of BCG, these conventional vaccine efficacy evaluation methods are
unable to measure indirect vaccine effect on the reduction of onward transmission by
vaccinated animals. This mode of action of a vaccine is critical since the primary effect of BCG
is reducing the severity and frequency of lesions and disease progression, rather than conferring
sterile immunity. Addressing these knowledge gaps is essential to develop sustainable BCG
vaccine based bTB control strategies. Our study addressed this gap by performing a natural
transmission experiment in cattle using a novel crossover design. This method enables a more
realistic and robust assessment of the true impact of BCG on bTB transmission, by quantifying
both the direct efficacy of BCG and its indirect effect on reducing disease transmission. We
also developed and used a mechanistic transmission model to explore the potential long-term
impact of BCG vaccination in Ethiopia, where the transmission risk of bTB varies considerably
between herds, and cattle trading is projected to contribute to a gradual yet substantial increase

in prevalence.
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1.5 Research questions
The key research questions of this study were

e Does BCG vaccination decrease the onward transmission of bTB in crossbred cattle?

e How effective are the novel cocktail antigens in the DIVA test for distinguishing
infected among vaccinated cattle?

e (Can BCG vaccination mitigate the risk of bTB transmission among herds associated
with unrestricted cattle trade and movement?

e What are the predominant MTBC species responsible for bTB and the key risk factors

associated with infection in cattle in Central Ethiopia?

1.6 Objectives

1.6.1 General objective:

The main objective of this study is to investigate the effects of BCG vaccination on the
transmission of bTB in cattle under a controlled natural transmission setting and to evaluate

the diagnostic performance of DIVA antigen cocktails in crossbred cattle in Ethiopia.

1.6.2 Specific objectives:

e To estimate the direct and indirect efficacies of BCG vaccination in protecting bTB
transmission in crossbred cattle in an intensive production system,

e To evaluate the diagnostic performance of a new defined peptide antigen cocktails in
differentiating infected from vaccinated animals (DIVA),

e To assess the implications of BCG vaccination for bTB control strategies in dairy
sector in Ethiopia.

e Identify the risk factors and MTBC species causing bTB in both the experimental

and field cattle populations in central Ethiopia.

1.7  Significance of the study

This study examined the direct and indirect protective effects of BCG vaccine in reducing TB
transmission cattle using a novel crossover study design to fill the existing knowledge gaps.

The experimental study and stochastic metapopulation models show that BCG vaccination can
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reduce the reproduction number (Ro) below one, paving the way for bTB elimination from
Ethiopian cattle herds. This remarkable indirect effect of the vaccine beyond its direct
protective effect has not been measured before. This is the first study to show that BCG-
vaccinated cattle infected with TB are substantially less infectious to other cattle susceptible to
infection. This finding has important implications for LMICs, where traditional test-and-cull
strategies are challenging to implement owing to economic and socio-cultural restraints,
despite the high endemic prevalence of the disease. The performance of the defined antigen
cocktails in DIVA skin and IGRA tests exhibited high specificities of 98.5% and 94.0%,
respectively, in vaccinated cattle, while both test formats were 100% specific in unvaccinated
cattle. These findings underline the significance of these tests to prevent false positives in
vaccinated cattle and highlight their potential for integration with BCG vaccination in bTB
control programs. The cross-sectional slaughterhouse survey revealed that crossbred cattle
have an 11-fold higher risk of developing bTB than local zebu cattle. This study improves our
understanding of the prevalence and the risk factors of bTB in cattle in central Ethiopia,

underscoring the need for targeted bTB control measures in intensive dairy production systems.

1.8 Scope of the study

This study evaluated the direct and indirect effects of BCG and predicted its long-term impact
on bTB transmission between cattle herds. In addition, the study examined the performance of
defined peptide cocktail antigens as components of DIVA tests in the in vivo and in vitro tests.
This study also examined the main MTBC species that cause bTB and characterized the risk
factors contributing to bTB infection in the central Ethiopia. Although the geographic focus is
on central Ethiopia, the results have broader implications for bTB control strategies in LMICs,
especially in regions where the prevalence is high (>5%) and test-and-slaughter methods are

not feasible.

1.9 Limitations of the study

In this study, the experiment was conducted in a controlled setting, which may not fully capture
the complexities of field conditions in diverse farming systems throughout Ethiopia and
beyond. This study evaluated the short-term impacts of BCG vaccination on bTB transmission;
however, it did not explore longer-term effects, such as potential waning of immunity. In
addition, the research focused only on cattle and did not consider the role of wildlife or other

domestic animal species in the transmission of bTB. Although the study examined the
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components of the DIVA test, their performance and field accuracy are likely to be influenced
by biological variations, which were not considered in this study. In addition, the
slaughterhouse survey primarily targeted central Ethiopia, which may limit the applicability of
the results to other regions with different livestock management practices, climatic conditions,

prevalence levels of the disease and exposure to environmental mycobacterium.

1.10  Structure of the study

This dissertation is presented five main chapters. The first chapter serves as the introduction,
while chapters two through four present published research articles detailing on BCG efficacy,
defined antigen cocktail diagnostic antigens and slaughterhouse-based survey of bTB. The final

chapter includes the discussion, conclusion, and recommendations.

Chapter One: Presents the Introduction and Concise Literature Review

Chapter Two: Presents the study titled “BCG vaccination reduces bovine tuberculosis
transmission, improving prospects for elimination” published in “Science” (383, eadl3962,

March 2024, DOI: 10.1126/science.adl3962)

Chapter Three: Presents the study titled “Comparative performance of tuberculin and
defined-antigen cocktails for detecting bovine tuberculosis in BCG-vaccinated cattle in
natural settings” published in “Scientific Reports™ (15(1):4564, DOI: 10.1038/s41598-025-
85389-1

Chapter Four: Presents the study titled “Bovine tuberculosis in Central Ethiopian
slaughterhouses and the identification of causative mycobacteria by multiplex gPCR

published in “BMC Microbiology” (24:394, 2024, DOI: 10.1186/s12866-024-03543-7)

Chapter Five: Discussion, Conclusion and Recommendations: interprets the results in the
context of current knowledge, highlighting the implications and potential areas for future

research.
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2.1 Summary

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
countries, 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 control strategies, with Bacille Calmette-
Guérin (BCG) vaccination presenting a promising option. However, the effectiveness of BCG
in controlling bTB by reducing onward transmission remains unclear. This study investigated
both the direct and previously unexplored indirect effects of BCG vaccination on bTB
transmission in cattle, thereby providing key missing insights for control.

Rationale: Traditional vaccine efficacy evaluations 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, where the sentinels from Phase-1 were used as seeders in Phase-
I1. 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 vaccination 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

substantial increase in prevalence.

Results: The natural transmission study showed a 74% reduction in bTB transmission [95%
credible interval (Crl): 46 to 89%] in vaccinated as compared with unvaccinated animals. This
substantial indirect effect of BCG vaccination exceeded the observed direct protection against
infection (58%; 95% Crl: 34 to 73%), and the combined effects translated to a total vaccine
efficacy of 89% (95% Crl: 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 disease severity and potentially infectiousness.
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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.

A stochastic metapopulation transmission model, calibrated with data from Ethiopia, suggests
that routine calthood BCG vaccination has the potential to prevent the predicted expansion of
bTB in dairy herds and bring the population average reproduction ratio below 1 within as few
as 10 years, resulting in a substantial 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 decades to be realized. Our studies highlight a need
for further research on the duration of efficacy, including the potential for extending protection

through revaccination, as well as the impact of vaccination age and cross-species transmission.
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2.2 Abstract

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 one-year exposure period.
The results show a higher indirect efficacy of BCG to reduce transmission from vaccinated
animals that subsequently become infected (74%; 95% Crl: 46-98%) compared to direct
protection against infection (58%; 95% Crl: 34-73%) and an estimated total efficacy of 89%
(95% Crl: 74-96%). A mechanistic transmission model of 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.

One-Sentence Summary: The protective benefits of BCG vaccination for reduction of

transmission of tuberculosis in cattle are quantified.

2.3 Introduction

Bovine tuberculosis (bTB) is an economically important disease of livestock with the potential
for zoonotic transmission (1). 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 USA (3) but are unfeasible
socioeconomically in most LMICs, where the disease is uncontrolled. Test-and-slaughter also
continues to place considerable economic pressures in countries such as the UK (4), Ireland (5)
and New Zealand (6) where the disease persists in cattle and wildlife despite intensive efforts.
The development and deployment of vaccines such as BCG has thus long been seen as a
solution for accelerating control and the ultimate elimination of bTB across the globe (4).
However, the use of BCG vaccination as a supplement, rather than an alternative, poses
economic challenges because of the ongoing costs associated with test-and-slaughter and the

potential for BCG to undermine the effectiveness of existing bTB control programs (7,8).
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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 standard approach internationally is the skin test,
where the response is assessed by the size of the swelling at the injection site. Complementing
this, interferon-gamma release assays (IGRAs) offer a blood test alternative that utilize the
same tuberculins but avoid the issue of desensitization that may be observed in animals
repeatedly exposed to tuberculins. Animals vaccinated with BCG vyield 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 livestock. Recent developments in diagnostic tests
using defined antigens (ESAT-6, CFP10, Rv3615c, etc.) provide a promising avenue for the
detection of infection in vaccinated animals (DIVA testing) (10-13) and potentially enable the
use of BCG vaccination without compromising 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% CI: 4.5-7.5% (18), but with the prevalence within some
heavily infected herds approaching 100% test positivity, this burden could dramatically

increase.

While DIVA tests are being validated to pave the way for vaccination programs, the efficacy
of BCG remains a subject of debate. Recent meta-analyses estimate its direct protection against
infection to be as low as 18%; 95% Crl: 11-24% in experimental studies and 61%; 95% Crl:
40- 74%) in natural transmission models (19). This low and variable primary direct efficacy
(VEp) is consistent with BCG’s performance in human populations (20). However, in the
context of bTB control, these direct effects only partially capture the vaccine's impact on
transmission dynamics. 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 (VE7) also encompasses an indirect effect (VEi), which represents the reduced

transmission rate from vaccinated, infected animals to others (21). This indirect effect is
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increasingly recognized as a critical factor for assessing BCG's overall effectiveness in field
conditions (19).

Existing literature primarily calculates BCG's efficacy based on the number of positive animals
in both vaccinated and control groups at a fixed endpoint, often using the post-mortem presence
of visible lesions or culture confirmation as this endpoint (19), and in one instance, by using
multiple ante-mortem diagnostic tests (22). Such endpoint-based estimates are problematic 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 (Supplementary Figure 2.1), hence making
them unsuitable for predicting the effectiveness of vaccines or other interventions under field
conditions. Hence, to accurately gauge BCG's utility in controlling bTB, there is a critical need
to focus on its efficacy in reducing transmission rates. This is particularly crucial given the
consistent evidence that BCG vaccination slows down disease progression and reduces lesion
extent (19), implying that vaccinated animals, if infected, are less infectious. Therefore, the
relevant metric for control is not the traditionally reported endpoint estimate, but rather the
vaccine's efficacy in reducing transmission rates, especially so in closed herds with potential
for high vaccination 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 application to chronic bacterial infections, including bTB, are notably
lacking. This knowledge gap is particularly relevant given the complex nature and extended
course of chronic infections where an understanding of the full effect of vaccines, including

impact on onward transmission, is key.

2.4 Methods

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
(Figure 2.1). In brief, four experimental groups of sentinel animals were included in the study,
each exposed to different types of seeder animals across two distinct phases, with each phase
lasting twelve-months of contact. In phase I, two groups (Groups 1 & 2) functioned as
biological replicates. Each group included approximately equal numbers of seeder (~34) and
sentinel animals, divided equally between vaccinated (~17 animals) and unvaccinated controls
(~ 17 animals). The average age of the calves at vaccination was 133 (95% CI: 122-144) days.

After an initial two-months post-vaccination, these sentinels were introduced to a separate barn,
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joining older test-positive seeder animals sourced from local Ethiopian dairy herds. In phase
I1, sentinel animals from phase | were reassigned into two groups based on their vaccination
status: vaccinated (34) and unvaccinated (33). These animals then served as seeder animals
for a new set of approximately 34 sentinel calves (similar to the arrangement during phase 1).
We next developed a mechanistic transmission model calibrated using estimates of the within-
herd reproduction ratio Ro 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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Figure 2.1. Schematic representation of study design. For Phase | sentinel animals (calves)
were acclimatized for about 2 weeks post-recruitment, following which they were randomized
(double-blind lottery system) into control and vaccinate experimental groups. At 2 months
post-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 (2-6 months of age) in each group (1,2) with a range of between 16-18 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
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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 skin test was conducted every 4 months. The surviving sentinel animals from Phase | were
then used as seeders for two new experimental groups (3,4) with a fresh set of sentinel calves,
which were then followed using the same schedule of tests for a second 12-month period of

natural exposure.

Trajectories of cellular immune responses in BCG vaccinated cattle

Following acclimatization and prior to vaccination, sentinel animals negative bTB status was
established with IGRA using PPDs from avian and bovine mycobacteria as the stimulating
antigens. All sentinel animals entering the experiment showed no signs of infection and tested
negative with no significant difference observed between responses elicited by controls and
vaccinates to PPD (B-A) in IGRA prior to BCG vaccination (Supplementary Figure 2.1 A). At
the eighth week post-BCG vaccination, and before exposure to seeder herds, both vaccinated
and control calves were subjected to skin and IGRA blood tests using 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 monthly
intervals, with whole blood samples taken every two months for IGRA assays using the same
set of antigens (Figure 2.1). In Phase Il the sentinel animals exposed to naturally infected CCT
test positive animals during Phase | were used as seeder animals in Phase 11, split according to
vaccination status (25). Thus, by comparing the rates of transmission experienced within the
four experimental groups, we were able to directly compare the relative infectiousness of
vaccinated and unvaccinated animals. Transmission rates were inferred by estimating a discrete
time stochastic chain-binomial model (26,27) to logical infection histories imputed from the

diagnostic test results (Figure 2.1).

Published evidence indicates that most M. bovis infected cattle are asymptomatic, indicating
unreliability of clinical signs for identifying infectious animals. For example, 92% (228/247)
of cattle presented with severe as well as disseminated bTB-lesions at post-mortem displayed
no clinical signs (Menin et al., 2013). According to a recent review, 87% (327/374) of bTB-
positive bovines assessed for showing clinical signs are asymptomatic (Willgert et al., 2025).
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Thus, given the chronic nature of bTB and lack of reliable ante-mortem correlates of
infectiousness, animals are assumed to be infected — and potentially infectious — from their first
positive test through the duration of observation in order to avoid underestimating transmission.
While the inferred transmission rates based on test positivity are influenced by the sensitivity
of the diagnostic assay, for the purposes of estimating vaccine efficacy this may be treated as
a nuisance parameter since the efficacy only depends on the relative magnitude of transmission
rates between different treatment groups and not the absolute values. Traditional tuberculin-
based tests are ill-suited for this purpose, as they reduce specificity for BCG-vaccinated
animals, thereby inflating apparent transmission rates. In contrast, DIVA tests using 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 assumption, even
though the response magnitude for DIVA tests is generally lower than for tuberculin tests and
they have higher specificity for BCG-vaccinated animals, prior evidence from multiple
experimental trials suggests that the commonly used categorical cut-offs do not result in
performance differences 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. Due to the
risk of de-sensitization of animals from repeated exposure to antigens skin-testing was carried
out at a lower frequency (4 monthly intervals) compared to IGRA. Given the higher temporal
resolution, we focus on the DST1 (IGRA) results and compare estimates of vaccine efficacy to
the more uncertain DST 10 (skin test) results.

2.5 Results and Discussion
Estimates of direct and indirect efficacy of BCG

Based on DST-based IGRA test history, the baseline experimental reproduction ratio (defined
as the number of new infections expected where a single infectious individual is held in contact
with a fully susceptible population for a 12-month period) was estimated to be 3; 95% Crl: 2-
4%). 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
protection of BCG reduced the infectiousness of vaccinates (Supplementary Figure 2.1). This
effect is reflected in an estimated indirect vaccine efficacy for reduction in infectiousness
(Figure 2.2C) of VE, =74%; 95% Crl: 46-89%; this is higher than the estimated direct
protection of VE, = 58%; 95% Crl. 34-73%), with a 86% posterior probability that VE; is
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greater than VE}. Taken together, this corresponds to a total vaccine efficacy of BCG to reduce
transmission of bTB of 89%; 95% Crl: 74-96%). Estimates from the DST 10 (skin test) are

consistent but more uncertain in line with the lower temporal resolution of this data (Table 2.1).

The practical importance of the indirect vaccine effect is reflected in the pairwise experimental
reproduction ratios (Figure 2.2B, Table 2.2) which show that the direct and indirect effects of
BCG, when considered alone, are not sufficient to prevent transmission within the experimental
system with posterior probability that R is less than the critical threshold value of 1 of only
0.075 for vaccinated sentinels placed in contact with unvaccinated seeders, rising to 0.72 for
the combination of vaccinated seeder animals and unvaccinated sentinels (Table 2.2). In
contrast, the posterior probability that R < 1 is 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 as the full protective benefits

may take multiple generations to accrue.
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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,
where all seeder animals were vaccinated, demonstrated the reduced infectiousness of these
animals compared to the other groups with unvaccinated seeders. (B) The estimated
transmission rate between the different combinations of vaccinated and unvaccinated sentinel
and 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 one 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 (V E;,red), reducing susceptibility (VEp,green),
and the total efficacy (VE;,blue). This total efficacy represents a combination of both direct

(reducing susceptibility) and indirect (lowering infectiousness) effects of the vaccine.

Table 2.1. Estimated vaccine efficacy for BCG in cattle by mode of action.

Endpoint efficacy Transmission rate efficacy

Diagnostic Test Total Efficacy Direct Efficacy = Indirect Efficacy = Total Efficacy

(95% CI) (VEp) (95% Crl)  (VE,) (95% Crl) (VE7) (95% Crl)
DST 1 (IGRA) 39 (22-54) 58 (34-73) 74 (46-89) 89 (74-96)
DST 10 (Skin) 40 (19-57) 46 (14-66) 67 (39-87) 82 (55-94)
Visible Lesions 25 (1-47) - - -
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Table 2.2. Estimated experimental reproduction numbers by the vaccination type of

sentinel and seeder animals.

) ) R (1-year contact) Posterior Probability that
Seeder-Sentinel Pair
(95% Crl) R<1
Unvaccinated-Unvaccinated 3.1(2.3-4.1) 0.0
Unvaccinated-Vaccinated 1.3 (0.9-1.8) 0.075
Vaccinated-Unvaccinated 0.8 (0.4-1.5) 0.72
Vaccinated-Vaccinated 0.3 (0.1-0.7) 1.0

The results of our investigations also corroborate the findings from previous studies on BCG
vaccination's partial protective effects and lesion reduction in cattle (19). While lesions were
still observed in vaccinated animals, the total visible lesion scores were notably lower
compared to the control group across both seeder (phase 1 sentinels) and sentinel animals
(Supplementary Figure 2.1). Given the study's design constraints that necessitated retaining
Phase I sentinel animals as seeders for Phase |1, it was not possible to obtain endpoint efficacy
estimates based solely on visible lesion scores. However, when pooling all sentinel animals
from Phase Il groups 3 and 4, we observed a one-year endpoint efficacy of 25%; 95% CI: 1-
47% (Table 2.1), consistent with earlier meta-analysis estimates (19). Importantly, while
BCG's inability to fully prevent infection could raise questions about the efficacy estimates
being influenced by reduced DIVA antigen detection sensitivity in vaccinated animals, the
study design and results mitigate this concern. Specifically, if reduced test sensitivity amongst
vaccinated 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 (Figure
2.2A).

Prospects for elimination of bTB by BCG vaccination

To explore the consequences of implementing BCG vaccination in a relevant context, we
assessed the feasibility of eliminating bTB from the Ethiopian dairy sector through routine
vaccination alone. Using tuberculin skin testing data from the Ethiopia Control of bTB
(ETHICOBOTS) project (15,16) and historical data from the Animal Health Institute, Ethiopia
(14) we estimated within herd reproduction ratios (R,), defined as the expected number of new

infections when a single infectious individual is introduced into a fully susceptible population,
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ranging from 1.3 — 17.3 (Figure 2.3B), with a population average of 3.26; 95% Crl: 2.7 —
4.0%. Given that cattle rarely show clinical signs of bTB during the early stages of disease,
cattle trade can facilitate long-distance transmission in the absence of systematic herd testing.
Consequently, cattle movements were considered the primary mode of transmission between
herds. Directed exponential random graph models (ERGM) were used to estimate new
generative models for the frequency and pattern of cattle movements between intensive and

semi-intensive herds in Ethiopia previously collected from three emerging dairy markets (29).

To predict the likely spread of bTB based on estimated networks of movements, and to assess
the potential benefits of vaccination, a stochastic metapopulation transmission model was
developed with four possible states: susceptible (S), infected (1), vaccinated (V), and infected
vaccinated (lv). Three transmission scenarios were simulated, motivated by the three regions
around Gondar, Mekelle, and Hawassa for which movement data were available. For each
scenario, a synthetic population was simulated with initial herd sizes sampled from the
recorded herd sizes in Ethiopia, and initial herd-level prevalence sampled using point estimates
from (15) (18.0% in Gondar, 38.9% in Mekelle, and 10.5% in Hawassa). The intrinsic within-
herd Ro was assumed to vary between herds and was sampled from our estimates. Affected
herds were initialized at the endemic equilibrium and simulated forward for 50 years.

The baseline scenarios without vaccination (Figure 2.3C) demonstrate the scale of the potential
risk posed by cattle trading with a predicted increase in the animal level prevalence across 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 taking the full 50-year span of
our simulated scenario. This relatively slow progression — in contrast to the rapid potential for
cattle-to-cattle transmission within herds as shown in our natural challenge system — offers a
window of opportunity for vaccination, or indeed interventions targeted on the cattle movement
networks (29).

The effectiveness of vaccination as a control measure for bTB was then evaluated by
comparing the current baseline scenario to scenarios where all newborn calves are vaccinated
(Figure 2.3C). The potential waning of vaccine protection over time was not considered, and it
was assumed that animals would be revaccinated as needed to maintain levels of protection.

To illustrate the importance of the additional indirect protection afforded by BCG we compare
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two vaccine scenarios where animals are protected only by a direct effect or with the combined
direct and indirect effects (sampled from our posterior estimates). Our model suggests that with
the estimated total vaccine efficacy of 89%; 95% Crl: 74-96%) calfhood BCG vaccination has
the potential to prevent the predicted expansion of bTB through the dairy sector in Ethiopia
bringing the population average R below 1 within ten years of deployment. However, the path
to elimination is slow with herd prevalence still above the international officially TB-free level
of < 0.1% annually through the 50-year program simulation. Notably, in common with our
experimental system, this impact can only be achieved as a result of both the direct and indirect
effects of BCG (Figure 2.3C). Implementing vaccination alongside other control methods
including movement restrictions, test-and-segregation, enhanced farm biosecurity, and best
management practices such as barn ventilation would likely accelerate disease control by
reducing both within herd and between herd transmission.
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emerging markets in Hawassa, Mekelle and Kombolcha. Gondar, Hawassa, 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 ranging from (5.8-78%) corresponds to a
similarly large heterogeneity in estimates of the basic reproduction ratio R, with no clear
associations with either geography 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 fifty 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, red) are compared to scenarios with routine vaccination
coverage of all herds (with no assumed loss of immunity) with the estimated direct vaccine
efficacy of 58%; 95% Crl: 34-73% only (blue) and with the additional indirect efficacy of 74%;
95% Crl: 46-89% (purple).

Implications for the deployment of BCG in the field

Our scenario analysis demonstrates the challenges of controlling a chronic infection such as
bTB, where infected animals potentially remain infectious for life. Without the chance of
recovery, the scale by which transmission is measured and control is manifested is determined
by the life-expectancy of the host. Through this lens, even under the most favorable
circumstances, routine BCG vaccination as the only control measure is expected to take
decades to eliminate bTB infection. Even so, in endemic 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
commitment to vaccination necessary to see epidemiological 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 are remarkably poorly characterized outside of a

single study from Germany in 1970 (30).

The evidence for substantial indirect protection provided by BCG in calves contrasts with
recent findings from field trials in badgers in Ireland (31), but is consistent with a smaller scale
trial within badger social groups in England (32). Since the evaluation of indirect vaccine
effects in free-living animals, which depends on comparing the attack rates in sub-populations

with varying levels of vaccine coverage (21), is exceptionally challenging and typically only
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feasible once vaccines have been deployed at scale, the contradictory findings 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 one-year contact with infected animals as part of
these controlled trials. This is relevant since experimental studies using a revaccination
approach indicate that the duration of direct protection of BCG in cattle is limited to between
one and two years (33). Hence, the high efficacy of BCG to reduced infectiousness seen in our
trial may not be maintained for the average lifetime of a dairy cow in the herd ~ 7 years in
Ethiopia (34). Future investigations to assess the duration of indirect effects on infectiousness,
as well as the potential 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 or sympatric free-living wildlife species or even humans that 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). Finally, our model only projects the expected increase in prevalence
of bTB based on current patterns of movements and rates of transmission within dairy herds.
Intensification and changes in husbandry are likely to change both of these particularly over
such a long period of projection, our scenarios should therefore only be considered as
projections to illustrate the potential benefits of vaccination rather than as forecasts.

The implications of our studies for populations with established surveillance and control
programs, such as the UK, are more nuanced as 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 potential for perverse consequences of vaccination, given the evidence for
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limited direct protection and the compromised specificity of tuberculin diagnostics in
vaccinated cattle, has been a major barrier for the willingness of statutory and governmental
agencies to license BCG for use in cattle (8). These concerns should be somewhat alleviated
by the results of our investigations that 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 potential
benefits of a BCG-vaccination based approach to accelerate control of bTB in regions where

the disease remains endemic.

2.6  Materials and 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
accommodating 80 adult cattle, with approximately 2,000 to 2,500 m? of fenced outdoor space.
In Phase | 68 CCT and IGRA test positive cattle were recruited as seeder animals for groups 1
and 2 of the transmission experiment. 68 Holstein-Friesian x Zebu crossbred male calves, age
< three months and tested negative for bTB, were recruited as naive sentinels from low-
prevalence herds split between the two experimental phases, with sentinel animals from Phase

| (Groups 1 and 2) acting as seeder animals in the second phase (Groups 3 and 4).

Testing Procedures, Antigens and Vaccination

Eight weeks post-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 | and Phase 1l. Every four months, skin tests were conducted on sentinel animals using
both Purified Protein Derivatives (PPDs) and the recently developed DST antigens. Blood was
drawn for IGRA every two months. Bovine (PPD-B) and avian (PPD-A) tuberculin, were used
as stimulating antigens in both skin and interferon-gamma (IFN-y) release assays. A novel

peptide cocktail representing the antigens ESAT-6, CFP-10 and Rv3615c was also utilized. We
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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 information. The calves of the vaccinate group
were subcutaneously injected with 0.5 ml (1-4 x 106 CFU) of live BCG Danish Strain SSI

1331, while the controls received 0.5 ml of 0.9% normal saline (Supplementary Figure 2.4).

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 (Differentiates Infected from Vaccinated Animals)
tests. For each variant of the DIVA test (DST1, DST10) we construct 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 observation period is therefore calculated as the number

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) where we

assume that the rate of susceptible animals acquiring infection between two tests is constant
and given by the number of infected (unvaccinated) animals I and infected vaccinates I, at

the earlier test:

(I + &ly)
N

R(S->D=p
Where N is the total number of animals within the experimental group, S can be interpreted as
the per capita transmission rate per infectious animal and & measures the reduction in
infectiousness of vaccinated animals that become infected (relative to unvaccinated controls).
Under these assumptions the probability of transmission within a discrete time interval can be
calculated and the number of new cases within that interval will be binomially distributed. As
the probability of infection takes the same function functional form as the complimentary log-
log transformation, this chain binomial model can be estimated using a generalized linear
model (GLM) with binomial response (and complementary log-log link function). We use the
rstanarm package (37) in R (38) to estimate the model within a Bayesian framework and obtain
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posterior estimates for the direct vaccine efficacy to reduce susceptibility (1-&g), efficacy to
reduce infectiousness (1-g;) and average base transmission rate () within the two
experimental barns. Convergence 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 to carry out scenario analyses for the potential impacts of BCG vaccination in
Ethiopia and implemented using the R package SimInf (39). This compartmental model tracks
four possible epidemiological states: susceptible (S), infected (1), vaccinated (V), and infected
vaccinated (lv) and eight events corresponding to birth, transmission and mortality
(Supplementary Figure 2.9). Full details of the model structure and calibration are presented in

supplementary information along with raw data, R scripts and model code (40).

Transmission rates within herds were calibrated from estimates of the basic reproduction 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 infected 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 infection within herds was inferred using a latent class model (42,43). The model
was implemented in Stan and analyzed in R using the RStan package (37). Transmission
between herds was assumed to be mediated by cattle movements. Using samples of movement
records collected alongside tuberculin testing data for a subset of herds in Ethiopia we used
exponential random graph models (ERGMSs) 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
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
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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 vaccination to those
where all newborn calves were vaccinated. For all scenarios, we sample vaccine efficacy from
the posterior estimates derived from our natural transmission study and carried out a further
sensitivity analysis to the reduction in infectiousness (¢;) for values of 0%, 25% and 50%. The
range of vaccination scenarios explored are summarized in Figure 2.3, outputs were simulated

from 1,500 replicates of the stochastic model.
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3.1 Abstract

Background: Bovine tuberculosis (bTB) is a threat to cattle health and public safety. The
current test-and-slaughter control programs implemented in developed countries are hampered
by wildlife reservoirs while countries like Ethiopia remain without option due to
socioeconomic barriers. Vaccinating cattle with Bacillus Calmette-Guérin (BCGQG) effectively
reduces transmission, offering a potential solution for controlling bTB. A key requirement for
vaccination strategies using BCG is the validation of defined antigens to differentiate infections
among vaccinated animals (DIVA).

Methods: We compared tuberculin with DIVA peptide cocktails (ESAT-6, CFP-10, and
Rv3615¢) in 67 unvaccinated and 67 BCG-vaccinated cattle exposed to M. bovis in a natural
setting. The cattle were tested every four months with a skin test and every two months with
interferon-gamma (IFN-y) release assays (IGRA) over a year of exposure.

Results: Before exposure, the DIVA skin, DIVA IGRA, and tuberculin tests showed 100%
specificity in unvaccinated control calves. After exposure, the DIVA skin, DIVA IGRA, and
comparative cervical tuberculin (CCT) tests had comparable sensitivities of 46% (95% CI: 36,
56), 45% (95% CI: 35, 55), and 47 (95% CI: 37, 57), respectively, when assessed against
animals positive by M. bovis culture PCR.

Conclusion: The results suggest that test-and-slaughter control strategies using tests with low
sensitivity are not expected to be effective in controlling bTB in high-prevalence herds, and
highlight an urgent need to improve the sensitivity of DIVA diagnostic tests for bTB in these

settings.

Keywords: BCG vaccination, bovine tuberculosis, defined antigen cocktails, tuberculin, IGRA

and skin tests
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3.2 Introduction

Bovine tuberculosis (bTB) is a chronic disease of cattle primarily caused by members of the
Mycobacterium tuberculosis complex (MTBC), which can infect a wide range of domestic and
wild animal species, including humans, posing a significant public health risk in regions with
high prevalence '. The prevalence of bTB varies by country, influenced by control measures,
animal movements and wildlife reservoirs 2. In Ethiopia, bTB is more prevalent in genetically
improved cattle raised for high milk production in intensive farming systems, with prevalence
rates of 21.6% in Holstein-Friesians and 9.9% in crossbred cattle . A recent study reported
54.4% of 299 dairy herds and 24.5% of 5,675 cattle were reactive to the comparative
intradermal cervical tuberculin test #. In the absence of feasible bTB control options, efforts to
increase milk productivity through cross-breeding and intensification of cattle farming are

likely to increase disease incidence.

Currently, control of bTB relies on tuberculin testing of herds and culling positive test reactors.
This approach has successfully reduced the prevalence of the disease in many countries and
has led to elimination in Australia °>. However, this strategy is extremely costly and unaffordable
for resource-constrained countries like Ethiopia. It is also less effective in countries where
wildlife reservoir hosts are present ®’. Bacillus Calmette-Guérin (BCG) vaccination offers a
potentially practical and affordable alternative for countries lacking existing control programs
8-10 Experimental investigations and field studies have demonstrated that while BCG does not
protect all vaccinated animals from infection, it significantly reduces the severity of bTB
pathology %1%, The BCG vaccine developed from attenuated M. bovis and approved for
human tuberculosis, is considered a viable candidate vaccine for cattle. However, the World
Organization for Animal Health (WOAH) does not recommend BCG for livestock due to its
interference with tuberculin-based tests leading to false-positive reactions in official bTB
control programs '. To overcome the issue of non-specific tuberculin reactions caused by BCG
vaccination, researchers are exploring the use of defined antigens that can differentiate infected
among vaccinated animals (DIVA), a crucial tool for effective implementation of BCG

vaccination as a method of disease control!>!3,

Comparative genomic and transcriptomic studies have identified several antigens present in M.
bovis field strains but either absent or not immunogenic in the BCG vaccine strain, enhancing
the specificity of tuberculin-based bTB diagnostic tests'*!>. Previous studies have shown that

recombinant peptide antigens induce a greater skin response when used in combination than
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when used alone '®. Notable candidate antigens that demonstrated significant DIVA capability
include ESAT-6, CFP-10, and Rv3615c¢, indicating a potential path to use along with BCG

vaccination for bTB management and control '*!7.

The performance of these antigens is subject to variability depending on the geographical
conditions, prevailing Mycobacterium lineages, dosage, cutoff values, and features of the
examined population. Variability in the levels of interferon-gamma (IFN-y) and innate immune
response among different strains of M. bovis has been reported '®. Therefore, prior to practical
deployment, thorough validation of these DIVA antigens is required across a varied range of
cattle breeds and geographic regions to determine their specificity and sensitivity. However,
existing research data on the performance of DIVA tests in BCG-vaccinated animals are limited

1920 which might

to studies primarily performed in the UK under experimental transmission
not reflect the performance of DIVA antigens in naturally infected cattle. Although other studies
have also tested DIVA and tuberculin in BCG-vaccinated and unvaccinated cattle under natural
transmission settings, they were limited to evaluating the efficacy of the BCG vaccine 7321723

or comparing the relative performance of antemortem tests without postmortem confirmation

13,17,24

This study examined diagnostic data collected for the evaluation of BCG efficacy via a natural
transmission experiment '° for the assessment of the immunological responses of BCG-
vaccinated cattle to mycobacterial antigens. The other similar studies published thus far have
relied on the use of the DIVA skin test and IFN-y release assay (IGRA) to determine the
infection status of artificially challenged animals based on predetermined cutoff values. Here,
we compared the quantitative responses of vaccinated and control groups to DIVA antigens
against tuberculin. The study animals were followed longitudinally, with repeated tests and
postmortem confirmation of infection status, providing a unique opportunity to assess the
performance of bTB diagnostic tests in animals with confirmed (postmortem) disease status.
Here, we evaluated the immune responses of DIVA peptide antigen cocktails on 67 BCG-
vaccinated and 67 unvaccinated calves via both skin tests and in vitro IGRA formats and

compared the performance of these peptides to that of tuberculin.
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3.3 Materials and Methods
3.3.1 Study setting

The study took place at the Animal Health Institute (AHI) in Sebeta, which is located
approximately 20 km southwest of the capital city, Addis Ababa, Ethiopia. At the AHI
premises, three separate barns were constructed. Each barn had the capacity to accommodate
80 adult cattle and had a fenced outdoor area measuring approximately 2,000 to 2,500 m2.
These barns were approximately 300 meters apart from each other. Two of the fenced barns
were designated for housing the experimental replicate groups (seeders and sentinels)
throughout the entire exposure period. This was done to control for any potential variations in
exposure resulting from differences in infectiousness among the seeder animals. The third barn
was used to house and acclimate the sentinel calves immediately after they were recruited and
before they were exposed to the seeders. To ensure proper waste management, septic tanks
were constructed behind each barn. The feces and urine were directed into the septic tanks
through large pipes that connected the barns to the exterior premises. The animal attendants
were all educated about the zoonotic risk of bTB. They were required to wear personal
protective equipment, including N95 masks, disposable gloves, and rubber boots, whenever
they handled animals or worked inside the barns. All relevant local biosecurity and safety

procedures were strictly adhered to.

3.3.2 Study animals and design of the experiment

A total of 72 adult cattle, naturally infected and identified as reactors through skin and blood
tests, were selected as seeders for the natural transmission experiment. The primary objective
of our experimental study was to assess the efficacy of BCG vaccination through a natural
transmission experiment. In this report, we conducted a secondary analysis of diagnostic data
collected from the BCG efficacy study '°. The experiment was divided into two phases, each
involving an equal number of calves and comprising two biological replicate groups housed in
separate barns. The reason for conducting the study in two phases was to measure both how
well the vaccine prevented infection (direct effect) and how it reduces the infectiousness of
infected vaccinated animals (indirect effect) for a more complete understanding of the total
efficacy of the BCG vaccine. To find naive sentinels, dairy herds were screened using both skin
tests and IGRA. For each phase, 68 male calves, less than three months old, were recruited

from dairy herds that tested negative for bTB. These herds were located in Koka, Ziway, Alage,
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Hawassa, Wondogenet, Jimma, and Ambo towns. The recruited sentinels were transported to
AHI and housed separately from the seeders in an acclimatization barn to prevent early
exposure. After an acclimatization period of three to twelve weeks, the sentinels that tested
negative in the bovine (PPD-B) minus avian (PPD-A) tuberculin IGRA test were randomly
assigned to either the control or vaccinated groups using a double-blind lottery system by
drawing animal ID from one box and treatment group from the second box. Calves with a
positive OD450 nm >0.1 on the bovine minus avian tuberculin IGRA test were excluded. In
the first phase, 33 unvaccinated controls and 34 vaccinated calves were included. In the second
phase, 34 unvaccinated controls and 33 vaccinated calves were included, resulting in a total of
67 calves per group across both phases. During the trial period, calves were fed boiled and
pasteurized milk until they reached six months of age. Afterward, weaned calves and adult
seeders were provided with concentrate feed, hay, green fodder, and water ad libitum.
Throughout the twelve-month contact period, 5 vaccinated calves and 2 unvaccinated controls
from both phases died, resulting in 127 (62 vaccinated and 65 unvaccinated controls) reaching

the endpoint (Figure 3.1).

3.3.3 Test antigens

The PPD (purified protein derivative) tuberculin were procured from Prionics Lelystad BV,
Lelystad, the Netherlands. DIVA peptide cocktails consisting of peptides representing ESAT-6,

CFP-10, and Rv3615¢ were commercially synthesized and previously described 3.

3.3.4 BCG vaccination

The vaccine was supplied as freeze-dried preparation and reconstituted in Sauton’s medium as
per the manufacturer’s instruction (Green Signal Bio Pharma, Pvt. Ltd., India) in the first phase
and (AJ Vaccines A/S, Artillerivej 5, DK 2300 Copenhagen S, Denmark) in the second phase.
The vaccinated group of calves were administered a subcutaneous injection of 0.5 ml (1-4 x
107® CFU) of live attenuated BCG Danish Strain SSI 1331 (Staten's Serum Institute [SSI],
Copenhagen, Denmark). Conversely, the control group received 0.9% normal saline. A total of
67 calves received the BCG vaccination, while the remaining 67 sentinel calves were not
vaccinated. The authors conducting the field work were blinded to the vaccination status of the

animals until the conclusion of the experiment.

74



a) b)

Naturally infected  Naturally infected Seeders End of
seeders seeders B0 i experiment

| 1 4 SDied)—

\ \ Phase- 67VS

17, 17 8 17 m

67 Seeders & J 62

("Eight | 07 Vaceinated Sentinels (VS) — VS
>
/

Postmortem

weeks [ examination

= Exposure for One Year B

1 /I
Unvaccinated  Vaccinated  Unvaccinated Vaccilnated Post-

|
1 I . and analysis
| 670 pBCC 67 Seeders & 5
N -1 Died -2 Died m 67 Unvaceinated Sentinels (US) — US

2 Died Fl

Unvaccinated seeders Vaccinated seeders \‘

TR )

} )

© Vaccination
% IGRA

. . ~ Phase-ll 0 : *
16 17 18 16 ; ;

] |
| | 7o
Unvaccinated ~ Vaccinated  Unvaccinated  Vaccinated 2m Om 2m 4m  Om Sm  10m 12m Skin test

Figure 3.1: Schematic representation of the experimental protocol. a) The two-phase cross
over design of the experiment and b) Testing schedules and postmortem examination. In phase
I, two groups (Groups 1 & 2) functioned as biological replicates and were kept in a separate
barn a) Phase I, Group 1 (top left): 17 unvaccinated controls and 17 vaccinated calves were
exposed to 35 seeders. Phase I, Group 2 (top right): 16 unvaccinated controls and 17 vaccinated
calves were exposed to 34 seeders. Phase II, Group 1 (lower left): the surviving 32
unvaccinated control sentinels from Phase I were pooled and became seeders for 16
unvaccinated controls and 17 vaccinated calves. Phase II, Group 2 (lower right): the surviving
32 vaccinated calves from Phase I were pooled and became seeders for 18 unvaccinated
controls and 16 vaccinated calves. b) From both Phase-I and Phase-II, a total of 67
unvaccinated control (67 U) and 67 vaccinated (67 V) calves were exposed to their respective
seeders eight weeks after vaccination and kept in contact for twelve months. During the twelve-
month contact period, 5 vaccinated calves and 2 unvaccinated controls died across both phases,
resulting in 62 vaccinated and 65 unvaccinated controls reaching the endpoint. IGRA tests were
performed every two months, and skin tests were conducted every four months, starting just
before exposure (0m) and continuing until the end of the experiment (12m). At the end of the
experiment, all animals were slaughtered, and a postmortem examination was conducted to
detect bTB lesions, followed by mycobacterial culture and PCR testing of culture-positive

1solates.
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3.3.5 Skin and IGRA Testing Schedules

The sentinel animals underwent skin testing every four months and IGRA every two months
using DIVA, avian, and bovine tuberculin antigens in both the skin and IGRA test formats
(Figure 3.1). The skin test and IGRA results analyzed and reported here are from the 12"-month
post-exposure test, except for Table 3.1 and Figure 3.1, which are based on pre-exposure test

result and the Supplementary Figure 3.1, which includes tests of all postexposure-time points.

3.3.6 Skin Testing Procedure

For the skin test, hair was shaved at two sites on the right and one site on the left mid-cervical
area. Bovine tuberculin (30,000 IU/ml), avian tuberculin (25,000 IU/ml), and the DIVA peptide
cocktail (100 pg/ml of each peptide) were injected intradermally in 0.1 mL volumes. Skin fold
thickness was measured to the nearest millimeter using Irish calipers by the same person before
and 72 hours after antigen administration. The change in skin thickness was determined by
subtracting the pre-injection measurement from the 72-hour post-injection measurement for
each antigen. The cut-offs used to determine test status were >4 mm for the Comparative
Cervical Tuberculin (CCT), >4 mm for the Single Intradermal Tuberculin Test (SIT), and >2
mm for the DIVA antigens. The defined antigens induce considerably lower amplitude of skin
reactions in reactor cattle with an average of 8 + 1.5 mm as compared with 19.5 + 3.5 mm for
PPD-B without compromising sensitivity at the >2 mm cutoff for the DIVA established in
previous study using ROC analyses (Srinivasan et al., 2020).

3.3.7 IGRA Testing Procedure

The IGRA test was conducted using the BOVIGAM® kit (Thermo Fisher Scientific Inc., USA).
Approximately 5 ml of blood was collected from each animal's jugular vein in lithium heparin
coated vacutainers as recommended by the BOVIGAM® kit based IFN-¥ assay. Duplicate
wells were stimulated with 25 pl of each antigen and 250 pl of whole blood, resulting in final
concentrations of 1 pg/ml DIVA antigens, 250 IU/ml avian tuberculin (PPD-A), and 300 IU/ml
bovine tuberculin (PPD-B). Positive and negative controls were stimulated with pokeweed
mitogen (PWM) at 10 pg/ml and RPMI (Nil), respectively. Samples were incubated at 37°C in
a humid atmosphere for 18-24 hours. The culture supernatants from duplicate samples were
pooled and stored at -80°C until the IFN-y test was performed. The results of the IGRA test
were reported as the change in optical density (OD) at 450 nanometers (AOD450 nm). This
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was determined by subtracting the OD450 nm of whole blood cultures stimulated with antigen
from the OD450 nm of cultures without antigen. Optical Density (OD) refers to the amount of
light absorbed by the sample, and 450 nm is the specific wavelength of light used for the
measurement. The intensity of the color corresponds to the OD450 nm value and is directly

related to the concentration of the target antigen in the sample.

3.3.8 Postmortem examination

After humanely euthanizing the animals using a captive bolt (CASH® special .22 caliber
penetrating captive bolt) followed by immediate exsanguination, postmortem examinations
were carried out by a skilled pathologist assisted by two veterinarians with extensive
experience in diagnosing bTB lesions. At the end of the natural exposure to infection, all calves
were euthanized and examined. Following visual inspection and palpation of each lymph node
and tissue in the carcass, the relevant organs for sampling were separated and transferred to the
postmortem examination table for detailed evaluation. To assess the true disease status, all the
lymph nodes were sliced into 1-2 cm thick sections and meticulously examined. The animal
was classified as bTB lesion positive (lesioned) if any of the examined tissues had gross visible
lesions consistent with bTB and negative (non-lesioned) if no obvious lesions were found. The
severity of the gross lesions was evaluated using the semiquantitative technique developed by

Vordermeier et al., » taking the number and size of the observed lesions into account.

Tissue sampling for mycobacterial culture

For bacterial culture, samples were collected from ten different tissues of each animal,
including mandibular, lateral retropharyngeal, medial retropharyngeal, bronchial, cranial
tracheobronchial, mediastinal, hepatic and mesenteric lymph nodes as well as from the left and
right lung lobes, regardless of the presence or absence of lesions. Extra samples were collected
when lesions were found in other examined lymph nodes and tissues. The lymph node and
tissue samples were collected in sterile 50 mL Falcon tubes containing 10-15 mL of 0.9% saline
solution and transported to the laboratory for bacterial culture and isolation. Prior to processing,

the tissue samples were frozen at —20°C.

Mycobacterial culture
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For mycobacterial isolation, lymph nodes or tissue samples were cut with sterile blades into
thin slices. The pieces were then homogenized with a sterile pestle and mortar and transferred
into a sterile plastic bag for further grinding in a stomacher. Then, 5 ml of the homogenate was
transferred to a sterile 50 ml Falcon tube, decontaminated by adding an equal volume of 4%
NaOH and mixing for 15 minutes. The mixture was neutralized by adding 40 ml of PBS,
followed by centrifugation at 1,106 g for 15 minutes. The supernatant was discarded, and 0.1
ml of the sediment from each sample was spread onto duplicate slants of Lowenstein—Jensen
(LJ) medium (Sigma Aldrich, Co, St. Louis, USA) !, one enriched with sodium pyruvate and
the other with glycerol. The cultures were then incubated aerobically at 37°C for up to 8 weeks,
after which the growth of the mycobacterial colonies was observed weekly. Slants that did not
show growth beyond the 8" week were considered to be negative. Ziehl-Neelsen (ZN) staining
technique was used to confirm the presence of acid-fast bacilli (AFB) in the smears of culture-

positive colonies.

DNA extraction

DNA was extracted from culture isolates using the DNeasy Blood and Tissue Kit (QIAGEN)
with some modifications. First, loopfuls of cells were removed from culture-positive LJ media
using a sterile loop and transferred to 2 ml Eppendorf tubes containing 300 ul of TE buffer.
The tubes were then incubated at 85°C for 60 minutes on a heating block to inactivate the
bacteria. Lysis buffer was prepared by adding 20 ml of 20 mm Tris-HCI, 12 ml of Triton X and
2 ml of EDTA to one liter of water, after which the mixture was stored at room temperature.
Immediately before use, 80 mg of lysozyme was added per ml of lysis buffer to make a working
lysis buffer solution. For each reconstituted culture sample, 100 pl of working lysis buffer
solution was added. The samples were incubated at 37°C for 1 hour. Then, 180 ul of ATL buffer
and 20 pl of proteinase K were added to each sample. The samples were incubated at 56°C for
3 hours and vortexed every hour to ensure complete mixing. Then, all downstream procedures
were performed using the reagents provided by the manufacturer as described in QIAGEN 26,

and the DNA was eluted in 100 pl of AE buffer.
Polymerase Chain Reaction (PCR)

The DNA samples were amplified by two-step real-time multiplex qPCR at the AHI, Sebeta,
Ethiopia. In the first step of the multiplex qPCR cycle, three primer-probe sets targeting

78



1S1081, the yrbE3A gene and the 'RD7' deletion were used for the collective identification of
both animal- and human-adapted, animal-adapted and human-adapted MTBC species. In the
second step, three additional primer sets targeting the RD4 gene deletion SNP at the lepA locus
and the SNP at the rskA locus were used for specific identification of M. bovis, M. caprae and
M. origis, respectively. The target genes and primer/probe set sequences used in the current

multiplex gPCR assay are as describe in our pervious study 7.

The amplification was carried out in a 20 uL final reaction mixture, which consisted of 5 uL of
DNA template, 10 uL of prime gene expression master mix with ROX dye, 0.5 uL of each
primer, and 3.5 uL of nuclease-free water. We used nuclease-free water as the negative control
and synthetic gDNA targets (IDT, lowa, USA) as the external positive controls in duplicate for
each PCR run to ensure that the master mix and amplification conditions worked as expected.
The IS1081 sequence, a common target for all MTBCs, was used as an internal amplification
control. The results were considered invalid if the positive control was not detected or if the
negative control tested positive. Amplification was performed using the QuantStudio™ 6 Flex
Real-Time PCR System (Applied Biosystems Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA). The thermocycler protocol included one cycle of 3 minutes at 95°C for
polymerase activation, 40 cycles of 15 seconds at 95°C for denaturation, and 40 cycles of 60
seconds each at 63°C for annealing/extension steps. For all primer-probe sets, a sample was

considered PCR positive when the cycle threshold (Ct) value was < 40.

Ethics statement

Prior to commencing the study, ethical approval was granted by the Institutional Review Board
of Aklilu Lemma Institute of Pathobiology (reference number ALIPB IRB/44/2013/21). The
experiment was conducted according to the Technical Guideline for National Research Ethics
Review, ensuring compliance with the guidelines 28. Additionally, the study adhered to and

reported following the ARRIVE guidelines 2.0.
Statistical analyses

Data analysis was performed using GraphPad Prism version 9.4.0 for Windows (GraphPad
Software, San Diego, California, USA), the R statistical language ?° and R Studio *°. Plots were
produced using the ggplot2 3! and ‘ggstatsplot’ packages 2. Normality tests were conducted
using the Shapiro-Wilk test with the normality() function from the {dlookr} package in R.
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Additionally, visual inspection of the distributions was conducted using the plot histogram()
and plot_density() functions from the {DataExplorer} package in R. Based on the results, the
nonparametric statistical tests were used: the Wilcoxon rank-sum (Mann-Whitney U) test was
applied to determine differences in skin and IFN-y test responses between the two treatment
groups; the nonparametric Friedman repeated measures ANOVA with Bonferroni correction
for multiple comparisons was used to determine differences in skin and IFN-y responses
between different antigens within a group and the nonparametric Spearman’s rank correlation
coefficient was used to determine the strength and direction of association between the different
test antigens IFN-y and skin test responses. The rank biserial correlation coefficients were
calculated using the ggbetweenstats() and ggwithinstats() functions from the {ggstatsplot}
package in R. The ggbetweenstats() function was used for comparisons between two
independent groups (vaccinate vs control response to each antigen) while the ggwithinstats()
function was used for comparisons involving more than two dependent groups (animal immune
response to different antigens). Sensitivity, specificity, positive likelihood ratio (LR+), negative
likelihood ratio (LR-), and accuracy were calculated using 2 % 2 contingency tables (see
Supplementary Table 3.1). In the contingency tables, columns indicate the disease status
(positive or negative) determined by M. bovis PCR (Table 3.3) and visible lesions, culture or
M. bovis PCR (Supplementary Table 3.2) used as a reference standard. The rows represent the
positive or negative results obtained using the antemortem tests. The cells labeled (a) and (d)
represent true positive and true negative test results, respectively while the cells labeled (b) and
(c) represent false positive and false negative test results, respectively. The measures of
diagnostic test performance were calculated as follows: sensitivity = a/(a + c); specificity = d/
(b + d); LR+ = (a/(a + ¢))/(b/(b + d)); LR— = (c¢/(a + ¢))/(d/(b + d)); and overall diagnostic
accuracy = (a + d)/N 33, Cohen's kappa statistic, used to measure binary agreement between
two tests for classifying animals into positive or negative groups, was calculated using the free

online Graphpad web calculator. For statistical significance, P < 0.05 and 95% CI were used.

Definitions and interpretation of diagnostic test performance measures

Sensitivity refers to the proportion of infected animals (true positives) that are correctly
identified by the test, while specificity refers to the proportion of animals without the disease
that the test correctly identifies as negative. A high sensitivity indicates that the test effectively
identifies infected animals, reducing the risk of false negatives, while a high specificity

indicates that the test effectively excludes non-infected animals, reducing the risk of false
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positives. The overall accuracy of a test refers to the proportion of correct identifications
computed by dividing the sum of true positives and true negatives by the total number of
animals tested *. The LR+ indicates the likelihood of observing a positive test in animals with
the disease compared to those without the disease. A favorable test has a high positive
likelihood ratio. The negative likelihood ratio (LR-) reflects how much less likely a negative
test result is in diseased animals compared to healthy ones. A low LR- means that the disease
is unlikely, with a negative test. The lower the value of (LR-), the more valuable that test is for
increasing certainty about a negative diagnosis *>*°. Both LR+ and LR- close to 1.0 suggest
that the test does not distinguish between animals with or without the disease *°. Kappa was
interpreted using a scale as follows: kappa < 0 as indicating no agreement, 0.01-0.20 as none
to slight, 0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1.00 as

almost perfect agreement /.

34 Results

Skin test and IGRA responses of experimental calves’ post BCG vaccination prior to
exposure to infected animals

DIVA skin and all tuberculin skin test antigens elicited no positive responses in the
unvaccinated control group, demonstrating 100% specificity within this sample (Figure 3.2a
and Table 3.1). The DIVA skin test was positive for four vaccinated animals (specificity 94.0
(95% CI: 85.2, 98.1) (Table 3.1). Three DIVA skin test-positive vaccinated calves showed a 2
mm increase in skin thickness, while one showed a 3 mm increase at pre-exposure. However,
at the fourth month post-exposure, only one showed a 2 mm increase, while the other three
showed no change, with two consistently testing negative throughout the exposure period.
Statistically no significant difference was observed between the proportions of vaccinated and
control animals that responded positively to DIVA skin test (p = 0.12) (Table 3.1). However,
only one vaccinated calf exhibited a positive response to the DIVA IFN-y assay (specificity
98.5% [95% CI: 91.3, 100]). Although the OD450 nm value of the positive IFN-y response in
this vaccinated calf was 0.1, which falls on the positive cutoff value of the test (Figure 3.2b),
the animal tested negative (AOD450 nm = 0.00) on the same assay at the two months after
exposure. In contrast, the proportion of vaccinated animals that responded positively to the
tuberculin skin test and IFN-y assay was significantly greater than that of the controls (p <

0.001), confirming the lack of specificity of tuberculin antigens (Table 3.1).
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Table 3.1. The specificity of the DIVA and tuberculin elicited IFN-y and skin test responses
eight-week post BCG vaccination. The cutoff value for all antigens tested in the IFN-y assay
was >0.1, whereas for the skin test, the cutoff values used were >4 mm for the CCT, >=4 mm
for the SIT and >2 mm for the DIVA as established in previous study using ROC analyses
(Srinivasan et al., 2020). Note: CCT (Comparative Cervical Tuberculin Test), PPD (purified
protein derivative tuberculin, PPD-B (bovine tuberculin), PPD (B-A) (bovine minus avian

tuberculin), SIT (Single Intradermal Tuberculin Test)
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Normality tests conducted on all measured antigen test responses resulted in p-values of
<0.0001, and visual inspection of the distributions confirmed their non-normality with evident
asymmetry, dictating non-parametric statistical tests for comparing responses between
treatments and antigens. Eight weeks after vaccination, the BCG-vaccinated calves showed a
significant increase in skin fold thickness and IFN-y response to all tuberculin antigens
compared to those of the unvaccinated controls (Figure 3.2a and 3.2b). However, for DIVA
IGRA test, there was no statistically significant difference in IFN-y production between the
two groups, as indicated by a p value of 0.79. The rank biserial correlation coefficient (r) was
close to zero (0.03), suggesting a negligible effect of BCG vaccination on IFN-y production

response to DIV A-specific antigen (Figure 3.2a and 3.2b).

Friedman repeated measure nonparametric ANOVA with Bonferroni correction for multiple
comparisons used to compare the responses to different antigens showed that all tuberculin

elicited significantly greater skin and IGRA (p<0.001) test responses than DIVA antigens in
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BCG-vaccinated animals. In contrast, in the controls, the DIVA and all tuberculin antigens
elicited similar and low skin test responses (Figure 3.2a). In the unvaccinated controls, avian
and bovine tuberculin induced a significantly higher IFN-y response than the DIVA. However,
there was no significant difference between the DIVA and bovine minus avian tuberculin IFN-

y responses (P>0.05) (Figure 3.2b).
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Figure 3.2. Eight-week post-BCG immune response to tuberculin and DIVA antigens. a)
changes in skin thickness and b) IFN-y responses to DIVA and tuberculin in 67 BCG-
vaccinated and 67 unvaccinated naive calves. Skin and IFN-y test responses to DIVA, avian,
and bovine tuberculin were evaluated eight weeks after BCG vaccination. The dotted blue
horizontal lines at 4 mm and the dotted red horizontal lines at 2 mm are the cutoffs used for the
tuberculin and DIVA skin test antigens, respectively. The dotted red horizontal line at 0.1 is
the cutoff values used for all tuberculin and DIVA IFN-y antigens, and the horizontal lines
within the plots of each treatment group represent the median response to all the respective
antigens. The statistical significance of differences in skin reaction and IFN-y production
between different antigens within a treatment group were determined using Friedman
nonparametric analysis of variance with Bonferroni correction for multiple comparisons.
Statistical significance of differences between the control and vaccinated groups were
determined using the Wilcoxon rank-sum (Mann—Whitney U) test. (****P<0.0001; ns = not
significant (P>0.05)).
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Skin and IGRA responses in experimental calves postexposure to infected cattle

Out of 112 animals with visible lesions, 54 (48%) tested positive for DIVA skin, 49 (44%) for
DIVA IGRA, and 49 (44%) for CCT. Similar DIVA skin, CCT and DIVA IGRA tests positive
rates were observed in M. bovis culture PCR-positive animals (Table 3.2). These findings
suggest consistent and similar accuracy for DIVA skin, DIVA IGRA, and CCT tests in
classifying cattle with confirmed M. bovis infection by culture PCR and cattle with lesions
suggestive of disease (Table 3.2). On the other hand, bovine minus avian tuberculin IGRA and
bovine tuberculin (SIT) skin tests demonstrated higher sensitivity closer to 60% or higher in

both confirmed M. bovis infection cases and cattle with lesions (Table 3.2).

Table 3.2. Positive Skin and IGRA test responses of experimental calves at the 12" month
post-exposure to infected cattle in M. bovis PCR, and Gross VL test status at PM.
Note: PCR (Polymerase Chain Reaction), PM (Postmortem), VL (Visible lesion).

Tests and Number (%) Positive
TF:;:s sgtsl}s Treatment N Skin test IGRA test

DIVA CCT SIT DIVA PPD (B-A) PPD-B

Control 18 7(39) 5(28) 10(56) | 3(17) 9 (50) 17 (94)

Negative | Vaccinate 20 8 (40) 6 (30) 9 (45) 5 (25) 11 (55) 17 (85)

M. bovis subtotal 38 | 15(39) | 11(29) | 19(50) | 8(21) 20 (53) 34 (89)
PCR Control, 47 | 25(53) | 23(49) | 32(68) | 26 (55) 39 (83) 42 (89)
Positive Vaccinate 42 16 (38) 17 (40) 30(71) | 16(38) 29 (69) 38 (90)

Subtotal 89 | 41(46) | 40(45) | 52(58) | 42 (47) 68 (76) 80 (90)

Control 4 0(0) 0 (0) 0 (0) 0 (0) 0(0) 4 (100)

Negative | Vaccinate 11 2 (18) 2 (18) 5 (45) 1(9.1) 4 (36) 10 (91)

Gross VL Subtotal 15 | 2(13) 2 (13) 5(33) | 1(13) 4(7) 14(93)
Control 61 | 32(52) | 28(46) | 42(69) | 29 (48) 48 (79) 55 (90)

Positive Vaccinate 51 22 (43) 21 (41) 34 (67) | 20(39) 36 (71) 45 (88)
Subtotal 112 | 54(48) | 49(44) | 76 (68) | 49 (44) 84 (75) 100 (89)
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Figure 3.3. Twelve-month postexposure immune response to tuberculin and DIVA
antigens. a) change in skin thickness and b) IFN-y response to DIVA and tuberculin in 65
unvaccinated control and 62 BCG-vaccinated calves exposed to natural infection for a year.
Skin and IFN-y test responses to DIVA and tuberculin were evaluated after 12 months of
exposure to infected herds (14 months after BCG vaccination). The dotted blue horizontal lines
at 4 mm and the dotted red horizontal lines at 2 mm are the cutoffs used for tuberculin and
DIVA skin test antigens, respectively. The dotted red horizontal line at 0.1 is the cutoff used
for all tuberculin and DIVA IFN-y responses. The horizontal line within the plots of animals
with and without visible lesions represents the median change in response to all the respective
antigens. The statistical significance differences in skin reactions as well as IFN-y responses
between different antigens within the lesioned and non-lesioned groups were determined using
Friedman repeated measures nonparametric analysis of variance with Bonferroni correction for
multiple comparisons. The statistical significance of differences between the animals with and
without visible lesions was determined using the Wilcoxon rank sum (Mann—Whitney U) test.
(****P<0.0001; ***P<0.001; **P < 0.01; *P < 0.05; ns = not significant (P>0.05)).

The results of the Mann—Whitney U test indicated that skin and IFN-y responses to all antigens
were significantly greater (P>0.05) in animals with visible lesions, except for the IFN-y
response to avian tuberculin (p = 0.69) (Figure 3.3a and 3.3b). The rank biserial correlation
coefficient (r), which indicates the effect size, showed very large differences for all antigens.
Tuberculin antigens elicited significantly greater skin and IGRA responses than DIV A antigens

in animals with visible lesions (p < 0.0001) (Figure 3.3a). Friedman repeated measures
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nonparametric ANOVA, with a Bonferroni correction for multiple comparisons, demonstrated
a significantly greater skin test response in the SIT (p < 0.0001) and CCT (p < 0.01) tests than
in the DIVA skin test while the skin test responses to avian tuberculin and DIVA were
equivalent (p>0.05). However, there were no significant differences in the skin test responses
to any of the tuberculin or DIVA antigens (p = 0.07) among the animals without visible lesions.
In contrast, both avian and bovine tuberculin antigens induced significantly greater IFN-y
responses than DIVA IGRA (p < 0.0001) in the animals without visible lesions, while the
bovine minus avian tuberculin and DIVA IGRA test responses were comparable (p>0.05)
(Figure 3.3b).

Sensitivity of skin tests and IFN-y assays compared against M. bovis culture PCR test

The performance measures of all skin and IGRA test antigens evaluated at the 12th month
postexposure in the BCG-vaccinated and unvaccinated animals were presented in Table 3.3.
The findings indicate that the CCT at the standard cutoff (>4 mm), DIVA skin test at cutoff (>2
mm), and DIVA IGRA tests show comparable levels of accuracy and performance, albeit with
an overall relative sensitivity of less than 50%. At the end of the exposure period, out of 47
culture PCR-positive unvaccinated cattle, 25 and 23 had positive skin fold thickness responses
to the DIVA and CCT skin tests, respectively, whereas out of 42 culture PCR-positive BCG-
vaccinated group, 16 and 17 animals had positive skin reactions to the DIVA and CCT skin
tests, respectively (Table 3.3). The results indicate that the DIVA and CCT have overall relative
sensitivities to culture PCR status of 46% (95% CI: 36, 56) and 45% (95% CI: 35, 55),
respectively. The DIVA IGRA test demonstrated an overall relative sensitivity of 47% (95%
CI: 37, 57). On the other hand, both the bovine and bovine minus avian tuberculin IGRA tests
with the SIT skin test demonstrate comparable accuracy and performance, with significantly
greater overall sensitivity of over 60% compared to CCT, DIVA skin, and DIVA IGRA tests
regardless of the treatment group. Although the relative sensitivities of all tests were slightly
greater in the unvaccinated control calves than in the BCG-vaccinated calves, these differences
were not statistically significant. The sensitivity of all skin tests and IFN-y assays was similar,
with no statistically significant differences, when evaluated against the combined visible
lesions or M. bovis PCR status reference standard Supplementary Table 3.2) compared to the
M. bovis culture PCR status reference (Table 3.3).
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Table 3.3. Relative sensitivity of IGRA and skin tests with respect to M. bovis culture PCR

positivity in BCG vaccinated and unvaccinated control animals at the 12th month postexposure

M. bovis Culture

Treatment Test Antigen Cutoff Status PCR Sensitivity LR+ LR- Accuracy
— —(95%CI)
Positive Negative
Positive 16 8
DIVA szmNegative 26 B 38 (25,53) 0.95 1.03 0.45
. Positive 17 6
Skin  CCT >4mmNegative o5 m 40 (27,56) 1.35 0.85 0.50
Positive 27 7
>
BCG SIT _4mmNegative 15 13 64 (49,77) 1.84 0.55 0.65
vaccinated Positive 16 5
>
DIVA  >0.1 Negative 26 15 38 (25,53) 1.52 0.83 0.50
Positive 29 11
A) >
IGRAPPD (B-A) >0.1 Negative 13 9 69 (54,81) 1.26 0.69 0.61
PPD-B >0, Lositive 38 Y 90(78,96) 1.06 0.63 0.66
Negative 4 3
Positive 25 7
>
DIVA _2mmNegative > 11 53(39,67) 1.37 0.77 0.55
. Positive 23 5
Skin  CCT >4mmNegative 2 13 49 (35,63) 1.76 0.71 0.55
Positive 31 10
IT >4 2,78) 1.19 0.77 .
Unvaccinated S B mmNegative 16 8 66 (52, 78) 90 0.60
controls Positive 26 3
>
DIVA  >0.1 Negative 21 15 55(41,69) 3.32 0.54 0.63
Positive 39 9
-A) >
IGRAPPD (B-A) >0.1 Negative 8 9 83(70,91) 1.66 0.34 0.74
PPD-B >0 Lositive 42 L 89(77,95) 095 1.91 066
Negative 5 1

Correlations between antemortem diagnostic tests of bTB

The correlation between skin and IFN-y responses to DIVA and tuberculin antigens were
evaluated using the nonparametric Spearman’s rank correlation coefficient (p). The DIVA skin
test response was strongly correlated with the CCT (Spearman’s p = 0.65, p < 0.0001) and SIT
(Spearman’s p = 0.71, p < 0.0001) tuberculin skin tests responses. Similarly, the DIVA IFN-y
test responses were strongly positively correlated with both the bovine minus avian tuberculin
(Spearman’s p =0.79, p < 0.0001) and the bovine tuberculin IFN-y test responses (Spearman’s
p =0.82, p<0.0001). The correlation between DIVA skin and DIVA IFN-y test responses was
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also strong and positive (Spearman’s p=0.73; 95% CI=0.64-0.81, p<0.0001), as was that
between the CCT skin and bovine minus avian tuberculin IFN-y responses (Spearman’s
p=0.79; 95% CI1=0.71-0.85, p<0.0001) (see Supplementary Figure 3.2). All the above
correlations were statistically significant and had large effect sizes, suggesting that both DIVA
and tuberculin antigens used either in skin or IGRA induce similar immunological responses

in bTB-infected animals (Figure 3.4).
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Figure 3.4. Correlation between OD450 nm levels of IFN-y and skin test responses a)
Between the DIVA skin and CCT skin tests. b) Between the DIVA skin and SIT skin tests. C)
Between the DIVA IGRA and bovine minus avian tuberculin IFN-y tests. d) Between the
DIVA IGRA and bovine tuberculin IFN-y tests. The solid-colored circles represent individual
animals with treatment and visible lesions status combinations. The dashed vertical and
horizontal lines at 0.1 are the cut-offs used for tuberculin and DIVA IGRA IFN-y responses.
The dashed vertical and horizontal lines at 4 and 2 are the cut-offs used for the skin thickness

in the SIT/CCT and DIV A skin test responses, respectively.
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Overlapping and distinct responses to multiple skin and IGRA test antigens

All the three tests: DIVA IGRA, DIVA skin and CCT tests are concordant on 69% (88/127) of
all tested animals at the end of the exposure period (Figure 3.5 and Supplementary Table 3.3).
The BCG-vaccinated animals had concordant outcomes for 74% (46/62) of animals using the
DIVA IGRA and CCT skin tests. The CCT tuberculin skin and DIVA skin tests showed
concordant test responses in 86% (56/65) of controls and 82% (51/62) vaccinated animals.
Between the DIVA IGRA and DIVA skin tests, a similar concordance of 86% (56/65) was
observed in unvaccinated controls while 79% (49/62) was seen in BCG vaccinated cattle
(Figure 3.5 and Supplementary Table 3.3). The bovine minus avian tuberculin IGRA and DIVA
IGRA test results are concordant in 71% (46/65) of controls and in 63% (39/62) of vaccinated
animals (Supplementary Figure 3.3 and Table 3.4). Diagnostic status based on the DIVA IFN-
v and DIVA skin test formats showed substantial agreement, with observed agreement on 83%
of the cases and a kappa value of 0.645 (95% CI=0.51, 0.78), suggesting a level of concordance
beyond that expected by chance. The bovine tuberculin and bovine minus avian tuberculin
IGRA tests and bovine tuberculin skin test (SIT) are concordant on 70% (89/127) of the
animals. In the unvaccinated control group, animals that tested positive for all test antigens
except for bovine tuberculin IGRA were positive in postmortem tests (lesions, culture, or PCR).
However, the bovine tuberculin IGRA test showed positive results in all postmortem test-
negative unvaccinated and BCG-vaccinated animals. In BCG-vaccinated cattle, the DIVA skin
test, DIVA IGRA test, and bovine minus avian tuberculin IGRA each tested positive in one
postmortem test negative animal. Additionally, the bovine tuberculin skin test was positive in

two postmortem test negative cattle.
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Figure 3.5. Venn diagram comparing the number of cattle positives for postmortem visible
lesions, culture or M. bovis PCR (PM) with the number of (a) unvaccinated control and (b)
vaccinated cattle tested positive on the DIVA IGRA (DIVA.lg), CCT or DIVA skin test
(DIVA.Sk) (¢) unvaccinated and (d) vaccinated cattle tested positive on the SIT skin test, PPD-
B or PPD (B-A) IGRA tests. All numbers within the purple circle represent animals that tested
positive in the postmortem test (62 unvaccinated and 57 BCG vaccinated). All numbers outside
the purple circle represent animals that tested negative in the postmortem test (3 unvaccinated

controls and 5 BCG vaccinated).

3.5 Discussion

Incorporating BCG vaccination into control strategies has the potential to offer a cost-effective
and sustainable method of controlling bTB in regions where the "test and cull" strategy might
not be feasible or persistent wildlife reservoirs pose challenges. Studies show that BCG
vaccination reduces bTB pathology and transmission in cattle "**!°. BCG, the most widely used

vaccine against human tuberculosis is approved for some wildlife species such as the Eurasian
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badger '**. However, deployment of BCG vaccination to control bTB in cattle requires
validation of a diagnostic assay with reliable sensitivity, specificity, and DIVA capability.

This study evaluated immune responses to tuberculin and DIVA peptide cocktails (ESAT-6,
CFP10, and Rv3615c¢) in IFN-y and skin tests in 67 BCG-vaccinated and 67 unvaccinated
controls prior to exposure and in 65 unvaccinated and 62 BCG-vaccinated cattle after one year
of exposure to natural infection. Eight weeks post BCG, all DIVA skin and IGRA tests as well
as all tuberculin skin tests demonstrated 100% specificity in the unvaccinated control calves.
In vaccinated calves, DIVA IGRA and skin tests had specificities of 98.5% and 94.0%,
respectively. All DIVA skin and IGRA test positive calves at preexposure were BCG-vaccinated
that showed responses close to the marginal cutoff values in their respective tests. However,
upon retesting at the 4th and 2nd month post-exposure, respectively, they tested negative in
these same tests except one. This suggests that the initial marginally positive test responses
before exposure were likely false positives. This aligns with previously reported lower
proportions of positive DIVA IFN-y responses in BCG-vaccinated calves 2* and positive DIVA
skin test responses in Gudair-vaccinated calves **. However, it is difficult to explain why such
erratic positive responses to DVIA antigens in both skin and IGRA tests occur in vaccinated

calves.

In contrast to DIVA, tuberculin antigens elicited significantly higher skin and IFN-y responses
eight-weeks post-BCG in vaccinated cattle. This elevated pre-exposure response is as expected
given that the DIVA antigens were selected specifically not to elicit an immune response in
BCG vaccinates in contrast to tuberculin that contains a broader range of antigens that can
cross-react with BCG. Several previous studies have also reported a higher skin thickness

12,13,17,39,40 and

response to tuberculin than to DIVA antigens in infected cattle with lesions
greater IFN-y response to tuberculin compared to ESAT-6 in M. bovis culture-positive cattle
than in M. bovis culture-negative animals ***!. A positive bovine minus avian as well as bovine
tuberculin IFN-y response was also observed in unvaccinated control calves at eight-weeks
post BCG and in vaccinated cattle without visible lesions at the end of exposure. Positive
tuberculin IFN-y response in unvaccinated control at preexposure may have been due to
nonspecific immune response to environmental mycobacterial exposure. The IFN-y responses
biased towards avian tuberculin, suggest sensitization to environmental mycobacteria. This
further suggests that the tuberculin antigens lack specificity in regions where animals are

possibly exposed to environmental mycobacteria, leading to immune sensitization. The

observed nonspecific positive IFN-y test response to tuberculin in unvaccinated and
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noninfected control cattle in the current is consistent with previous reports '>'°. Young cattle
are reported to have more NK cells and exhibit nonspecific IFN-y production in as much as
one-third of the calves ***}. A strong avian tuberculin-biased response has also been reported

in Gudair-vaccinated and noninfected control cattle *°.

The DIVA skin and IFN-y responses were significantly lower than those of tuberculin; however,
DIVA tests performed comparably to the comparative cervical test (CCT). These three tests
showed less than 50% sensitivity in cattle that were confirmed positive for M. bovis in culture
PCR or through the presence of lesions indicative of possible infection. In contrast, the bovine
and bovine minus avian tuberculin IGRA tests, as well as the SIT skin test, showed significantly
higher sensitivities of about 60% and above in the same groups compared to the CCT, DIVA
skin, and DIVA IGRA tests. However, these tests are less specific in unvaccinated controls
exposed to environmental mycobacteria and BCG-vaccinated cattle. More than 20% of animals
with a positive immune response to all skin and IGRA tests, indicating possible infection, were
M. bovis culture PCR-negative. This suggests a lack of sensitivity in mycobacterial culture for
detecting potentially infected cattle. Three controls and five vaccinates (100%) of claves that
tested negative in all postmortem tests (bTB lesions, culture, or PCR) also tested positive in
the bovine tuberculin minus nil IGRA test (Figure 3.5). This demonstrates the lack of specificity
of the bovine tuberculin in the IGRA test. This lack of specificity could be due to environmental
mycobacterial exposure or the effect of BCG, which suggests that using the IGRA bovine
tuberculin alone in areas with a high likelihood of exposure to environmental mycobacteria is

inappropriate.

Previous research reported DIVA skin and IGRA test sensitivities higher than 63% in
experimentally and naturally infected tuberculous cattle '**. Several factors, including
regional differences related to herd size, breed, age, stage of disease, repeated tuberculin skin
testing, the prevalence of environmental mycobacteria, helminth infections, and pathogens
other than mycobacteria causing granulomas, might have contributed to the variations and
lower relative sensitivity observed in our study. Repeated tuberculin skin tests have been
reported to cause skin desensitization in naturally infected cattle, leading to a lower overall
sensitivity ***. We also noticed a decrease in the amplitude of the skin test response in the
terminal test conducted for the fourth repeated time (see Supplementary Figure 3.2). Despite
regular deworming, 22% of our study animals had an active liver fluke infection with a lower

mean total lesion score compared to animals without active fasciolosis postmortem, suggesting
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a negative effect of active fasciolosis on lesion severity (p = 0.07). A reduced magnitude of
skin response to tuberculin has been reported in cattle co-infected with tuberculosis and liver
flukes #°. In a study conducted in Ireland, animals with fewer than 3.6 lesions at slaughter

exhibited no reaction to the tuberculin skin test #7.

Our study found a strong significant correlation between the DIVA peptide cocktail and
tuberculin antigen responses in skin fold thickness increase and AOD450 nm values of IFN-y
responses. This finding agrees with the previously reported high correlation between DIVA-
and tuberculin-induced skinfold thickness and IFN-y OD450 nm *!**, Although the correlation
does not indicate accuracy, a significant correlation between the immune responses elicited by
DIVA and tuberculin antigens in the skin and IGRA tests suggests that both may measure the
same underlying condition. The DIVA skin or DIVA IFN-y tests used in combination with CCT
yielded concordant test outcomes in approximately three-quarters or more of the same
individual controls and vaccinated animals. The similar responses to these three tests,
regardless of vaccination status, further suggest that the tests are consistent across different
treatment groups and have comparable performances in measuring similar underlying disease

status.

The limitations of this study include the use of diagnostic data collected to evaluate the efficacy
of BCG through a natural transmission experiment '°, that was not specifically designed for
diagnostic test evaluation. Although Bayesian Latent Class Analysis is recommended for
evaluating measures of diagnostic performance when a gold standard is not available, we used
culture PCR test status as a reference standard to calculate the relative sensitivity. However,
convergence of the standard Walter-Hui model for latent class analysis of diagnostic tests
depends on having a set of at least two diagnostic test results for individuals from two
populations with distinct prevalence. This latter requirement is not met for our data, limiting

the value and reliability of these methods in this context.

The sensitivities of all the tests are not significantly different when using M. bovis culture PCR
test status as a reference standard compared to using combinations of visible lesions and M.
bovis culture PCR status as a reference (Table 3.3, Supplementary Table 3.3 and Table 3.5,
Supplementary Figure 3.4). This suggests that the performance of these tests in detecting
positive cases remains consistent, regardless of whether the reference standard is culture PCR

or a combination of visible lesions and culture PCR test results. However, both tests are
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imperfect to be considered as a true gold standard since lesions are nonspecific and culture,
though considered the gold standard, has less sensitive. Test sensitivity can vary depending on
different epidemiological contexts influenced by breed, immunological status, co-infections,
and regional strain differences. Therefore, the relative sensitivity of the tests reported in this
study may not accurately reflect the performance of the tests in the field under varying

epidemiological conditions.

Overall, our results confirm that DIVA antigens can be used to detect tuberculosis infection in
BCG-vaccinated cattle with high specificity and sensitivity comparable to that of CCT. Thus,
the DIVA antigens used in both IGRA and skin tests hold a promise for practical
implementation alongside BCG vaccination. This approach is particularly relevant in areas
where the test-and-slaughter strategy is not economically feasible and there is no alternative

implementable bTB control option in resource-poor countries such as Ethiopia.

In general, these findings underscore the low sensitivity of the current antemortem bTB
diagnostic tests and the need for more sensitive diagnostic tests, which are crucial for effective
bTB control. In a population with a high prevalence of bTB, a test and slaughter strategy using
low sensitivity tests is not expected to be effective in controlling the disease. Both the mean,
and median bTB prevalence exceed 30%, in large and medium-sized herds in Central Ethiopia®.
When a high prevalence of bTB is observed within a herd in some high-income countries, all
animals in the infected herd are culled. In countries with lower bTB prevalence and more
financial resources, total culling may be feasible and effective in eradicating the disease.
However, in Ethiopia, the combination of high bTB prevalence, economic limitations, and
logistical constraints makes total culling impractical. Culling the entire herd presents several
significant challenges including difficulties in obtaining replacement herds, farmers' reluctance
to cull high milk-producing cows, and financial constraints associated with compensating for
the loss of numerous dairy cattle. Given these challenges, vaccination presents a more viable
and economically feasible alternative to total culling. The deployment of BCG vaccination for

bTB control requires highly specificic and sensitive DIVA diagnostics.

Therefore, important alternative measures to prevent the transmission and spread of the disease
include BCG vaccination of newborn calves and testing replacement livestock using WOAH
recommended standard bTB diagnostics before purchasing. Farmers are also more likely to

accept and participate in vaccination programs than culling programs.
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4.1 Abstract

Background: Bovine tuberculosis (bTB) is a chronic disease caused by members of the
Mycobacterium tuberculosis complex (MTBC) that ultimately leads to the development of
progressive granulomatous lesions. Although the disease is widespread, especially in crossbred
cattle in Ethiopia, routine investigations and surveillance are lacking. Thus, the aim of this
study was to determine the prevalence, associated risk factors, and species of mycobacteria
causing bTB in slaughtered cattle at four slaughterhouses in Central Ethiopia.

Methods: Postmortem examination of 7,640 cattle was conducted using a cross-sectional
slaughterhouse survey. A total of 388 tuberculous-like lesions (TBLs) were collected from 173
animals and cultured. Six target genes were used to differentiate mycobacterial species using
multiplex qPCR (m-qPCR). Multivariate logistic regression analyses and related odds ratios
(ORs) were used to gauge the strength of the associations between risk factors, TBL incidence
and culture growth.

Results: The prevalence of TBL was 2.3% (95% CI = 2.0-2.6). Logistic regression analysis
indicated an increased risk of TBL in crossbred cattle (OR = 11.8, 95% CI: 6.4, 21.2, p<0.001).
Animals slaughtered at Adama (OR = 3.2, 95% CI: 1.2, 7.3, p= 0.009) or Burayu (OR = 5.8,
95% CI: 3.9, 8.9, p<0.001) had a greater occurrence of TBL than those slaughtered at Sululta.
There were significantly more TBL-positive lesions in the lungs and lymph nodes related to
the lung (OR =7.1; 95% CI: 2.7, 24.5, p<0.001) and the head lymph node (OR= 5.6; 95% CI:
1.8, 21.7; p=0.006) compared to gut associated lymph nodes. Among the 173 TBL-positive
animals, 36% (95% CI = 28.8, 43.2), and among the 388 TBL-positive tissues, 24.2% (95% CI
=20, 29) were culture and m-qPCR positive. All the culture-generated isolates were positive
for M. bovis in m-qPCR. Among them, two animals had mixed infections including one zebu
cattle tested positive for both M. caprae and M. bovis, and a crossbred cow tested positive for
both M. tuberculosis and M. bovis in m-qPCR. This suggests persistent transmission within the
cattle population, posing a substantial public health threat.

Conclusion: This study revealed an eleven-fold greater risk of bTB-related lesions in crossbred
cattle compared to local zebu cattle. This finding highlights the necessity for targeted
interventions, continuous vigilance, and thorough carcass inspection to mitigate public health

risks.

Keywords: Bovine tuberculosis; slaughterhouse; tuberculous-like lesions;, Mycobacterium

tuberculosis complex; cattle
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4.2 Introduction

Bovine tuberculosis (bTB) is a chronic cattle disease that negatively impacts productivity and
poses serious threats to public health and the livestock economy. It is caused by members of
the Mycobacterium tuberculosis complex (MTBC) that contains M. bovis, M. caprae, M.
tuberculosis, M. africanum, M. bovis bacillus Calmette-Guérin (BCG), M. microti, M. suricate,
M. pinnipedii, M. orygis, M. mungi, M. canettii and Dassie Bacillus [1]. Although MTBC
member species are host-adapted to certain species, investigations have demonstrated that each
MTBC subspecies can be transmitted from one reservoir host to another and cause tuberculosis

in humans as well as in multiple domestic and wildlife animal species [2].

Ethiopia is estimated to have a cattle population of 66 million, and families are dependent on
cattle for food and income [3]. bTB is a disease of economic significance which is endemic
within the cattle population of Ethiopia [4]. The zoonotic potential of the MTBC has been
demonstrated by documentation of M. bovis infections in humans [5—7] and identification of
the human adapted M. tuberculosis strains in cattle [8—10], pigs [11], camels [12], sheep and
goats [13, 14]. There is no national control strategy for bTB and infected animals are neither
culled nor restricted from movement. The occurrence of both M. tuberculosis and M. bovis
infection in humans and livestock populations in Ethiopia highlights the potential threat to both

livestock production and human health.

Several investigators have developed and validated multiplex qPCR methodologies targeting
variable genomic regions affected by insertions, deletions, and single nucleotide polymorphism
(SNP) events within the MTBC, allowing for species-level identification of the group [15-18].
The insertion element IS1081 was shown to be exclusively present in the MTBC in 6 copies
and consequently was validated and employed to differentiate MTBC from nontuberculous
mycobacteria (NTM) [16, 19]. A region of difference (RD7) present in M. tuberculosis but
deleted in M. bovis, M. bovis BCG, M. orygis, and M. caprae strains was found to be a useful
genetic marker for the collective identification of human-adapted M. tuberculosis lineages [1].
The deletion of the Rv1510 gene internal to RD4 is absent from all M. bovis and M. bovis BCG
strains but is present in other MTBC strains and was demonstrated to be a specific genotypic
marker of M. bovis and M. bovis BCG strains [1, 19]. A single nucleotide polymorphism (SNP)
with a characteristic C-to-T replacement at the 690 bp position of the lepA gene is M. caprae

specific and was validated as a specific target for M. caprae detection [18, 20]. A specific single
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nucleotide polymorphism (SNP) with a G to C substitution at position 698 in the Rv0444c gene
was also identified and validated as a specific diagnostic target for M. orygis [15, 21].

Detection of tuberculous lesions at slaughter is a cost-effective method of passive surveillance
for bTB enabling monitoring of progress towards elimination or reduction of zoonotic TB. As
well as enabling epidemiological surveillance, slaughterhouse inspection of animals destined
for consumption is critical for removing animals with bTB from the food supply chain and
reducing the risk of zoonotic transmission. Although there have been several slaughterhouse
surveys of bTB in Ethiopia, most studies conducted in central Ethiopia are over a decade old
and the sample sizes were small often involving a single slaughterhouse (Supplementary Table
4.1). The diversity of the MTBC species associated with bTB is not also well understood. Thus,
our research addresses these important gaps in the current literature and provides much-needed
current data on bTB prevalence, which is crucial given potential changes in cattle management
practices and disease control efforts over time. The current study is distinguished by its
comprehensive sampling strategy, examining a large sample size of 7,640 cattle across four
slaughterhouses in central Ethiopia. This broad approach offers a more representative picture
of the current bTB situation in the region. Furthermore, unlike many previous studies that relied
solely on gross pathology, our research combines detailed meat inspection with culture and
multiplex qPCR for species identification, providing more accurate and detailed information
on the causative agents of bTB in central Ethiopia. Our study explored bTB prevalence in
slaughtered crossbred cattle, which are increasingly important in Ethiopia's developing dairy
sector but potentially more susceptible to bTB, thereby providing important insights into the

risks associated with the ongoing intensification of dairy production in the country.

4.3 Materials and Methods

4.3.1 Study areas

This was a cross-sectional study conducted at four slaughterhouses—Adama, Burayu, Bishoftu
(Elfora), and Sululta—from May 2018 to March 2020. The slaughterhouses were selected
purposefully based on ease of access and willingness to participate in the study. Although the
slaughterhouses in our study were purposefully selected, they are similar to the broader
slaughterhouses in central Ethiopia in key aspects. Specifically, the slaughterhouses in our
study primarily handle old Zebu oxen culled from draught power, just like most central

Ethiopian slaughterhouses. Furthermore, most animals processed in central Ethiopian
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slaughterhouses come from similar livestock supply markets [22]. This close resemblance in
the type of animals and sources implies representativeness to other slaughterhouses in central
Ethiopia. Sululta and Burayu slaughterhouses are two of the five domestic slaughterhouses that
supply cattle meat to Addis Ababa. Sululta slaughterhouses has an annual slaughter capacity of
34,000 heads of cattle, whilst Burayu slaughterhouses slaughters up to 13,000 cattle each year
accounting for 13% of beef supply to Addis Ababa [22]. The Adama slaughterhouse processes
an average of 200 to 300 heads of cattle per day, totaling around 55,000 to 80,000 cattle
annually [23]. The locations of the slaughterhouses are displayed in Figure 4.1. Adama is a
zonal town of Eastern Shoa in the Regional State of Oromia, Central Ethiopia, situated 100 km
southeast of Addis Ababa along the road that connects the capital with Dire Dawa and
the seaports of Djibouti. Bishoftu is a town of Ada’a district in the East Shoa Zone of the
Oromia Region State in central Ethiopia, which is located 48 kilometers from Addis Ababa in
the southeast direction. Burayu is a district town in the Oromia Region located 15 km west and

directly adjacent to the capital Addis Ababa. Sululta is a district town located 26 km north of

Addis Ababa.
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Figure 4.1: Locations of the study slaughterhouses produced and marked using the leaflet
package in R: Left) Study locations are indicated by blue ballons within the circle. Right) Study

areas zoomed with expanded view.

4.3.2 Study animals

The study animals were cattle that were slaughtered at the four slaughterhouses and

consequently subjected to routine meat inspection. Animals slaughtered at Adama, Burayu, and
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Bishoftu (Elfora) were all male Zebu cattle, whereas at Sululta crossbred and zebu cattle as
well as males and females were included. Sululta is located in the North Shoa zone, which has
the highest population of B. indicus and B. taurus crossbred dairy cows desired for increased
milk production and reared under intensive farming systems supplemented with commercial
concentrated feed [24]. Zebu cattle are indeed primarily raised under extensive farming systems
across most parts of Ethiopia, especially in lowland and mid-altitude areas, where they graze
on natural pastures primarily relying on available grazing lands with minimal inputs. However,
some Zebu cattle, particularly those destined for meat markets in and around urban population
centers, may undergo 3-4 months of intensive fattening before slaughter. This extensive
management of Zebu cattle contrasts with the more intensive systems used for crossbred cattle
more typically associated with dairy production as also noted above. Cattle slaughtered for
meat consumption at all slaughterhouses included in the current study, came from various parts
of the country including Sheger, Wollo, Menize, Gonder, Jimma, Assela, Adama, Jiru, Woliata,
Borena, Wollega, Sidama, and Harar [22, 25]. The source of the cattle cannot be traced back
since routine documentation is uncommon, and animals are sold at multiple markets before

slaughter.

4.3.3 Postmortem examination (PM) and sample collection

Postmortem examinations were conducted at the Adama, Burayu, Bishoftu (Elfora), and
Sululta slaughterhouses by trained and experienced meat inspectors. Before beginning sample
collection, the meat inspectors were also given additional refresher training from an
experienced researcher on the diagnosis and detection of bTB-suggestive lesions. In each
animal, all lung lobes and the mandibular, parotid, retropharyngeal, mediastinal, bronchial,
hepatic, and mesenteric lymph nodes were thoroughly inspected and evaluated for the presence
of one or more distinct spots of typical "tuberculous" granulomas characterized by abscess,
caseous, and calcified lesions (Figure 4.2). The examination also included other relevant
organs, such as the spleen, liver, kidneys, and related lymph nodes. Each lobe of the lung was
compressed and palpated for granulomatous tuberculosis lesions deep within the parenchyma.
To help identify the status of bTB, lymph nodes of the head, the lung, the GIT and others such
as prescapular, prefemoral and mammary lymph nodes were cut into 1-2 cm thick slices and
carefully examined. Then, all the lymph nodes or tissues with visible tuberculosis lesions
(TBLs) were sampled from each TBL-positive animal and were collected in 50 mL sterile

Falcon tubes containing 10 mL of 0.9% saline solution. The samples were transported to the
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Microbiology Laboratory of the Aklilu Lemma Institute of Pathobiology of Addis Ababa
University (ALPB-AAU) while the cold chain was kept using icebox at 4°Cand in the

laboratory, stored at -20°C until processing. Bacterial culture and isolation were performed at

the same laboratory.

Figure 4.2: Different types of bTB lesions observed. A) A light yellow, dry caseous lesion in
the left bronchial lymph node; B) A white thick creamy caseous lesion within enlarged caudal
mediastinal lymph node; C) Cavitary tuberculous lesions with white creamy caseous abscess
in the lung lobe D) Generalized case of miliary bTB numerous circumscribed raised lesions
covering the whole peritoneum diaphragm and spleen, E) The same miliary bTB case with
numerous yellowish small tuberculous lesions on parietal pleural surface of the rib cage.
Similar several small yellowish lesions embedded within the sub-vertebral and rib cage

muscles (insert). F) Complete disposal of the whole carcass of the same case by burning.

4.3.4 Mycobacterial culture from tissues

For mycobacterial isolation, the collected lymph node, lung, or other tissue specimens were cut
into thin slices with sterile blades and homogenized with a sterile mortar and pestle and/or a

stomacher. Then, an equal volume of 4% NaOH (sodium hydroxide) was added to
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decontaminate the homogenate and continuously agitated with slow horizontal and vertical
motions for 15 minutes to ensure thorough mixing and decontamination. Next, PBS is added
to fill the tubes to 15 ml capacity and centrifuged at 1,106 g for 15 min. After discarding the
supernatant, a drop of phenol red indicator was added to the sediment until it became red. Then,
2N HCL (hydrogen chloride) was added dropwise to neutralize the sediment. The change in
the color of the solution from purple to yellow confirmed neutralization. Thereafter, 0.1 ml of
the suspension from each sample was spread onto replicate slants of Lowenstein—Jensen (LJ)
media supplemented with sodium pyruvate or glycerol (Sigma Aldrich, Co, St. Louis, USA).
Cultures were then incubated at 37°C under aerobic conditions for up to 8 weeks. The culture
tubes were observed weekly for growth of mycobacterial colonies. Cultures that did not exhibit
growth on the slants after 8th week were considered to be negative. Culture-positive isolates
were stained with Ziehl-Neelsen (ZN). The presence of acid-fast bacilli (AFB) in the colony

smears confirmed culture-positive cases.

All culturing work was conducted in a biosafety level 3 (BSL-3) bacteriology laboratory of the
Aklilu Lemma Institute of Pathobiology at Addis Ababa University (ALPB-AAU). The
laboratory is specifically designed to ensure the safety of laboratory personnel and prevent
potential exposure to pathogenic mycobacteria. It is equipped with specialized safety features,
including ventilation systems that maintain negative pressure and HEPA filters that filter the
air to prevent the release of airborne pathogens. To minimize the risk of inhalation or contact
with infectious mycobacteria, all personnel working in the laboratory wear personal protective
equipment (PPE) including gowns, N95 respirators, and gloves. Tissue homogenization,
culturing, and the opening of culture slant tubes are performed within biosafety level 3 safety
cabinets, which provide a sterile and contained environment. Rigorous decontamination
protocols are followed for all equipment and surfaces using chemical disinfectants, and waste

materials are autoclaved to ensure complete sterilization.

4.3.5 DNA extraction

Using a sterile loop, a loopful of cells was transferred from acid-fast bacilli (AFB)-positive LJ
medium to Eppendorf tubes containing 300 ul of TE buffer (10 mM Tris—HCI [pH 8.0], 1 mM
ethylenediaminetetraacetic acid [EDTA], pH 8.0) and killed by incubation at 85°C for 60

minutes on a heating block. After cell inactivation, the suspension was washed with PBS, and
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DNA was extracted using the CTAB-chloroform technique as described in a previous study

[26].

4.3.6 Detection and speciation of MTBC by mRT-PCR

The target genes used in the current multiplex qPCR assay were tested and validated in previous
studies [15, 16, 18, 21]. The DNA was amplified by two-step real-time multiplex qPCR at AHI
(Animal Health Institute), Sebeta, Ethiopia. In the first step of the multiplex qPCR cycle, three
primer-probe sets were used.1) A 100 bp IS1081 insertion sequence found in all MTBC species
was used to identify all MTBCs. 2) Deletion of yrbE3A was used to collectively identify
animal-adapted MTBC species, including M. caprae, M. bovis, and M. orygis. 3) The 'RD7'
deletion in the mce3D gene was used to collectively identify human-adapted M. tuberculosis
lineages (1-6). In the second step of the multiplex qPCR cycle, another three primer sets were
used. 1) The intergenic RD4 gene deletion was used to detect M. bovis specifically; 2) a single
nucleotide polymorphism (SNP) in the lepA (Rv2404c) gene was used to specifically identify
M. caprae; and 3) a single nucleotide polymorphism (SNP) in the rskA gene was used to
specifically detect M. orygis. The details of all primer and probe sets used in the first and second
RT-PCR steps are presented in Supplementary Table 4.2.

DNA amplification was performed in a final volume of 20 uL of reaction mixture. The reaction
mixture consisted of 10 uL of master mix for primer gene expression with ROX dye, 0.5
microliter (uL) of each primer, 5 uL. of DNA template, and 3.5 uL of nuclease-free water.
Amplification was performed on a QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). The
thermocycler protocol included one cycle of 3 minutes at 95°C for activation of the polymerase,
40 cycles of 15 sec at 95°C for denaturation, and 40 cycles of 60 sec each at 63°C for
annealing/extension. The sample was classified as PCR positive if the machine returned a Ct

value less than 40 for all primer—probe combinations.

4.3.7 Positive case definition for MTBC infection

In our study, an animal or sample was considered "positive" for MTBC infection when it tested

positive by both culture and m-qPCR.
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4.3.8 Statistical analysis

At the slaughterhouses, identifiers of each examined animal, such as identification number,
date of examination, breed, sex, organ with lesion, and others, were recorded on a hardcopy
form. The data were then transcribed to Microsoft Excel 2010. The data in Excel were imported
to R software version 4.3.2 [27]. We developed three logistic regression models to assess the
probability of animals demonstrating visible TB lesions (TBL) (Table 4.1) and the probability
of M. bovis being cultured per animal (Table 4.3) and per tissue sample (Table 4.4). To this end
we built three multivariate logistic regression models corresponding to these response
variables, fitted using the glm function from the base stats package (with the default log link
function) and the same model building strategy. First, we carried out a univariable screen on
the collected risk factors (slaughterhouse, breed, sex and for the final model body region of the
sampled tissue) with a generous inclusion threshold. All variables below this threshold (p <
0.1) were considered for inclusion in multivariate models. We then carried out a stepwise
variable selection (forwards and backwards) based on the Akaike Information Criterion (AIC).
As only one lesioned animal was collected from the Bishoftu (Elfora) slaughterhouse (that was
culture negative) samples from this animal were excluded from the two models for the
probability of culture (Table 4.3, Table 4.4) to avoid overfitting. Summary measures were
calculated and tabulated using the ‘gtsummary’ package version 1.7.2 [28]. The odds ratio (OR)
of the reference groups (Ref.) in our logistic regression analysis is 1, the default used as a
baseline against which an increase or decrease in the odds of bTB occurring is measured
relative to the other group/s. The OR greater than 1 indicates increased odds, an OR less than
1 indicates decreased odds, and an OR of 1 indicates no difference (or change) in odds of the
bTB occurring relative to the reference group. A map indicating the locations of slaughterhouse
towns was generated and annotated using the leaflet R package version 2.2.2 [29]. Values of

P<0.05 and 95% CIs were considered statistically significant.

4.3.9 Ethical approval

Ethical approval was obtained from the Aklilu Lemma Institute of Pathobiology, Addis Ababa
University, Institutional Research Ethics and Review Committee, Minute’s Reference No.:
ALIPB IRB/001/2017/2018, The experiment was conducted according to the Technical
Guideline for National Research Ethics Review, ensuring compliance with the guidelines [30].

Additionally, the study adhered to and reported following the ARRIVE guidelines 2.0.
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4.4 Results

Prevalence of tuberculous lesions and associated risk factors

A total of 7,640 animals were evaluated, and characteristic tuberculous-like lesions were
observed in 173 animals, with an overall lesion prevalence of 2.3% (95% CI: 2.0, 2.6). The
prevalence of TB lesions varied by breed, sex, and slaughterhouse. The prevalence of lesions
was significantly greater in crossbred cattle compared to local zebu cattle and in Burayu and
Adama slaughterhouses than in Sululta (Table 4.1). Multivariable logistic regression revealed
that females had a lower risk of TBL lesions, with an odds ratio of 0.42 (95% CI: 0.24 to 0.76),
while crosses had a greater risk, with an odds ratio of 11.8 (95% CI: 6.4, 21.2). When compared
to cattle slaughtered at the Sululta slaughterhouse used as reference, those slaughtered at the
Adama and Burayu slaughterhouses showed significantly higher probabilities of having TBL
lesions, with odds ratios of 3.2 (95% CI, 1.2-7.3) and 5.8 (95% CI, 3.9-8.9), respectively (Table
4.1).
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Table 4.1: Estimated risk factors from univariate and multivariate logistic regression models for the risk of TBL in cattle examined at four

slaughterhouses in central Ethiopia: Sululta, Burayu, Adama, and Bishoftu (Elfora).

N (%) N (%) Coefficient Univariate Models Multivariate Model
. Examine . 95% estimate 95%CI
Variables d Les_loned Cl2

Animals  A\nimals OR 95%CI pvalue OR 95%CI pvalue

Intercept -48 -52,-45 - - <0.001
Sex

Male 6052 125 (2.1) [1.7,2.5] Ref Ref Ref. Ref. Ref. Ref.
Female 1588 48 (3.0) [2.3,4.0] -0.83 -14,-03 15 11,21 0.023 04 0.2,08 0.003
Breed
Zebu 6287 112(1.8) [1.5,2.1] Ref Ref Ref. Ref. Ref. Ref.
Cross 1353 61(4.5) [3.5,5.8] 2.4 18,30 2.6 19,36 <0001 118 6.4,21.2 <0.001
Slaughterhouses
Sululta 5723 95 (1.7) [1.4,2.0] Ref Ref Ref. Ref. Ref. Ref.
Adama 230 6(2.6) [1.1,5.7] 1.1 02,20 16 0.6,3.4 0.3 32 12,73 0.009
Burayu 1539 71 (4.6) [3.7,5.8] 1.7 13,21 29 2.1,39 <0.001 58 3.9,89 <0.001
Bishoftu 148 1(0.7) [0.01,4] -02  -19,15 0.4 0.0, 1.8 0.4 08 01 39 08
(Elfora)
Total 7640 173 (2.3) [2.0, 2.6] - - - - - - - -

N (%) = number (percent)

OR = odds ratio, CI = confidence interval

*The OR for the reference groups (Ref.) is 1, the baseline against which an increase or decrease relative risk compared to the other groups is

measured
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Distribution of bTB lesions in the carcass

The distribution of lesions suggestive of bTB in the examined organs and lymph nodes is shown
in Table 4.2. Tuberculous lesions were most common in the lungs and lung lymph nodes,
representing 61% (236/388) of all lesions, followed by 18% (71/388) in the head lymph nodes
and 17% (66/388) in the gastrointestinal tract (GIT) lymph nodes, whereas in the other
superficial lymph nodes, including the prescapular, prefemoral and mammary lymph nodes,

TBL was observed in only 4% (15/388) of the total collection of lesions.

Table 4.2: Sampled lymph nodes and tissues with tuberculous-like lesions (TBLs) from the
thoracic cavity, head, GIT, and other superficial body regions of cattle

Body LNs or tissue Number Number (%) Culture* 95% CI
region TBL Positive TBL positive & m-qPCR Positive
Lung tissue 34 13 (38) 23, 56
Lung Tracheobronchial LNs 78 25(32) 22,44
associated Mediastinal LNs 106 35(33) 24,43
Diaphragm 12 3 (25) 7,57
Thoracic wall 6 1(17) 1, 64
Subtotal 236 77 (33) 27,39
Retropharyngeal LNs 29 931 16, 51
Head Mandibular LNs 36 4 (11) 4,27
associated Parotid LNs 6 0 (0) 0, 48
Subtotal 71 13 (18) 10, 30
Hepatic LNs 13 2 (15) 3,46
Mesenteric LNs 48 24 1, 15
GIT Liver tissue 1 0 (0) 0,95
associated Spleen tissue 3 0(0) 0, 69
Pelvic cavity LNs 1 0(0) 0,95
Subtotal 66 4 (6) 2,16
Others Prefemoral LNs 2 0(0) 0, 80
superficial Prescapular LNs 12 0(0 0, 30
Mammary LNs 1 0( 0, 95
Subtotal 15 0(0) 0,24
Total 388 94 (24.2) 20, 29

TBL = Tuberculous-like lesions, GIT = Gastrointestinal tract, LNs = Lymph nodes
Confidence intervals were computed using ‘tbl summary()’ function of ‘gtsummary’ package
by the default, "Wilson" method. *Culture Positive: refers to observed growth of
mycobacterial colonies confirmed by presence of acid-fast bacilli (AFB) in colony smears

stained with ZN
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Culture-positive mycobacterial growth and influencing factors

From the 173 animals, a total of 388 TB lesions were collected. Of the 173 animals with lesions,
63 (36%), and of the 388 lesions sampled, 94 (24.2) were culture and m-qPCR-positive. On a
step-wise forwards and backwards variable selection procedure based on the Akaike
Information Criterion (AIC), slaughterhouse was dropped out of the final selected regression
models for no significant difference among slaughterhouses on culture and m-qPCR
confirmation at both the animal (Table 4.3) and tissue (Table 4.4) levels. A multivariate logistic
regression revealed significantly higher culture and m-qPCR positivity in cross breed cattle OR
of 17.2 (95% CI: 5.1, 79.3, p <0.001), but no significant difference between sexes (Table 4.3).
Tuberculous-like lesions from male and crossbred cattle produced a significantly greater
positive mycobacterial culture and m-qPCR positive test, with an OR of 2.5 (95% CI: 1.1, 5.7,
p=0.031) and 6.2 (95% CI: 2.7, 14.7, p <0.001), than TB-like lesions collected from female
and zebu cattle, respectively. There were significantly more culture and m-qPCR positive
tuberculous lesions in the lungs and lymph nodes of the lungs (OR =7.1; 95% CI: 2.7, 24.5,
<0.001) and head lymph nodes (OR= 5.6; 95% CI: 1.8, 21.7; p=0.006) compared to lymph
nodes of GIT (Table 4.4).
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Table 4.3: Estimated risk factors from univariate and multivariate logistic regression models for the probability of successful culture from

lesions stratified by sex, breed, slaughterhouse and anatomical site of lesion.

Variable Nculture& % (95% CI) culture Univariate Models Multivariate Model
m-qPCR/TBL & m-gPCR positive  Coefficient 950/
. . . . oCl

positive lesioned animals estimate

animals OR 95%ClI pvalue OR 95% CIl pvalue
Intercept 23 0 : - 0001 - - 0001
Sex
Female 29/48 60 (45, 74) Ref Ref Ref Ref
Male 34/125 27 (20, 36) 09 -03,25 02 0105 <0001 26 07122 0.2
Breed
Zebu 22/112 20 (13, 28) Ref. Ref. Ref Ref
Cross 41/61 67 (54, 78) 29 17,44 84 42,174 <0.001 172 51,793 <0.001
N = Number

OR = odds ratio, CI = confidence interval
TBL = Tuberculous-like lesions, GIT = Gastrointestinal tract, LN = Lymph node

*The OR for the reference groups (Ref.) is 1, the baseline against which an increase or decrease relative risk compared to the other groups is
measured
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Table 4.4: Estimated risk factors from multivariate logistic regression models for the probability of successful culture from all TB lesions

stratified by sex, breed, and anatomical site of lesion.

N culture and

% (95% CI)
culture and m-

Univariate Models

Multivariate Model

Variables m-qPCR /TBL .. Coefficient

pogtive tissues l‘::’igfe g(:lssl:ilvees estimate  227°Cl OR  95%CI pvalue OR 95% CI pvalue
Intercept - - 4.2 -538,-2.9 - - <0.001 - - <0.001
Sex
Female 44/132 33 (26,42) Ref Ref  Ref Ref Ref Ref
Male 50/240 21 (16, 26) 09 0.1,1.8 050 03,08 0.005 25 11,57  0.031
Breed
Zebu 34/215 16 (12, 21) Ref Ref  Ref Ref Ref Ref
Cross 60/157 38 (31, 46) 1.8 10,27 335 21,59 <0.001 62 27,147 <0.001
Body region
S:STIJ;NS and 4/66 6 (2, 16) Ref Ref  Ref Ref Ref Ref
E?ﬁi SLNS and 771236 33 (27, 39) 20 10,32 o5 30054 <0001 7.0 27,245  <0.001
Head LNs 13/70 19 (11, 29) 1.7 06,31 35 12,131 0035 56 18,217  0.006
Other 0/15 0 (0,25) 14 -247,-42 0.0 0.0,1,581 >09 0.0 0.0,0.0 >0.9
Total 94/388 24.2 (20, 29)

N = number, % = percent,
OR = odds ratio, CI = confidence interval
TBL = Tuberculous-like lesions, GIT = Gastrointestinal tract, LN = Lymph node
*The OR for the reference groups (Ref.) is 1, the baseline against which an increase or decrease relative risk compared to the other groups is

measured
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Multiplex qPCR

Amplification of IS1081 was detected in all 94 isolates (100%), confirming their identity as MTBC
species. Of the 94 MTBCs confirmed by IS1081, 92 (98%) tested positive for the animal-adapted
MTBC species. Among the four samples that tested positive for M. tuberculosis, three showed late
amplification (Ct >37), which may be a false positive. On the other hand, one culture isolate (1%)
from mediastinal lymph node of a crossbred cow at the Sululta slaughterhouse showed early
amplification (Ct = 25.7) for M. tuberculosis, suggesting a potential true positive case. This isolate
also showed positive amplification for animal MTBC-specific primer-probe sets (Ct = 17.2) and
M. bovis-specific primer-probe sets (Ct = 18.0) (Figure 4.3). In the second stage of the PCR cycle,
all 94 samples (100%) tested positive for M. bovis according to the specific probe set. One culture
isolate (1%) from tracheobronchial lymph node of a local male zebu tested positive for both M.
caprae (Ct =19.4) and M. bovis (Ct = 31.8) (Table 4.5 and Figure 4.3). However, none (0%) of
the isolates tested positive for the M. orygis-specific PCR primer-probe sets.

Table 4.5: Number of positive amplifications of the target species genes in DNA samples

extracted by the CTAB-chloroform method

Number Number Ct values
Target species

detected undetected Median  Mean Range
IS1081 (All MTBC) 94 0 19.6 22.0 14.7,35.7
Animal adapted MTBC 92 2 19.3 214 14.0, 34.6
M. tuberculosis 4% 90 38.6 35.7 25.7,39.9
M. bovis 94 0 20.4 23.0 15.0,37.0
M. caprae 1 93 19.4 19.4 -
M. orygis 0 94 - - -

*Only one had Ct value of 25.7, the other three had Ct values >37, likely to be false positives
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Figure 4.3: Amplification plot showing PCR-positive M. bovis, M. tuberculosis and M. caprae
samples. Upper panel) Amplification plot showing partially selected PCR-positive M. bovis and
single PCR-positive M. caprae samples. Lower panel) A sample with mixed M. bovis and M.
tuberculosis, the plots of first step PCR are shown in the left and second step PCR in the right.
The most abundant target IS1081 and MTC Ani already reached maximum plateau when the M.
tuberculosis target started to rise and cross the cycle threshold probably leading to suppressed

amplification due to early consumption of the nucleotides in the reaction mixture

4.5 Discussion

Bovine tuberculosis remains a significant concern for animal health and public health, particularly
in developing countries with growing livestock industries. In Ethiopia, where crossbreeding
programs are expanding and raw animal product consumption is common, understanding the
prevalence, risk factors, and causative agents of bTB is crucial for developing effective control

strategies. This study aimed to investigate these aspects in cattle slaughtered at four central

116



Ethiopian abattoirs, providing insights into the current status of bTB and its potential implications

for both animal and human health in the region.

This study revealed an overall prevalence of 2.3% (95% CI = 2.0-2.6) for TBL in cattle carcasses
across the four studied slaughterhouses in central Ethiopia. This prevalence aligns with previous
reports from different parts of Ethiopia, including 2.8% from Bahirdar [31], 1.1% from Hawassa
[32], and 1.5% from Addis Ababa [33]. Our findings are also consistent with prevalence ranges
reported in other African countries, such as 0.78 to 1.90% reported in Nigeria [34, 35], 1.8% in
Mali [36], and 0.18 to 0.82% in Cameroon [37], 0.9% (148/16753) in Rwanda [38], and 2.7 in in
Burkina Faso [39]. However, it's important to note that other studies from Ethiopia and sub-
Saharan African countries have reported higher prevalences ranging from 4 - 11% based on lesion
detection [9, 40—49]. This variability in reported prevalence highlights the complexity of bTB

surveillance and the influence of various factors on prevalence estimates.

The prevalence of bTB lesions observed in our study may be influenced by several factors and is
likely a lower bound given the general lack of sensitivity in detecting lesions during routine meat
inspections may lead to underestimation of true prevalence. A meta-analysis indicated that the
sensitivity of TBL detection by necropsy at meat inspection was 46% [50]. Additionally, practical
constraints in abattoir settings, such as uncooperative attitudes of butchers and time constraints on
meat inspectors, may hinder thorough inspections, potentially leading to missed lesions. The
predominance of zebu cattle, which may have lower risks of exposure and susceptibility to bTB
compared to intensively reared exotic breeds, may also contribute to the apparently lower observed
prevalence in settings where zebu cattle predominate [4]. Furthermore, postmortem examination
at slaughterhouses typically reveals only more advanced forms of bTB, likely underestimating the

true prevalence of infection in the cattle population [33, 34, 37, 47].

Hence, to more accurately assess the actual prevalence of bTB, a comprehensive approach would
be beneficial. This could involve conducting ante-mortem skin tests and/or IGRA, followed by
post-mortem examination of test-positive animals. Additionally, direct detection of causative
organisms through PCR, irrespective of the presence or absence of visible lesions, could provide

a more sensitive measure of bTB prevalence. Nonetheless, the 2.3% TBL prevalence we observed
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underscores the persistent presence of bTB in the Ethiopian cattle population and indicates a
continued risk for both animal health and potential zoonotic transmission, particularly given the

common practices of raw meat and milk consumption in the region.

Our study revealed that crossbred cattle had a substantially higher risk of TBL compared to local
zebu cattle (OR = 11.8, 95% CI: 6.4, 21.2, p<0.001). This aligns with previous studies reporting
greater bTB prevalence in Holstein-Friesian and crossbred cattle compared to zebu breeds in
Ethiopia and Uganda [4, 44, 51]. The increased susceptibility of crossbred cattle likely stems from
a combination of genetic factors and intensive management practices associated with dairy

production systems.

In this study, we observed variation in bTB risk across slaughterhouse locations, with animals
slaughtered at the Adama (OR = 3.2, 95% CI: 1.2, 7.3, p= 0.009) and Burayu (OR = 5.8, 95% CI:
3.9, 8.9, p<0.001) having a significantly greater risk of bTB lesions than those at Sululta. This
regional variation is consistent with previous studies [41, 42, 44, 52] and can be attributed to
differences in farming system, breed, age, and contact with wildlife. A meta-analysis of 21 studies
revealed a higher pooled prevalence of bTB lesion (5.1% nationally and 5.0% in central Ethiopian
slaughterhouses) than our findings of 2.3% [4]. The wide range (0.9 to 13.2%) of the reported
prevalences [4] underscores the variability in bTB prevalence and detection sensitivity across
studies. These findings highlight the complex interplay of factors influencing bTB prevalence and

emphasize the need for targeted interventions, particularly in intensive dairy systems.

Tuberculous lesions were predominantly observed in the lungs and lung-associated lymph nodes,
suggesting that the respiratory tract is the primary route of bTB infection for these study animals.
This is consistent with previous studies in Ethiopia and other African countries [32-34, 37, 40,
41, 47, 53], although some studies have reported different patterns of organ involvement [36,

43].

Culture and m-qPCR positivity rates varied across anatomical sites: 33% (77/236) for thoracic
cavity lesions, 18% (13/71) for head region lesions, 6% (4/67) for the gastrointestinal lesions. No

lesions from superficial lymph nodes were culture and m-qPCR positive. The higher culture and
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m-qPCR positivity rate in thoracic lesions suggests that TBLs in this region may have a higher
specificity for bTB, aligning with the understanding that the respiratory route is the primary mode
of infection. Conversely, lower rates in other sites indicate that TBLs in these areas may have lower
specificity for bTB and could be caused by other granuloma-inducing pathogens. These findings
underscore the importance of combining gross pathological examination with bacteriological
culture and/or molecular techniques for definitive bTB diagnosis. They also suggest that
prioritizing thoracic cavity inspection during meat examination could increase bTB detection
efficiency. However, lesions in other anatomical sites shouldn't be disregarded, as they could
represent early or disseminated bTB infections. The predominance of respiratory lesions also has
implications for bTB control strategies, suggesting that measures aimed at reducing close animal
contact, improving ventilation, and implementing appropriate biosecurity measures could be

particularly effective in reducing transmission, especially in intensive farming systems.

Of the 388 TBLs collected, 94 (24.2%) were culture and m-qPCR positive, consistent with some
previous studies [48, 56, 57]. All culture-positive isolates were identified as M. bovis by m-qPCR,
confirming its predominant role in bTB in this region. Based on culture and m-qPCR confirmed
infection, the prevalence of bTB was 0.8% (95% CI: 0.6-1.0) in the current study. We detected two
cases of mixed infections: one zebu cattle with M. caprae and M. bovis, and a crossbred cow with
M. tuberculosis and M. bovis. The detection of M. tuberculosis in a bovine host suggests potential

human-to-animal transmission, consistent with previous reports [8—10, 48].

It is important to note that our study employed m-qPCR on DNA from culture isolates, a method
that offers significant advantages over traditional culture techniques for detecting MTBC lineages
in animal tuberculosis. This approach is important given the expanding understanding of MTBC,
which includes M. bovis, M. orygis, M. caprae, and M. tuberculosis sensu stricto as causative
agents of mammalian tuberculosis [54—56]. Unlike time-consuming traditional methods, m-qPCR
provides rapid (within hours), highly specific and sensitive detection, even with small sample
volumes. It simultaneously identifies multiple MTBC species/lineages, overcoming limitations of
traditional culture methods in distinguishing between MTBC members. The potential adaptation
of m-qPCR for direct testing on clinical specimens could significantly reduce diagnosis time.

Moreover, this technique offers a more comprehensive view of zoonotic tuberculosis (zTB)
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epidemiology, addressing the recent call for more precise identification of zZTB causative agents

[54].

The detection of M. bovis in all culture-positive samples using m-qPCR confirms the ongoing
presence of bTB in cattle, presenting a persistent zoonotic risk. This risk is amplified by the
common practice of consuming raw meat and unpasteurized milk in Ethiopia. The identification
of M. tuberculosis in a bovine host highlights the complex, bidirectional nature of tuberculosis
transmission in settings with close human-animal contact. The higher prevalence of bTB in
crossbred cattle is particularly concerning as Ethiopia's dairy industry grows, potentially increasing
human exposure to bTB. The predominance of respiratory tract lesions indicates that aerosol
transmission is the main route of bTB spread, emphasizing the risk for individuals in close contact

with infected animals.

These findings underscore the necessity for a One Health approach to tuberculosis control in
Ethiopia, involving integrated human and animal health surveillance, improved food safety
measures, and public education about the risks of consuming raw animal products. Enhanced
surveillance, improved diagnostics, and coordinated control efforts across human and animal
health sectors are crucial to effectively mitigate the public health risks associated with bTB bovine

tuberculosis.

One of the limitations of our study is related to the culturing procedure. Our study's culture
recovery rate of 24.2% from TBL-positive specimens might have been influenced by several
methodological factors. These include the potentially harsh decontamination method (4% NaOH
for 15 minutes), lower-than-optimal centrifugation speed (1,106 g), lack of sediment resuspension,
shorter incubation period (8 weeks versus 12-16 weeks in some studies), and sole reliance on
Lowenstein-Jensen medium. These factors may have contributed to lower mycobacterial recovery
rates compared to some other studies [38, 39, 48]. To address these issues, future studies should
consider modifying the current culture procedure to optimize mycobacterial recovery. However,
the use of m-qPCR for species identification provided rapid and specific results, offering
advantages over traditional culture methods in detecting multiple MTBC lineages and identifying

mixed infections.
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Additional study limitations include our inability to trace cattle origin, small sample sizes from
some slaughterhouses, and lack of age data for study animals. These factors limit the
generalizability of our findings to the broader cattle population in the study area and highlight the
challenges in bTB surveillance and underscore the need for standardized, optimized protocols in
mycobacterial detection and identification. Such standardization would enhance the accuracy and
comparability of bTB prevalence data across studies and regions. Despite these limitations, our
study provides valuable insights into bTB prevalence and characteristics in central Ethiopian cattle,

contributing to the broader understanding of this important zoonotic disease in the region.

Conclusions and recommendations

Our study reveals the ongoing challenge of bTB in Central Ethiopia, with a 2.3% prevalence of
tuberculous-like lesions and a higher risk in crossbred cattle. The identification of M. bovis as the
primary causative agent, alongside rare cases of M. tuberculosis and M. caprae, underscores the
complex nature of bTB and its zoonotic potential. These findings highlight the need for enhanced
surveillance and control strategies, particularly in the growing dairy sector. We recommend
implementing more sensitive diagnostic techniques, focusing control efforts on intensive dairy
farms, strengthening public health measures, and adopting a One Health approach that integrates
animal and human TB surveillance and control programs. Future research should explore
transmission dynamics between humans and cattle, evaluate control strategies across different
production systems, and establish long-term, nationwide surveillance to comprehensively address

bTB and risk for zoonotic TB in Ethiopia.
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CHAPTER FIVE: GENERAL DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS

Several studies have demonstrated a substantially higher prevalence of bTB in exotic and crossbred
cattle raised under intensive dairy farming systems around urban and peri-urban regions of
Ethiopia. In central Ethiopia, the animal level prevalence ranges from 25% to 39% while the herd
prevalence exceeds 50% in the intensive dairy herds (Firdessa e al. 2012; Almaw et al. 2021; Tulu
et al. 2021). Nevertheless, the disease remains uncontrolled due to economic constraints and lack
of feasible control strategies. The extensive crossbreeding to expand intensive dairy farming to
meet growing milk demand will further increase the incidence of bTB, signifying an urgent need
for a cost-effective and feasible control strategy. Currently, tuberculin test-and-slaughter alongside
movement restriction are the primary methods employed for bTB control. While these strategies
have led to the elimination or very low prevalence of bTB in many high-income countries, they
are economically infeasible in LMIC, leaving these regions with limited options for disease
control. In addition, wildlife reservoirs made eradication extremely difficult in some regions,
despite the test-and-slaughter approach was introduced and applied for decades. Moreover, WOAH
has discouraged the antimycobacterial treatment of TB in livestock (WOAH, 2024) due to
economic impracticality of long-term treatment with multiple drugs and the risk of resistance to
anti-mycobacterial medications used for human tuberculosis, precluding the treatment and cure of
bTB in livestock and leaving control as the only strategy to deal with bTB. These impeding
limitations call for an alternative control methods implementable in LMICs. The utilization of the
BCG vaccine may constitute a cost-effective approach to bTB control LMICs and regions with

wildlife reservoirs.

Conventional vaccine efficacy evaluations have shown that BCG confers partial protection by
reducing the severity and frequency of pathology (Vordermeier ef al., 2009; Ameni et al., 2010b;
Lopez-Valencia et al., 2010; Ameni et al., 2018; Bayissa et al., 2021), though its overall direct
protective effect against bTB infection is 25% (Srinivasan et al., 2021). The partial protective
effect of BCG is anticipated to decrease the infectiousness of vaccinated animals. However, the
traditional vaccine efficacy evaluations, relied on fixed endpoint outcomes and failed to measure
the indirect effect of the vaccine on disease transmission. As a result, our current knowledge

limited to the variable and low direct effect of BCG along with sensitization to tuberculin, has
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hindered the adoption of the vaccine for bTB control strategy. Understanding this association and
the performance of DIVA diagnostic tests in differentiating infected among vaccinated animals can
have significant implications for reconsidering the use of BCG for bTB control, particularly in
resource-limited settings where test-and-slaughter approaches are economically unfeasible.
However, this has never been evaluated and it remains unclear whether the reduction in disease

severity translates into decreased infectiousness of vaccinated animals.

To address this knowledge gap, we evaluated the impact of BCG vaccination on bTB transmission
using a crossover design in a natural transmission experiment, assessed the long-term impact of
vaccination on bTB transmission among cattle herds using a mechanistic transmission model,
compared tuberculin with defined peptide antigen cocktails (ESAT-6, CFP-10, and Rv3615¢) in
skin and IGRA tests.

Direct and indirect efficacies of BCG vaccine

The results of this study revealed that BCG vaccination significantly reduces the severity of lesions
in vaccinated animals compared to unvaccinated controls. This is reflected on higher indirect effect
of 74% reduction in bTB transmission. This indirect effect exceeded the direct efficacy of 58%
against infections, resulting in an overall efficacy of 89%. This confirms the assumption that
vaccinated animals with less severe lesions are likely to be less infectious (Ameni et al., 2018),
This result provides definitive evidence for partial protection as the mechanism contributing to the
high indirect effects of BCG vaccine. A recent study conducted in Holstein Friesian x Swedish Red
crossbred dairy herd in central Chile reported similar direct BCG vaccine efficacy of 58.5% at 18
month post vaccination using the same antigens (ESAT6/CFP-10 and Rv3615c) in the IGRA test
(Contreras et al., 2023).

The basic reproduction rate (Ro) and the effective reproduction number (R) are concepts used to
understand the transmission of infectious diseases and control strategies in a population. The basic
R is defined as the average number of secondary cases produced by a single infectious individual
introduced into a completely susceptible population. The effective R refers to the average number
of secondary infections caused by a single infected individual in a population where control

measures are implemented. Effective control measures should reduce R below one. In this study,
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the estimated baseline Ro is 3.1, highlighting the high transmission potential of bTB in a susceptible
population in the absence of control strategies. Previous investigations reported 1.34 before control
measures were applied in France (Bouchez-Zacria et al., 2023) and 1.1 (Cox et al., 2005) in the
UK where the long-standing costly test-and- slaughter program is implemented, indicating the

challenges of bTB control in regions where wildlife reservoirs of infection exist.

Our analysis of the pair-wise reproduction number shows that neither direct nor indirect protection
alone is sufficient to prevent transmission, as the posterior densities for Ro overlap with the critical
threshold value of 1. The Ro value falls significantly below 1 only when both sentinel and seeder
animals are vaccinated. This underscores the importance of combined direct and indirect effects
of BCG vaccination for bTB elimination. These results indicate that BCG is more effective at
reducing onward transmission than preventing infection, suggesting its important role in herd
immunity. This indicates that BCG could complement or replace expensive test-and-slaughter
control programs, potentially enabling a cost-effective bTB control strategy, especially in resource-
limited regions where test-and-slaughter approaches are impractical due to economic and
sociocultural constraints. For regions where long-established bTB control through test-and-
slaughter programs is implemented, but wildlife reservoirs make eradication challenging, the high

indirect effect of BCG mitigates concerns about its use due to limited direct protection.

The efficacies in this study were recorded under the highest infectious pressure, where 100% of
infected seeders were housed with susceptible sentinels in a one-to-one ratio. This scenario is
unlikely in many field situations, indicating the possibility of an equal or better efficacy under field
conditions. This assumption is supported by the BCG efficacy reported from New Zealand, where
subcutaneous and oral vaccination with BCG against natural exposure in low-prevalence
environments showed efficacy of 85.7% and 67.4% against detectable TB lesions at the

slaughterhouse and infection by M. bovis, respectively (Nugent et al., 2017, 2018).

Prospects for elimination of bTB by BCG vaccination

In the absence of systematic testing and legislative restriction on trading infected cattle, movement
can facilitate long-distance transmission of bTB. To guide disease control and prevention policies,

stochastic metapopulation model is commonly used to simulate the transmission of infectious
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diseases in heterogeneous cattle populations with interconnected spatial networks to evaluate the
efficacy of interventions. In this research, we developed a stochastic metapopulation transmission
model calibrated using bTB test data from Mekele, Gondar, and Hawassa to project the potential
expansion of bTB in emerging dairy markets over the next 50 years. We compared baseline
scenarios without vaccination with scenarios where animals are protected only by a direct effect
or with the combined direct and indirect effects. The model indicates that baseline scenarios
without vaccination can lead to an endemic animal-level prevalence of approximately 50% in all
the three regions, demonstrating the magnitude of the potential risk posed by unregulated cattle
trading on bTB spread. This slow rate of progression taking the full 50-year span due to the
relatively infrequent cattle trades offers a window of opportunity for vaccination or other
interventions targeted on the cattle movement networks. In contrast to the baseline scenarios,
routine vaccination of all neonatal calves with direct efficacy alone reduces the predicted spread,
but doesn’t bring R below 1, whereas the total vaccine efficacy of 89% prevents the spread and
reduces the population average R to below 1 within a decade. This means bTB elimination can
only be achieved as a result of the combined direct and indirect effects of BCG vaccination in
common with our experimental system, implying that relying on BCG vaccination alone,
elimination. may take decades to achieve requiring a long-term plan and vaccinating multiple

generations of neonatal calves.

Implications for the deployment of BCG in the field

The estimated within herd reproduction ratios (Ro) shows large variability among Ethiopian dairy
herds ranging from 1.3 to 17.3 with a population average of 3.26 (95% Crl:2.7-4.0%). This means
that the reproduction number may not fall below 1 in all settings, indicating the need for integrated
intervention strategies for effective control and elimination in large herds with high prevalence and
Ro above 4.0 (Figure 2.3C). Nevertheless, vaccination could limit the spread and reduce
prevalence in endemic settings, making more rapid measures, such as test-and-slaughter or test-
and-segregate strategies economically viable. The reproduction number of bTB is affected by the
effectiveness of control measures, herd size, animal movement and contact rates between infected
and susceptible animals. Larger herd sizes create more opportunities for disease transmission. A

previous study showed a basic reproduction ratio of 1.5 in a herd of 30 cattle, which rises to 4.9 in
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herds of 400 (Conlan et al., 2012). In large herds with high prevalence, integrating vaccination
with test-and-cull, test-and-segregation, early calf segregation, movement restriction of infected
cattle, and biosecurity may help accelerate bTB control and elimination (Srinivasan et al., 2021;

Lakew et al., 2022, 2024).

Performance of DIVA antigens compared to tuberculin

BCG is commonly used to prevent M. tuberculosis infection in humans, but it is not authorized for
use in livestock. The primary barriers to BCG vaccine use in livestock are incomplete direct
protection and interference with the specificity of tuberculin-based tests (Conlan et al., 2015). A
study indicated that up to 80% of vaccinated but uninfected cattle tested positive six months after
vaccination, though this proportion drop to 10% nine months postvaccination (Jones et al., 2017).
Although BCG interferes with the tuberculin test, its relevance for LMICs is disputed, especially
in regions where routine tuberculin testing and bTB control programs are not implemented despite
high endemic prevalence. In such settings, BCG vaccination may remain beneficial. To alleviate
this concern, progress has also been made in DIVA diagnostic assays, enabling to differentiate
infected from vaccinated animals essential for integration with BCG vaccination for bTB control

without compromising disease surveillance (Conlan et al., 2015; Vordermeier et al., 2016).

In this study, we evaluated defined peptide cocktail antigens (ESAT-6, CFP10, Rv3615c) along
with PPDs in the INF-y and skin test formats to determine how well they distinguish vaccinated
from infected animals (DIVA). The performance of defined antigens was evaluated on a total of
134 Zebu and Holstein—Friesian crossbred calves, divided equally into 67 vaccinated and 67
unvaccinated control groups. These same antigens were tested in 65 unvaccinated control and 62
BCG-vaccinated animals that survived a year of exposure to infection through reactor animals
under natural transmission setting. Then, the responses of the same group of animals to PPD
antigens in the INF-y and skin test were compared with the outcomes of the defined antigens INF-

v and skin test responses.

Pre-exposure to infected herds, DIVA skin and IGRA tests exhibited 94.0% and 98.5% specificity
in vaccinated cattle, respectively, while both test formats exhibited 100% in unvaccinated cattle.

These findings underline the significance of these tests in minimizing false positives in vaccinated
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cattle and highlight their potential for integration with BCG vaccination in bTB control programs.
At the end of the postexposure period, the DIVA and CCT skin tests demonstrated relative
sensitivities of 46% and 45%, respectively, whereas the DIVA IGRA test showed a sensitivity of
47% indicating comparable performance of the three tests against M. bovis infection confirmed by
culture PCR. The low sensitivity of these diagnostic tests can limit the detection of truly infected
animals. In resource limited regions, where the effectiveness of vaccination programs can be
monitored through slaughterhouse detection of lesions to complement the low sensitivity of the
DIVA tests, vaccination remains beneficial. However, the test-and-cull or test-and segregate
control strategies depending on such low-sensitivity tests may not be effective, highlighting the
need to develop and validate improved diagnostic tests that can accurately identify bTB in both
vaccinated and unvaccinated cattle to allow effective control measures and safeguard both
livestock health and public safety. Including additional mycobacterial peptides unique to
pathogenic mycobacteria that exhibit no cross-reactivity with BCG and environmental
mycobacterial strains in the current DIVA cocktails may enhance sensitivity while maintaining

specificity, thereby addressing existing limitations.

Prevalence of bTB at slaughterhouses

Integrating slaughterhouse surveys into the bTB control strategy is vital for the bTB control and
eradication. It plays a key role to detect infected animals to safeguard public health and provide
essential data to understand the prevalence, the associated risk factors, and the possible spread of
disease among different cattle populations to inform surveillance strategy and targeted
interventions. In high income countries, slaughterhouse surveillance has been critical to achieving
and maintaining OTF status, which is crucial for unhindered access to international markets. In
contrast, inadequate surveillance and lack of control measures have contributed to a high
prevalence in developing countries. The findings of our slaughterhouse survey indicated that
crossbred cattle are at a significantly higher risk of developing bTB lesions, with an odds ratio of
11.8 compared to local Zebu cattle. This is likely due to a combination of genetic factors and
intensive management practices, suggesting the need for targeted bTB control measures
prioritizing intensive dairy production systems that predominantly keep crossbred cattle. The

primary causative agent of bTB identified in this study was M. bovis along with rare cases of M.
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tuberculosis and M. caprae, indicating the multi-species causes of the disease. These findings
have implications for animal health, food safety, and public health. This study revealed an overall
prevalence of 2.3% for TBL in cattle carcasses across the four studied slaughterhouses in central
Ethiopia, indicating the persistent occurrence of bTB in the Ethiopian cattle population and a
continued risk for both animal health and potential zoonotic transmission. Culture and m-qPCR
positive tuberculous lesions were predominantly observed in the lungs and lung-associated lymph
nodes. The predominance of respiratory lesions has implications for bTB control strategies,
suggesting the importance of measures aimed at reducing close animal contact, improving
ventilation, and implementing appropriate biosecurity measures to reduce transmission, especially
in intensive farming systems. Given the zoonotic potential of the identified MTBC species in this
study and the common practice of raw meat and unpasteurized milk consumption in Ethiopia,
public education on the risks of transmission, sources of infection and food safety practices,

including boiling or pasteurization of milk and cooking meat before consumption is recommended.

Conclusions

This is the first study to reveal the previously unrecognized superior indirect effects of BCG
vaccination in reducing the transmission of bTB, exceeding its direct protective effect. This aspect
was often overlooked in the previous traditional vaccine efficacy evaluations that exclusively
focused on the direct effect of the vaccine against infection. Our experimental study and
mechanistic transmission model analyses show that combined direct and indirect effects of BCG
reduce the reproduction number below one, indicating the possibility of eliminating bTB. The
findings suggest the effectiveness of BCG in the field is likely to be greater and provide key
missing evidence of the potential benefits of a BCG-vaccination to accelerate control of bTB in
LMIC regions, where the disease remains endemic and uncontrolled. This provides a strong
support for the adoption of BCG vaccine as an effective control strategy and potential elimination
of bTB. The DIVA antigens used in both the skin and IGRA DIVA tests show high specificity in
differentiating infected from vaccinated animals, with minimal cross-reactivity to BCG-vaccine.
However, their diagnostic sensitivity is low, similar to that of the CCT, underlining the need for

development of more sensitive diagnostic tests. Although not a finding, the cross-over design used
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in this study can be applied to investigate other vaccines and interventions for infectious diseases

in animals and humans, particularly where indirect effects are crucial to the outcome.

In summary, our findings strongly support the need for a policy to integrate BCG vaccination into
the bTB control strategy, prioritizing and targeting high-risk intensive dairy cattle production
systems. However, the influence of disease prevalence, cattle breed, farming system,
revaccination, and cross-species transmission on BCG vaccine efficacy, is still unknown.
Additionally, the impacts and magnitude of the bTB burden on animal production, productivity,
and public health are poorly understood, making it difficult to establish a strong business case for

implementing a national bTB control program.

Recommendations

Based on the above conclusions, the following recommendations are forwarded:

1. The estimates of direct and indirect vaccine effects in this study come from a two-year
challenge and the long-term protective effect of BCG vaccination or revaccination beyond
two years is not well-known. Therefore, further research on the duration of BCG immunity
and the potential to extend protection for the lifetime of a dairy cow through revaccination
with BCG, DNA, protein, or viral subunit vaccines is required.

2. The natural transmission experiment of the current trial was conducted in a closed cattle
herd without contact with other domestic or wild animal species and does not account for
cross-species transmission. Therefore, further research is needed to assess the potential
benefits of cattle vaccination in reducing the risk of cross-species transmission from other
sympatric hosts kept on the same premises as cattle, such as pigs, goats, sheep, or free-
living wildlife. The involvement of wild animals either as maintenance or spillover hosts
for M, bovis has not been assessed and confirmed in Ethiopia. Thus, further research is
needed to clarify their role in bTB transmission.

3. Develop and execute a pilot BCG vaccination trial in intensive dairy farms with varying
herd prevalence and evaluate vaccine efficacy alone or combined with other control
measures such as test-and-segregate strategy and/or early-age calf separation.

4. Conduct further studies to refine both tuberculin and DIVA tests for improved prediction

of the risk of disease transmission.
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The magnitude of the bTB burden on animal production, productivity, and public health,
remain largely uncharacterized. Thus, future research should conduct comprehensive
investigation into the impact of bTB on animal production and explore the transmission
dynamics between humans and cattle using a One Health approach. This is essential to
perform economic cost-benefit analyses and establish a better business case for vaccine-
based bTB control strategy. Thus, the economic feasibility of BCG vaccination need to be
studied.

Policy recommendations

Several studies indicated a high prevalence of bTB in intensive dairy farms located in
central Ethiopia. However, the disease has remained largely uncontrolled due to limited
resources to implement the costly test-and-slaughter strategy. In the absence of a national
bTB control strategy, the consistent presence of uncontrolled bTB causes economic loss to
livestock farmers, threatens food security and poses substantial public health risks. In this
study, BCG has shown an indirect efficiency 74%, higher than the direct protection of 58%,
resulting in a total efficacy of 89%. Our experimental study and modelling analyses
revealed combined direct and indirect efficacies capable of reducing the reproduction
number below one, which is crucial for elimination of the disease. In support of our
findings, the new WOAH guidelines (WOAH, 2024) recognize BCG vaccination as bTB
controlling tool in resource-limited settings where herd prevalence is higher than 5% with
no routine surveillance, and vaccination does not impact trading. Policymakers should
therefore develop guidelines to adopt BCG vaccination for integration into national bTB
control programs, especially in the high prevalence intensive dairy sector, aligned with the
recommendation by WOAH. The economic justification for vaccination of local Zebu
cattle is likely weak, because vaccinating large cattle herds in the extensive farming
systems is challenging and costly. In addition, the prevalence is lower in Zebu cattle,
estimated at 4.1%, and similar immune responses to BCG and M. bovis can create a barrier
to livestock export and international trade. Thus, prioritizing high risk dairy farms

optimizes the limited resource allocation and utilization.

Implementation could start with a pilot trial focusing on neonatal calf vaccination in the

intensive dairy farms in central Ethiopia. However, before planning any intervention, it
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may be necessary to raise awareness about the potential benefits of vaccination and assess
the acceptability of the vaccine among dairy farmers, as well as public acceptance of
products from vaccinated animals. Overall, the deployment of BCG vaccination can offer
a cost-effective and sustainable bTB control strategy to reduce the burden of bTB, preserve
productive livestock and improve productivity. Since bTB is a zoonotic disease, reducing
transmission in cattle could subsequently lower the risk of human infection and improve
public health. Though it remains to be proven, reduction in infectiousness of vaccinated
cattle could lower the likelihood of spillover transmission to wildlife, while the direct
protective effect of the vaccine could prevent cattle from being infected by wildlife. Several
wild animal species are expected to come in contact with livestock in Ethiopia, but their
involvement either as maintenance or spillover host is unknown. Nonetheless, based on
wildlife maintenance hosts in other parts of the globe, the closely related species such as
warthog (Phacochoerus africanus), bushpig (Potamochoerus larvatus), and honey badger
(Mellivora capensis) that are known to interact with livestock in Ethiopia can serve as
potential reservoirs of infection. It has been proposed to vaccinate cattle herds and/or wild
animals that share their grazing land to prevent bTB. Badger vaccination authorized in the
UK has been proven to protect badgers (Robinson ef al., 2012) with potential to contribute

to bTB control in cattle.

A pilot trial in volunteer commercial dairy farms will offer an opportunity to gather
additional data related to the impact of vaccination on bTB prevalence and productivity.
The challenges that may be encountered during pilot vaccination trial will enable to refine
and tailor future vaccination strategies to specific herd and husbandry practices. To
implement, sustain and achieve the long-term success of vaccination approach for bTB
control, collaboration among all stakeholders, including dairy producers, veterinary and
public health authorities and decision makers, vaccine and diagnostic agent manufacturers,
and international regulatory bodies should be established. To ensure availability of the
vaccine and fit for purpose DIVA test, production and marketing approval, as well as

compliance with guidelines, is essential.
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APPENDIX

Appendix 2.1: Supplementary materials and methods

Experimental design and chain binomial model to estimate vaccine efficacy

Our experimental design allows for the estimation of vaccine efficacy in terms of both the impact
on the risk of infection of vaccinates (direct protection or reduction in susceptibility) and
infectiousness by measuring the relative rates of transmission between and to different
combinations of vaccinated and unvaccinated animals. Phase | of the experiment allows the
comparison of the rate of transmission of bTB to vaccinated and unvaccinated animals from a
group of tuberculin (CCT) and IGRA test positive animals sourced from naturally infected herds
(Figure 2.1). By separating the sentinels from Phase | by treatment type to use as seeders for a
second challenge period we can then directly estimate the impact of vaccination on infectiousness

as well as susceptibility.

Phase 1 includes two separate experimental replicates housed in distinct barns to control for any
potential differences in exposure due to heterogeneity in the infectiousness of the seeder animals.
Each experimental group was composed of an equal number (~34) of adult infected animals
(seeders, S) and naive susceptible calves (sentinels) to maximize the rate of transmission.
Sentinels, differing by their vaccination status (Unvaccinated controls, U; Vaccinates, V), were
introduced to seeders two months post-vaccination, maintaining contact for 12 months. During
this period, blood was collected from every sentinel animal every two months for IGRA, and skin
tests were conducted every four months. A peptide-based defined antigen skin test (DST) was used
in both IGRA and skin test formats alongside standard tuberculins (PPDs). The surviving sentinel
animals from Phase | were then revaccinated and crossed-over, as described above, to act as
seeders for two new experimental groups (3,4) with a fresh set of vaccinated and unvaccinated
sentinel calves which were then followed using the same schedule of tests for a second 12-month

period of natural exposure.

For the purpose of analysis, the infectious status for each animal is imputed through the response

to each of these candidate DIVVA (Differentiates Infected from Vaccinated Animals) tests. For each
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variant of the DIVA test (DST1, DST10) we construct 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 observation period is therefore calculated as the number of animals that
switch diagnostic status within that interval. Tuberculin-based tests such as the single intradermal
tuberculin (SIT) and comparative cervical tuberculin (CCT) tests, are not suitable for this purpose
as the comprised specificity in vaccinated animals would lead to a different apparent rate of
transmission for vaccinates and controls. Animals are assumed to remain positive for the duration

of the experiment following their first positive test (and potentially contributing to transmission).

In Phase 11, seeder animals were tested at a lower frequency than the sentinel animals. As such, we
needed to impute number of infectious seeders animals in groups 3 & 4 based on their status at the
end of Phase | and Il. Given the small number of animals that changed status between these two
points we do not expect this to affect our results, but to carry out a sensitivity analysis to our
assumptions we considered three methods of imputation. The default method (main results) we
change the status of seeder animals in Phase Il only at the point that additional tests were carried
out. To set absolute upper and lower bounds we also considered the cases where seeders were
assumed to be fixed to their status at the end of Phase | ("minimum™) or at the end of Phase Il
("maximum"). As expected, these three methods of imputation all lead to statistically

indistinguishable estimates of vaccine efficacy (Supplementary Table 2.2).

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 (26,36) where we
assume that the rate of susceptible animals acquiring infection between two tests is constant and
given by the number of infected (unvaccinated) animals I and infected vaccinates I, at the earlier
test:

(I + &ly)

RE-D=p—F

Where N is the total number of animals within the experimental group, £ can be interpreted as
the per capita transmission rate per infectious animal and &; measures the reduction in

infectiousness of vaccinated animals that become infected (relative to unvaccinated controls).
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As per the experimental protocol several (a total of 16) seeder and sentinel animals were removed
over the course of the experiment distributed between the four experimental groups (Figure 2.1).
For analysis we assume that the number of infectious animals for each interval between successive
tests consists of the total number of seeder animals and sentinel animals with a previous positive
test result that were present within the barn for the whole period. Sentinel animals that were
removed before testing positive will not contribute to estimates of transmission rates except with
respect to the size of the group which is updated in the same wave for each observation interval.
In Phase 11, delays in the recruitment of calves meant that there also were two parallel entry points
into Groups 3 and 4. As a consequence the numbers of infectious (and surviving) animals between
successive tests are different for these two batches of animals (1 and I1) and for analysis are treated
as two subgroups with the number of infectious animals present within each exposure period

calculated again based on the entry and exit times of the animals to the experimental barn.
We can define the (constant) rate that vaccinates acquire infection between successive tests as:

I+ &ly)

RV = Iy) = e~

Where (&5) is the proportionate reduction in the risk of vaccinates becoming infected compared to

unvaccinated animals.

Vaccine efficacy is typically reported as 1 - the relative risk of infection of vaccinates compared
to controls (21), thus for reporting we define the direct (VEp), indirect (VE;) and total (VE})

efficacy of vaccination in terms of our model parameters as:

VED=1_£S
VEI=1_£I
VET=1_€S€I

Using these assumptions, the probabilities (P) of transmission within a discrete time interval At

are:
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I+ gly)
P(S—1)=1-etF 7"

PWV-I,)=1- pitesp
The number of new cases (C) in the interval between t and t+At for susceptible will then be:
C(t, t + At) ~ Binom(S;, P(S — 1))
and likewise, for vaccinates:
Cy(t,t + At) ~ Binom(V,, P(V = I)))

As the probability of infection takes the same functional form as the complimentary log-log
transformation, this chain binomial model can be estimated using a generalized linear model
(GLM) with binomial response (and complementary log-log link function). If we specify an offset
term of log(At (I + &1,)/N) then the baseline transmission rate (8) will be the estimated
intercept. The direct vaccine effect (&g) can be estimated as the slope of an indicator variable that
represents the treatment (T, with vaccinated = TRUE). The reduction in infectiousness ¢; can be
estimated as the slope of a final explanatory variable equal to the ratio of the infected vaccinates
to total vaccinates (I, /(I + I)).

We use the rstanarm package (37) in R (38) to estimate the model within a Bayesian framework
using Hamiltonian Markov Chain Monte Carlo (MCMC) and obtain posterior estimates for the
direct vaccine efficacy to reduce susceptibility (1-¢s), efficacy to reduce infectiousness (1-¢;) and
average base transmission rate () within the two experimental barns. Convergence was assessed
using standard MCMC 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).
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An interim analysis was carried out at the end of Phase | to ensure that the one year contact time
was sufficient to satisfy the stop/go conditions established by the simulation study carried out by
Conlan et al. to inform the sample sizes and power calculations for the design (25). These were
that:

1. The experimental R was > 1.5

2. At least half of the unvaccinated controls converted to be test-positive

The experimental R was estimated using a reduced version of the regression model described
above with vaccine treatment as the only explanatory effect. Here, we estimate this reduced model
separately for each experimental group to explore how the effective attack rates to vaccinated and
unvaccinated animals differ between the experimental groups (Supplementary Figure 2.3).

Relationship between efficacy to reduce transmission and endpoint estimates

In the manuscript we discuss how estimates of vaccine efficacy based on fixed endpoints are not
directly comparable to the estimates of efficacy based on transmission rates reported in this study.
However, we can illustrate the systematic relationship between the mechanistic vaccine effects we
measure (g, &) and endpoint estimates using a simplified deterministic version of the
compartmental transmission model for bTB transmission we will use for scenario analyses in

Section 3 below.

% = —A(0)S(¢)
% = A()S(t)

dl;it) = e AV (L)
dlggt) = e MOV ()
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Where S, I, V and I, are the number of susceptible (unvaccinated), infectious (and unvaccinated),

vaccinated and infected vaccinated animals respectively. The force of infection within the group

BU) + &:ly(¢)

MO =30

depends on the mechanistic effects of BCG on transmission &, &; as estimated in this study.
Endpoint estimates define the vaccine efficacy in terms of the relative risk of infection (RR) of

vaccinates compared to controlsas 1 — RR.

We consider a scenario with 30 initial vaccinates and controls held in contact for 12 months with
15 vaccinates and controls introduced to 30 (unvaccinated) seeder animals and three levels of
transmission (low, mid and high force of infection (FOI) corresponding to § = 0.12, 0.24, 0.48)
and with vaccine effects on transmission of e, =1 — 0.6 and ¢; = 1 — 0.75 corresponding to a
direct vaccine efficacy of 60% and reduction in infectiousness of 75%. At any point in the scenario,
we can calculate the endpoint efficacy in terms of the relative risk of infection in the vaccinated

and control groups:

Endpoint Efficacy = 1 — ((I,/(I, + V))/U /(I + S)))

Supplementary Figure 2.1. illustrates how the endpoint vaccine efficacy for a chronic infectious
disease such as bTB is biased downwards by the cumulative exposure of sentinel animals over the
course of the experiment. The longer the exposure the lower the estimated vaccine efficacy will
be, with this rate of decrease becoming faster the higher the rate of transmission within the
population. Endpoint efficacy is a function and property of the population within which the vaccine
is being used as well as the individual protective effects of the vaccination and thus should perhaps
better be considered as a measure of vaccine effectiveness rather than efficacy. This limitation of
relative risk measures is a specific issue for chronic infections — for acute infections the potential
for bias is mitigated by the continual removal of infectives from the population. For challenge
studies, corresponding to the vast majority of published estimates of BCG efficacy in cattle, this
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issue is also less relevant due to their relatively short duration of exposure minimising the potential

for transmission to bias estimates.

Table 2.1 reports endpoint efficacies calculated based on the DST 1 (IGRA), DST 10 (Skin) and
presence or absence of visible lesions, with 95% confidence intervals calculated by simulation.
The lower estimated vaccine efficacy from visible lesions of 25%; 95% CI. 1-47% reported in this
study is therefore entirely consistent with our higher estimates of vaccine efficacy and does not
reflect any systematic issues with the ante-mortem DST test. Indeed, if we calculate the endpoint
vaccine efficacy based on the DST 1 test results for groups 1-3 we get a consistent estimate of
39%; 95% CI 19-57% (within statistical uncertainty). The lower efficacy estimated by both of
these methods therefore reflects the inherent bias in the use of endpoint estimates of vaccine
efficacy from natural transmission (or field) studies. Estimates of the vaccine efficacy based on
transmission can therefore also be considered to be statistically more robust as well as the more

relevant measure to inform the likely effectiveness in the field.

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 accommodating
80 adult cattle, with approximately 2,000 to 2,500 m? of fenced outdoor space. All relevant local

biosecurity and safety procedures were adhered to.

The study incorporated 68 naturally infected adult cattle identified as seeders in the transmission
experiment. Additionally, 68 Holstein-Friesian x Zebu crossbred male calves, age < three months
and tested negative for bTB, were recruited as naive sentinels from low-prevalence herds. The
calves were randomly allocated to control and vaccinate groups using a double-blind lottery

system.

Testing Procedures, Antigens and Vaccination

Eight weeks post-BCG vaccination, all sentinel animals were introduced to infected adult seeder

herds. The seeders and sentinels were housed together in two separate barns. Every four months,
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skin tests were conducted on sentinel animals using both Purified Protein Derivatives (PPDs) and

the recently developed DST. 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 representing the antigens
ESAT-6, CFP-10 and Rv3615c 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). The calves of the vaccinate group were subcutaneously injected with 0.5 ml (1-4 x 106
CFU) of live BCG Danish Strain SSI 1331, while the controls received 0.5 ml of 0.9% normal
saline (Supplementary Figure 2.4).

Interferon-gamma Release Assay (IGRA)

The IGRA was conducted using the commercially available BOVIGAM® kit. Around 5 ml blood
samples were collected and stimulated with mycobacterial antigens (PPD and DST) within eight
hours of collection. The levels of IFN-y production by the lymphocytes were measured using
sandwich enzyme-linked immunosorbent assay (ELISA) and expressed as the optical density at
450 nm (OD450) in the culture supernatant.

Skin Testing

For skin testing, both standard tuberculins and the DST were used. Skin thickness was measured
at two sites on right and one site on the left using an Irish caliper before intradermal injection of
0.1 ml of antigen (Supplementary Figure 2.5). After 72 hours, the skin fold thickness was
remeasured at the injection sites, and the increase in skin fold thickness was calculated. Diagnostic
thresholds used to define positivity for this analysis are reported in Supplementary Table 2.1.

Ethical Approval

The study was approved and granted ethical clearance by the Institutional Review Board of Aklilu
Lemma Institute of Pathobiology, reference number ALIPB IRB/44/2013/21.
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Data Availability

Raw data, scripts and model code necessary to reproduce all results in the manuscript are available

as supplementary information with this paper and publicly available at:

Supplementary Text

Mechanistic transmission model for the spread of bovine tuberculosis within the Ethiopian

Dairy Sector

To assess the potential of vaccination as a control strategy for bTB in Ethiopia, we developed a
mechanistic transmission model incorporating both within and between herd transmission
calibrated using field estimates of the basic reproduction ratio Ro and cattle movement data. In this
supplementary text we define this model and describe the methods used to calibrate both the rates

of within-herd transmission and frequency and pattern of cattle movements.

In Section 1 we use a latent class model to estimate the basic reproduction ratio Ro from a set of
endemically infected herds in Ethiopia. We use these estimates to calculate within-herd
transmission rates for our model which vary by herd, reflecting the considerable variation in herd-

level prevalence seen in the Ethiopian dairy industry.

Cattle rarely show clinical signs of bTB in the early stages of disease, meaning cattle trade can
facilitate transmission over long distances in the absence of systematic testing of herds. We
therefore consider cattle movements to be the primary method of transmission between herds.
Movements of cattle are not systematically recorded in Ethiopia. Limited samples of movement
records available for a small number of herds in three regions with emerging dairy markets
(Gondar, Hawassa and Mekelle) have previously been used to demonstrate that movements are
locally clustered with measurable network characteristics (29). To simulate the potential rate of
herd-to-herd transmission through movements of cattle between herds in Ethiopia, we require a
probabilistic, generative model that can simulate synthetic networks with the same statistical
properties as measured movement networks. To this end, in Section 2 we use ERGMs to develop

generative models of cattle movements in Ethiopia (44,45).
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In Section 3 we describe a parsimonious mechanistic model incorporating within-herd
transmission rates estimated from Section 1 and synthetic cattle movement networks from Section
2 and define a set of transmission scenarios to evaluate the potential use of Bacillus Calmette—

Guérin (BCG) vaccination as a control measure of bTB in Ethiopia.

1 Estimation of the within-herd basic reproduction ratio Ro for bTB
1.1 Theoretical results for the relationship between R, and endemic prevalence within herds

For endemic infections, the basic reproduction ratio R, defined as the expected number of new
infections when a single infectious individual is introduced into a fully susceptible population, can
be related to the (true) prevalence of infection within a population. If we assume that the population
is well mixed, then the effective reproduction ratio at equilibrium will be 1 and the prevalence P
depends only on the value of Ry: P = 1-1/R,,. Thus, for a well-mixed population R, could be

estimated crudely from the prevalence P as R, ~1/(1 — P).

However, for small populations (such as we have in our study) this estimator may be sensitive to
stochastic effects. We can account for this uncertainty using an analytical result for the (quasi)-
stationary probability distribution P(I = i) of the susceptible-infected-susceptible (SIS) model
(412):

N —1)! /Ry\'™?
P(I=i)=p(1=1)ﬁ<ﬁo> i=2..,N

5 (N = 1) /Rp\F 1
PU=1) = (kzlk(N —k)! (W) >

Where N is the size of the population, I the (true number) of infected individuals in the population.

-1

As the quasi-distribution only depends on a single parameter - R, — we can use the distribution as
a likelihood to infer the value of R, given the observed number of infected individuals I within a

herd. However, for bTB we lack a gold-standard definition of infection and must rely on estimates
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of the apparent prevalence based on the tuberculin skin test, for which both the sensitivity and
specificity is poorly characterised and has the potential to vary contextually due to levels of
exposure to environmental mycobacteria, variations in the potency of tuberculin and the
consistency of test operators. Thus, calculating the true prevalence of infection using estimates for
the sensitivity and specificity of the SIT and CCT tests from the literature would not, we would

argue, be appropriate and could underestimate the uncertainty in estimated transmission rates.

1.2 Walter-Hui latent class framework

The Walter-Hui latent class framework offers a potential solution to this problem (42,43).
Providing at least two diagnostic tests are carried out on animals from at least two populations
with different prevalence, the Walter-Hui latent class model provides a theoretical framework to
infer the true prevalence of infection in the absence of a gold-standard test. Such latent class
models are being increasingly used as a solution to evaluate the relative performance of bTB
diagnostics (50). Here, however, we treat the unknown test-characteristics of the tuberculin tests
as nuisance parameters and set out to use the Walter-Hui framework to integrate them out of our
estimates — while still accounting for the uncertainty with respect to the true prevalence of

infection.

The key assumption of the Walter-Hui model is that of conditional independence between tests,
i.e., the probability of a test t being positive for individual (i), P(Ti,t = 1) only depends on the
latent (true) disease status of the individual (D € {0,1}) and not the response of the other tests. For
T tests there will be a set (E) of 27 mutually exclusive combinations of positive and negative
responses to each test, which we can use to define and simplify the notation for a Walter-Hui model
with an arbitrary number of diagnostic tests (51). Let E,; indicate the response of an individual
animal to test t (0 negative, 1 positive) then the probability of a particular observed pattern O in a

population with true prevalence of disease 8 will be:

P(O = E.|s¢,pe, 0) = {=1 O(Eeese + (1 —Ege)sy) + (1 — 0)(Eee(1 —pp) +
(1= E.0)pe))
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Where s;, p; are the sensitivity and specificity of test t respectively. Each individual pattern of
positive and negative results O; from a set of A animals can then be considered as a sample from

a Bernoulli distribution:
Oi ~ bernoulli(P(Oi Ist' Pe, d)))

Following (43,52) and to extend the model to account for the potential conditional dependence
between the SIT and CCT tests, we reparametrize our model using a probit (@) link function for

the sensitivity and specificity:

St = (P(at,l)
P = d)(at,o)

The shared dependence of the SIT and CCT test results on the bovine tuberculin reaction does not
necessarily mean that the assumption of conditional dependence will be violated. However, as they
could be considered as re-interpretations of the same test, we choose to model the trade-off in the
interpretation of the two tests by parameterising the model using an explicit functional form for
the receiver operating characteristics (ROC) curve that links the sensitivity and specificity of each
test (53). Thus, we define:

st = (@ Yao) + 0)
With:
pe = P(aso)

This functional form arises from assuming that the values of a; g, b, , for the two tests are normally
distributed with equal variance leading to a symmetric ROC curve where the curvature
(discrimination of the diagnostic test) is described by the parameter o. This form allows us to
explicitly model a ROC relationship between the SIT and CCT tests by estimating the specificity

parameters for each test a, o, but calculating the sensitivities using the shared parameter c.
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To ensure numerical stability and to avoid the label switching problem common with this class of
models, we restrict the value of o to between [0,8] and the specificity parameters (on the probit
scale) a, , to the range [—8,0], corresponding to the assumption that the specificity of both tests is
> 50%.

1.3 Likelihood for R,

If we recall from section 1.1 the likelihood for R, can be calculated from the true prevalence within
the herd I. Given a set of test results O; we can calculate the joint likelihood of the latent class and

quasi-stationary model by marginalizing over the set of possible values of I:

N
L(Ro|0,a0,0) = ) P = DP(Oilst, e 1)

=0

We model the herd-to-herd variation in R, through a set of herd level uncentered random effects

(ng):
Ry = exp(Rp, + T14)

Once again for numerical stability we restrict the range of n, to [-8,8], = > 0 and R,, to between

-8 and 3.5.

Normal (0,1) priors were used for all parameters except for the variance t for which we used a

(shrinkage) exponential (1) prior.

The model was implemented in Stan (15,16), estimated by Hamiltonian MCMC and analyzed in
R using the RStan package (54). Full code and data are provided as a data supplement with this
publication. Convergence was assessed through visual inspection of the chains and standard
diagnostic statistics (R = 1 for all parameters after 2,000 iterations for 4 chains). Estimated

parameters are presented as median posterior values with 95% Bayesian credible intervals (Crl).
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1.4 Data and estimates of R

For this study we had access to tuberculin testing data collected under a consistent protocol from
the Ethiopia Control of Bovine Tuberculosis Strategies (ETHICOBOTS) project (15,16),
supplemented by a smaller data set of historical tuberculin testing data collected by the Animal
Health Institute, Ethiopia (14). Test records were available for 9,464 animals from 415 unique
herds — including many herds with no evidence of bTB infection. From this set of herds, we
selected a study population of herds, with a herd size > 20 animals and apparent CCT prevalence
of > 5%. This gives a study population of 3,319 animal tuberculin test records (bovine and avian)
from 57 herds and for which we can define each animal’s test status with respect to both the SIT
and CCT tests. Herds came from a set of five study sites across Ethiopia including the dairy belt
surrounding Addis Ababa and emerging markets in Gondar, Hawassa, Mekelle and Kombolcha
(Figure 2.3).

Previous ETHICOBOTS publications (15,16) have discussed the high but incredibly variable level
of prevalence seen in affected herds, demonstrated in Supplementary Figure 2.6 (left) which is
also reflected in the variability in estimates of the within herd reproduction ratio Supplementary
Figure 2.6 (right). In contrast to the assumption of density dependence often used for bTB
transmission models, our estimates demonstrate no systematic relationship with herd size with a
population average of R, = 3.3; 95% Crl: 2.7 — 4.0 . The level of variation in the apparent rates
of transmission between herds has profound implications for the potential for any intervention,
implying that for factors not currently ascertained (biological or management) control may be
considerably more difficult (or easier) in some herds. To reflect this observed heterogeneity in our
model simulations we assume that this represents a natural variation in the intrinsic herd-level
reproduction ratio and sample values for our simulations from the full range of these posterior

estimates of R.

2 Generative model for cattle movements

2.1 Cattle movement data

171



Cattle movements between herds are not routinely recorded in Ethiopia. However, Mekonnen et
al. (29), collected a cross-sectional sample of movement records in three study areas with emerging
dairy markets (Hawassa, Gondor and Mekelle, Figure 2.3A). Collected between 2013 and 2018
social network analyses of these reported animal movements demonstrated local clustering with a
small number of herds being highly connected, but with distinct regional differences in the network
structure between the three study areas (29). Consequently, for this study we estimate separate
generative models for the cattle movement data from each of these study sites and use the fitted
models to define a set of plausible herd-to-herd transmission scenarios representative of the trading
patterns within the three sample regions. After removing herds without an identification number,
and only including movements with a known movement date, source and destination herd,
movement records from 164 herds were included in the study, consisting of 63 herds in Gondar,

33 in Mekelle, and 68 in Hawassa.

2.2 Statistical analysis of cattle movement networks

ERGMs provide a framework for measuring structural network features, to infer the probability of
connections between nodes of a network and simulate (static) networks with the same statistical
properties (44,55). We fitted a directed ERGM of the observed cattle movement network for each
of the three study areas using network characteristics with particular relevance for disease spread,
namely: edges (movements) between herds as a measure of network density; geometrically
weighted edgewise shared partnership (shared connections between two herds) as a representation
of network clustering; geometrically weighted in-degree (the number of movements entering a
herd) distribution, and geometrically weighted out-degree (the number of movements exiting a
herd) distribution. In the geometrically weighted predictors, the added value of an additional
shared connection, in- or out-degree decays at a geometric rate (44). The general form of ERGMs

is:

exp{6'g(y)}

PY =y)= k©)

where Y is a set of potential networks and y is a particular version of Y, 8 is the coefficient of the

predictor statistics considered in the model (corresponding to edges, geometrically weighted
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edgewise shared partnership, and geometrically weighted in-degree and out-degree distributions
in our model), and the predictors are described in g(y) as functions of network y. k(8) is a
summation of the numerator over all potential networks y (56). The preferred model and the
value of the decay parameters for the geometrically weighted covariates were selected based on
the Akaike’s information criterion (AIC) and Bayesian Information Criterion (BIC) of the fitted

networks for each region.

The MCMC diagnostics of the fitted ERGM were visually assessed for mixing and convergence.
The goodness of fit was examined for the selected models by comparing the structural statistics of
networks simulated from the fitted ERGM to the observed network (57). The ERGMs of the cattle
movement networks were fitted using the ergm package (45,56,58) in R (38). The probability of
movements between herds (edges) and the number of movements entering a herd (in-degree) were
found to be significantly associated (p<0.05) with the empirical networks for all three study
regions, while the number of movements exiting a herd (out-degree) was also significant only for

Hawassa (Supplementary Table 2.3).

2.3 Simulated cattle movement networks

We used the estimated ERGMs to simulate synthetic cattle movement networks with similar
features to the observed network data for each study region (Supplementary Table 2.3). For the
purposes of validating the simulated networks, and for the scenario analysis defined below, we
generated synthetic networks with the same number of herds as within the observed movement

networks.

The ERGM models simulate the existence (and frequency) of edges (movements) between herds,
but not the temporal dependence. In the absence of data on how rates of cattle movements change
over time, we assumed that the network properties (estimated parameters of the ERGM) remain
constant over time. We can use the fitted ERGM to simulate synthetic networks corresponding to
a set of movements between herds (i.e. a set of n network Edges, E = {E,}) within the same
observation period from which the original network data was collected (t,,s). To explore

transmission over longer periods for scenario analysis, we must simulate a table of animal
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movements over the whole simulation time (T'=50 years). While we can generate and concatenate
repeated network fragments, the ERGM does not model the temporal order of movements which
we must simulate separately. The empirical movement data has no clear temporal patterns with
respect to the rates or ordering of movements, so we use a null model sampling the time (¢, ; for
each movement edge) uniformly within the range of the observation period. Finally, animal
movements are often batched in groups of more than one animal. Thus, the number of animals
(Bf) in a batch moving along each simulated edge e in fragment f is sampled from a negative
binomial distribution of observed group sizes of movements for the given region. To avoid herds
running out of animals, if 10 or less animals would remain in the source herd after removing the
animals, the batch size is set to the next batch size where 10 animals remain in the herd after the
scheduled movement. If there are less than 10 animals remaining in the herd, the batch size is set
to 0.

So, in pseudocode, the set of animal movements E is the concatenation of a set of simulated
network fragments £ = {E,f}, with e indexing the edges within fragment f and H; .is the herd

size of the source herd associated with the edge.

for fin1toT/t,ps
Es~ERGM
forein1:n
te,r~uniform((365 * t,ps * f) — (365 * tops + 1),365 * typg * f)
By . ~negbin(0 ...)
End
End

Sequential network fragments corresponding to the same time horizon t,,s as the observed
movement networks were simulated over 50 years using the ergm package. The steps taken to
generate the synthetic movement networks are illustrated in Supplementary Figure 2.7. To
compare the network structure of the generated networks to the empirical cattle movement
networks and assure it remained stable over the simulated time period, networks were sampled

from the 50-year simulation and assessed based on six network features: transitivity, edge density,

174



diameter, degree centrality, and betweenness centrality, and number of edges. Calculation and
assessment of the network features was performed in R package igraph (59).

The network diameter (the length of the longest shortest path across the network (60) was
consistently over-estimated in the simulated networks but the observed diameter remained within
the simulated range for all three regions. In addition, the degree centrality (the number of edges
connected to a node (60) was under-estimated in the simulated network for Gondar. For the other
estimated network features, the observed network characteristics were within the range of the

simulated movement networks (Supplementary Figure 2.8).

3 Simulation model for scenario analysis
3.1 Meta-population transmission model for bovine tuberculosis

A stochastic compartmental infectious disease model was developed with four possible
epidemiological states (Supplementary Figure 2.9): susceptible (S), infected (I), vaccinated (V),
and infected vaccinated (lv) and eight events corresponding to birth, transmission and mortality

(Supplementary Figure 2.9).

The deterministic skeleton of the model, which approximates the average rate of change in the

number of animals in each compartment of a herd, is thus:

ds
% = (1 - p)bNo — A(DS(E) — uS(0)
di(t)
3 = AOSO) —ul(©)
d‘;it) = pbNy — e, A(OV () — uV (t)
dl
th) = e AV (t) — uly (t)
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where p is the proportion of newborn calves that are vaccinated, b is the birth rate, N, is the
population size at time t = 0 (corresponding to the present time), A(t) is the force of infection at
time t, u is the mortality rate, and & is, as previously defined, the proportionate reduction in
susceptibility for vaccinates.

The force of infection, A(t), is defined as

BU) + &ly (1)
N(©

Alt) =

where 8 denotes effective contacts, ¢; is the reduction in infectiousness for vaccinates and N(t) is

the population size at time t.

Events and transitions between compartments (as described in Supplementary Table 2.4) and
parameter descriptions and values are outlined in Supplementary Table 2.5. Each epidemiological
compartment is further stratified by herd to form a meta-population model where transmission
between infected and susceptible individuals only occurs within the same herd and herd-to-herd
transmission only occurs through movements of animals between herds. Movements are pre-
calculated using the method described in Section 2. During the simulation, the number of animals
in a batch (By,.) to be moved between herds is modified to ensure the herd size (Hy ) of the source

herd does not fall below 10 animals:

if Hf,e < 10 then Bf,e =0
if Hf,e — Bf,e < 10 then Bf,e = Hf,e —10

The simulation model is implemented using the R package Siminf (39), which provides an
epidemiological modelling framework for data-driven simulation of stochastic disease spread.
Disease transmission within herds is modelled as a continuous-time Markov process and the
simulated cattle movements and demographic processes, such as livestock births and deaths, are

treated as scheduled (non-Markov) events (39).

176



The basic reproduction ratio (R,) within each simulated herd is sampled from the empirical
estimates obtained in Section 1. Thus, the value of R, is assumed to vary between herds, with the
effective transmission rate S; within each herd i in the meta-population calculated based on a

sampled posterior estimate of R, as:

Bi = Ro(u+ p)

where u is the average mortality rate, and p the (average) movement rate of cattle for that herd.

3.2 Herd demography and initial infection status

The initial number of animals in a herd (N,) was randomly sampled from recorded herd sizes in
Ethiopia described in Section 1. The population size (N) of a herd was assumed to be constant and
the birth rate (b) in a herd was balanced against the mortality rate (u), and the average movement

rate of cattle in the herd (p):

b=u+p

Herds were assumed to be either free from infection (S, = Ny, I, = 0) or endemically infected at
the start of each simulation, with the frequency of affected herds specified by the observed herd
prevalence of bTB in each study region. For bTB affected herds, the initial number of susceptible

(So) and infected animals (lo) in a herd was calculated from the sampled value of Ro for that herd

as:
Ny
S, =—
0 R()
IO == NO - SO

3.3 Control measures

The effectiveness of vaccination as a control measure for bTB was evaluated by comparing

scenarios with no vaccination (proportion of newborn calves vaccinated (p) = 0) to those where
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all newborn calves were vaccinated (p = 1)). Vaccinated animals have a reduced probability (&)
of acquiring infection and a reduced probability of transmission should they subsequently become
infected (¢;). For all scenarios, we assume that & takes the value estimated from our natural
transmission study. To account for the uncertainty in these estimates we sample the value of &, for
each simulation from the posterior estimates obtained from the transmission trial (to give a direct
vaccine efficacy VE, with posterior range of 34-73%, median value of 58). Likewise, the reduction
in infectiousness, &; is sampled from estimates to give an efficacy for an indirect vaccine efficacy
of VE, of 74%; 95% Crl: 46-89%.

To explore the sensitivity of our projections to this key variable we compare the estimated scenario
to a range of indirect vaccine efficacies (reduction in infectiousness): 0%, 25% and 50%. The

vaccination scenarios considered are summarized in Figure 2.3.

Any waning of vaccine protection over time was not considered and it was assumed that in any

deployment animals would be annually revaccinated as required to maintain levels of protection.

3.3 Model simulation

For each scenario, outputs were simulated from 1,500 replicates.

Supplementary Table 2.1: Diagnostic thresholds. Diagnostic thresholds used to define positivity
for skin (SIT, SCT, DST 10, in mm increase in thickness) and IGRA (DST 1, in optical density

[OD] units) tests as used in this analysis.

Diagnostic Test Format Antigens Measurement Diagnostic Threshold
SIT Skin PPD-B PPD-B >= 4mm

CCT Skin PPD-B, PPD-A  PPD-B-PPD-A >4mm

DST 10 Skin DIVA DIVA >=2mm

DST 1 IGRA  DIVA DIVA >= (.1 OD450 nm
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Supplementary Table 2.2: Estimated vaccine efficacy for BCG in cattle by mode of action and

method of imputation of infectious seeders in Phase 11

Diagnostic Test | Imputation | Direct Efficacy
(VED) (95% Crl)

DST 1 (IGRA) | Default 58 (34-73)
DST 1 (IGRA) | Maximum |57 (34-73)
DST 1 (IGRA) | Minimum |58 (34-73)
DST 10 (Skin) | Default |46 (14-66)
DST 10 (Skin) | Maximum | 46 (14-66)
DST 10 (Skin) | Minimum | 46 (14-66)

Indirect Efficacy | Total Efficacy
(VE) (95% Crl)

74 (46-89)
77 (53-90)
72 (42-88)
67 (30-87)
71 (39-88)
67 (30-87)

(VET) (95% Crl)
89 (74-96)
90 (77-96)
88 (71-96)
82 (55-94)
84 (61-94)
82 (55-94)

Supplementary Table 2.3: Variable estimates for the selected exponential random graph model
of cattle movement networks in three study regions in Ethiopia.

Region Variable
Gondar Edges

GW in-degree (fixed aa-decay = 0.75)
Mekelle | Edges

GW in-degree (fixed aa-decay = 0.75)
Hawassa | Edges

GW in-degree (fixed aa-decay = 0.50)

GW out-degree (fixed aa-decay = 0.75)
GW = geometrically weighted; SE = standard error
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Estimate
-2.59
-2.82
-2.15
-2.30
-2.68
-1.53
-1.20

SE

0.16
0.36
0.29
0.56
0.27
0.38

0.42

p-value
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
0.004



Supplementary Table 2.4: Events and transitions between states of the stochastic transmission

model.
Event Effect Probability per unit time
Birth (unvaccinated calf) S — S+1 (1-p)bN O
Birth (vaccinated calf) V — V+1 pbN 0
Infection (unvaccinated animal) S—1 MH)S(t)
Infection (vaccinated animal) V-lv es MV (t)
Death S—S-1 uS(t)
V- V-1 wv(t)
111 (WI(H)
v — Iv-1 (Wlv (1)

Supplementary Table 2.5: Parameters and input values used in the transmission model. NA =

not applicable

Description Parameter | Value Reference

Proportion newborn calves |p Two scenarios: 0, 1 NA

vaccinated

Susceptible animals in a S(t) NA

herd at time t

Infected animals ina herd | I(t) NA

attime t

Vaccinated animals in a V(1) NA

herd at time t

Infected vaccinated Iv (t) NA

animals in a herd at time t

Herd size attimet=0 No Recorded herd sizes in Described in Section 1
Ethiopia

Herd size at time t N(t) SEH)+I()+V )+ V (b) NA

Mortality rate i Sampled from Normal Exponential rate estimated

distribution of estimated from age-structure of
mortality rate per year in ETHICOBOTS herds
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Direct vaccine efficacy:
reduction in infection rate
of vaccinated individuals
compared to unvaccinated
individuals

Indirect vaccine efficacy:
reduction in infectiousness
of vaccinated individuals
who become infected
compared to unvaccinated
individuals

Basic reproduction ratio

Movement rate

Effective contacts

Birth rate

Force of infection at time t

Ro

MY)

Ethiopian dairy herds
(mean = 0.27, standard
deviation = 0.0049)

Sampled from posterior
estimates of the direct
vaccine efficacy (58%;95%
Crl: 34-73%)

Four scenarios: 0%, 25%,
50%, sampled from
osterior estimates of the
indirect vaccine efficacy
(74%; 95% Crl: 46-89%)

Sampled from posterior
estimates of the basic
reproduction ratio in
infected dairy herds in
Ethiopia and assigned to
each herd

(animals moved out -
animals moved in)/ NO

RO *(u+p)

wtp

B * (I(0)+(1-¢ i) * Iv
(D)N()
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Natural transmission study

Natural transmission study

Described in Section 1

Simulated movements for
each herd, herd size

RO, mortality rate, movement
rate for each herd

Mortality rate and movement
rate for each herd

Effective contacts, infected
animals, infected vaccinated
animals, total number of
animals in each herd, indirect
vaccine efficacy



Supplementary Table 2.6: Semi-quantitative systems of visible lesion scoring criteria

Organ Scoring criteria Score
No visible lesions 0
A single small lesion, <10mm diameter 1
2 to 5 small lesions, <10mm diameter 2
Lung Between 6 angl 2Q small. lesions, SlOmm diameter 3
OR A single distinct lesion, >10mm diameter
>20 smal'l l.esions,.SlOmm diamgter 4
OR >1 distinct lesion, >10mm diameter
Large, affected area of lung containing lesions 5
No visible lesions 0
A single small lesion, 1-2mm diameter 1
2 to 5 small lesions, 1-2mm diameter 2
Lymph nodes Between 6 and 20 small lesions, 1-2mm diameter 3
OR A single area at least Smm by Smm
>20 small lesions, 1-2mm diameter 4
OR >3 areas of at least Smm by Smm
Consolidation of over 50% of lymph node 5
No visible lesions 0
A single small lesion, <10mm diameter 1
2 to 5 small lesions, <10mm diameter 2
Other organs Betweqn 6 anq 29 small. lesions, SlOmm diameter 3
OR A single distinct lesion, >10mm diameter
>20 smal'l l.esions,_SlOmm diamc?ter 4
OR >1 distinct lesion, >10mm diameter
Large affected area of lung containing lesions 5
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Supplementary Figure 2.1: The relationship between vaccine efficacy and endpoint estimates
based on relative risk ratios within a modelled natural transmission study. The estimated endpoint
vaccine efficacy is plotted as a function of time of exposure for three transmission levels
corresponding to experiments with a low, mid or high force of infection (8 = 0.12, 0.24, 0.48). The
cumulative impact of exposure from the seeder animals leads to the endpoint estimate of efficacy
of vaccination decreasing with the duration of the study, with this rate of decrease increasing with
the rate of transmission within the population.
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Supplementary Figure 2.2: Total Visible Lesion Scores as a Measure of Severity of bTB
Pathology Across Two Study Phases and Treatment groups. In Phase I, sentinel calves were
exposed to CCT and IGRA test positive cows and in Phase Il, they were exposed to vaccinated
(\Vaccinate) or untreated (Control) sentinels from Phase I. Box plots illustrate the distribution of
total visible lesion scores at the termination of Phase 1. Boxes depict the interquartile range (IQR),
with the median indicated by a horizontal line. Whiskers extend to the minimum and maximum
scores within 1.5 times the IQR. Different colors distinguish between different treatment and
exposure groups. The Mann-Whitney U test reveals statistically significant differences: between
vaccinated and unvaccinated control sentinels exposed to CCT test-positive cows in Phase | (W =
780.00, p = 0.006; r= 0.39, 95% CI: 0.13-0.60), between pooled unvaccinated control and
vaccinated sentinel groups in Phase Il (W = 781.50, p = 0.005; r = 0.39, 95% CI: 0.14-0.60) and
between treatment groups exposed to Control in Phase Il (W = 212.50, p = 0.006; r = 0.56, 95%
Cl: 0.23-0.78). No significant difference was identified between treatment groups exposed to
Vaccinates in Phase Il (W = 177.50, p = 0.249; r = 0.23, 95% ClI: -0.16, 0.56). 'r' denotes the rank
biserial correlation, and CI represents 95% confidence intervals. This analysis suggests that BCG
vaccination influences bTB pathology severity, as indicated by Total Visible Lesion Scores, in

comparison to control groups across the two study phases.
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Supplementary Figure 2.3: The estimated transmission rate between the different combinations
of vaccinated and unvaccinated sentinel and seeder animals expressed as the experimental
reproduction ratio R (the expected number of new infections in a fully susceptible population) of
the given sentinel type (vaccinated or unvaccinated) when exposed for a duration of one year

estimated independently from each experimental group (1-4, red, green, blue, purple respectively).
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Supplementary Figure 2.4: Combined Phase-I and Phase-II. Test status of experimental sentinel
animals, 67 controls and 67 BCG vaccinates, (A) prior to BCG vaccination (pre-BCG) and
vaccine take confirmation at 8th week post-vaccination (post-BCG, just prior to seeder
introduction) as indicated by standard IGRA PPD(B-A). At 8th week post-BCG, animals were
also tested using (B) DST in IGRA (C) CCT (D) SIT and (E) DST skin test. Red dotted lines
indicate respective cut-offs: 0.1 in A and B for standard BOVIGAM, 4 mm for CCT and SIT, and
at 2 mm for DST skin test. The bars represent the median response to all respective antigens.
Skin test data is reported as difference in skin thickness (A mm) between 72- and 0-hour
readings. For IGRA, the background-corrected optical density (OD) values at 450 nm are shown.
The statistical difference between the responses was determined using Mann-Whitney U test

(¥*%*P < 0.0001).

186



Randomization of injection sites
in Latin Square formation
) Antigens
Animal
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Supplementary Figure 2.5: Intradermal injection sites for PPDB, PPDA and DST at right and
left mid-cervical regions of the experimental calves. The site of injections on right side of the neck
were marked 1, 2, and on the left side marked 3 (RU, right upper, RL, right lower, LU, Left upper
mid cervical injection sites, JV, Jugular vein). Antigen injection sites on the right side were shaved
at least 12.5 cm apart. The three antigens were injected in a Latin Square formation as shown in
the table in the right side.
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Supplementary Figure 2.6: (Left) Apparent prevalence plotted against herd size with respect to
the SIT and CCT formats of the tuberculin skin test. Point values (mean) are presented along with
naive 95% (binomial) confidence intervals to reflect the uncertainty. (Right) Estimated values of
the (within-herd) basic reproduction ratio Ro for the same herds plotted against herd size,
demonstrating no evidence of density (herd size) dependence and a high degree of heterogeneity

in transmission between herds of all sizes. The critical value of R (calculated as 1/(1-Vbp), and
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assuming 100% vaccine coverage) is plotted as a horizontal black line (dashed lines indicated 95%
credible intervals) separating herds that would be below or above the elimination threshold for the

estimated (direct) vaccine efficacy from our natural transmission study.

vaccinated: 0%, 100%

Direct vaccine efficacy:
58% (95% Crl: 34-73)

Indirect vaccine efficacy:
74% (95% Crl: 46-89)

Vaccination scenarios

Regional cattie movement Fitted ex :
_ ponential random
m:mw:“" =i graph model (ERGM) of
cattle movement network
Network predictors I
explored: edges, GWESP, Model selection by
GW in- and out-degree BIC and AIC
4
Timing : Repeated sequential
movement ::ﬁ?:hdm simulation of cattle
movement network over
from a uniform distribution ime period ¢
Number of cattle included
in each movement
allocated from regional
observed distribution
Synthetic cattie movement
network over 50 years
Herd size and Ry
in bTB infected herds \{
Regional herd-level ‘ ' Stochastic compartmental
prevalence of bTB transmission model
Mortality rate observed in /
Ethiopian da'r)f herds
Proportion calves \

Supplementary Figure 2.7: Flow diagram of the components of the between-herd (in blue) and
within-herd (in yellow) transmission model of bovine tuberculosis in Ethiopian dairy herds for
each of the three study regions. GWESP = geometrically weighted edgewise shared partnership;

GW = geometrically weighted.
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Supplementary Figure 2.8: Comparison of the network characteristics of observed cattle
movements (in red) and the distribution of network characteristics of simulated cattle movements
(in grey) for three regions in Ethiopia with emerging dairy markets.
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Supplementary Figure 2.9: Illustration of the compartmental transmission model consisting of
four states: susceptible (S), infected (I), vaccinated (V) and infected vaccinated (lv) cattle.
Transition from S to | depends on the force of infection in the herd and the reduction in
infectiousness in any vaccinated infected cattle (indirect vaccine efficacy). Transition from V to
Iv depends on the force of infection, reduction in susceptibility to infection in vaccinated animals
(direct vaccine efficacy), and the reduction of infectiousness in infected vaccinated animals

(indirect vaccine efficacy).
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Supplementary Table 3.1: 2 x 2 contingency table used to define measures of diagnostic test

performance
Antemortem Postmortem test
— - Row Totals
Test Positive | Negative
Positive a(TP) |b(FP) atb
Negative c(FN) | d(TN) c+d
Column Totals | a+ ¢ b+d (a+b+c+d)=N

TP = True positive, FN = False negative, FP = False positive, TN = True negative

Supplementary Table 3.2: Relative sensitivity and specificity of IGRA and skin tests with respect
to visible lesion (VL), culture or PCR positivity in BCG vaccinated and unvaccinated control
animals at the 12" month postexposure

M. bovis Culture

Treatment PCR or Visible  Sensitivity LR+

Test Antigen Cutoff Status LR- Accuracy

Lesions (95%CI)
Positive Negative
Positive 24 1
DIVA >2 - 42 2.11 0.72 4
VA > mmNegatwe 3 7 (30, 55) 0.7 0.45
. Positive 23 0
> -
Skin CCT 4 mmNegative 34 5 40 (29, 53) 0.60 0.45
Positive 37 2
>
BCG SIT >4 mmNegative 20 3 65(52,76) 0.4 0.59 0.65
vaccinated Positive 21 1
>
DIVA >0.1 Negative Y 4 37 (26,50) 1.84 0.79  0.40
PPD (B- Positive 39 1
>
IGRA A) >0.1 Negative T 4 68 (56,79) 3.42 0.40 0.69
Positive 50 5
- > -
PPD-B >0.1 Negative 7 0 88 (77, 94) 0.88 0.81
Positive 32 0
> -
DIVA >2 mmNegative 30 3 52 (49, 64) 048 0.54
. Positive 28 0
> _
Skin CCT 4 mmNegative 34 3 45 (33, 57) 0.55 048
Positi 42
Unvaccinate SIT >4 mm—ive 0 68(55.78) - 032 069
Negative 20 3
d Positive 29 0
controls > -
DIVA >0.1 Negative 3 3 47 (35, 59) 0.53 0.49
PPD (B- Positive 48 0
IGRA >0.1 - - 2 .
G A) > Negative T 3 77 (66, 86) 023 0.78
Positive 56 3
PPD-B . - .
> Negative G 0 90 (80, 95) 0.90 0.86
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Supplementary Table 3.3: Summary of concordant test outcomes between antemortem bTB diagnostic tests to supplement the data
presented in the Venn diagram in Figure 5

DST skin, DST IGRA and CCT Tests Concordance
PM or PCR+ PM or PCR - Total All three tests Paired tests

DST IGRA & | DST IGRA & CCT &
Treatment | Test+ Test- Test+ Test- | Tested | Sum Percent DST skin CCT skin DST skin
Controls 21 23 0 3 65 47 | 47165 (72%) 56/65 (86%) 52/65 (80%) 56/65 (86%)
Vaccinates 12 26 1+4/-1 3 62 41 41/62 (66%) 49/62(79%) 46/62 (74%) 51/62 (82%)
Total 33 49 1+/-1 6 127 88 | 88/127 (69%) | 105/127 (83%) | 98/127 (77%) | 110/127 (87%)
SIT, IGRA PPD (B-A) or PPD-B Tests All three tests Paired tests

SIT & IGRA SIT & IGRA PPD (B-A) &
Treatment | Test+ Test Test+ Test Tested | Sum Percent PPD (B-A) PPD-B PPD-B IGRAS
Controls 41 6 Oor3 0 65 47 | 47165 (72%) 57/65 (88%) 48/65 (74%) 54/65 (83%)
Vaccinates 35 7 1,20r5 0 62 42 | 42/62 (68%) 53/62 (85%) 46/62 (74%) 47162 (76%)
Total 76 13 - 0 127 89 | 89/127 (70%) | 110/127 (87%) | 94/127 (74%) | 101/127 (80%)
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Supplementary Figure 3.1: Reduced skin test response at the fourth repeated test is suggestive of desensitization in the skin test (upper
3 panels) and not seen in the IGRA test results (lower 3 panels). The ribbon plots display the mean across all animals for each time point
(line) and one standard error around the mean (shaded interval). Rx_VL Status = Combination of treatment and visible lesion status of

animals
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Supplementary Figure 3.2: Correlation between OD450 nm levels of IFN-y and skin test
responses A) Between the DIVA skin and the DIVA IGRA tests. b) Between the CCT skin and
bovine minus avian tuberculin IFN-y tests. The solid-colored circles represent individual animals
with treatment and visible lesions status combinations. The dashed horizontal red lines at 0.1 are
the cut-offs used for tuberculin and DIVA IFN-y responses. The dashed vertical blue lines at 2 and
4 are the cut-offs used for the DIVA and CCT skin thickness test responses, respectively.
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Concordance of the skin and IGRA tests on visible lesions, culture or PCR test status
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Supplementary Figure 3.3: Venn diagram comparing the number of cattle positives for visible lesions, culture or M.
bovis PCR (PM) with the number of (a) unvaccinated control and (b) vaccinated cattle tested positive on the skin test
formats: DIVA skin (DIVA.Sk), CCT or SIT (c¢) unvaccinated and (d) vaccinated cattle tested positive on the IGRA
test format: DIVA IGRA (DIVA.Ig), PPD (B-A) or PPD-B. All numbers within the purple circle represent animals that
tested positive in the postmortem test (62 unvaccinated and 57 BCG vaccinated). All numbers outside the purple circle
represent animals that tested negative in the postmortem test (3 unvaccinated controls and 5 BCG vaccinated).

Supplementary Table 3.4: Supplementary to Figure 3.4

DIVA, CCT and SIT Skin Tests Concordance
PM, culture PM, culture
or or Total All three skin tests Paired tests
PCR+ PCR-
Treatment Test+ Test- Test+ Test- Tested Sum Percent DIVA & DIVA & CCT &
CCT SIT SIT

Controls 23 19 0 3 65 45 45/65 (69%) 56/65 (86%) 50/65 (77%) 48/65 (74%)

Vaccinates 17 18 3 2 62 37 37/62 (60%) 51/62 (82%) 39/62 (63%) 44/62 (71%)

Total 40 37 3 5 127 82 82/127 (65%)  107/127 (84%) 89/127 (70%)  92/127 (72%)

DIVA, PPD (B-A) & PPD-B IGRA Tests All three skin tests Paired tests

Treatment Test+ Test- Test+ Test- Tested Sum Percent DIVA & DIVA & PPD (B-A)
PPD (B-A) PPD-B & PPD-B

Controls 29 6 3 0 65 35 35/65 (54%) 46/65 (71%) 35/65 (54%) 54/65 (83%)

Vaccinates 19 7 4 1 62 27 27/62 (44%) 39/62 (63%) 28/62 (45%) 46/62 (74%)

Total 48 13 7 1 127 62 62/127 (49%)  85/127 (67%)  63/127 (50%)  100/127 (79%)
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Concordance of the skin and IGRA tests on M. bovis PCR test status alone
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Supplementary Figure 3.4: Venn diagram comparing the number of cattle positives for M. bovis culture PCR
(PCR) with the number of (a) unvaccinated control and (b) vaccinated cattle tested positive on the skin test formats:
DIVA skin (DIVA.Sk), CCT or SIT (c) unvaccinated and (d) vaccinated cattle tested positive on the IGRA test
format: DIVA IGRA (DIVA.Ig), PPD (B-A) or PPD-B. All numbers within the purple circle represent animals that
tested positive in M. bovis culture PCR (47 unvaccinated and 42 BCG vaccinated). All numbers outside the purple
circle represent animals that were M. bovis culture PCR negative Note: The sum of M. bovis culture PCR negative
animals outside the purple could be less than the maximum (18 unvaccinated controls and 20 BCG vaccinated) as
they will be represented by 0 unless they are positive to the respective tests.

Supplementary Table 3.5: Supplementary to Supplementary Figure 3.4
DIVA, CCT and SIT Skin Tests Concordance
PCR+ PCR- Total All three skin tests Paired tests
Treatment Test+ | Test- | Test+ | Test- | Tested Sum | Percent DIVA &CCT | DIVA & SIT CCT & SIT
Controls 19 14 10 8 65 41 41/65 (63%) 40/65 (62%) 37/65 (57%) 43/65 (66%)
Vaccinates 11 11 11 9 62 31 31/62 (50%) 34/62 (55%) 28/62 (45%) 37/62 (60%)
Total 30 25 21 17 127 72 72/127 (57%) | 74/127 (58%) | 65/127(51%) 80/127(63%)
DIVA, PPD (B-A) & PPD-B IGRA Tests All three tests Paired tests
Treatment Test+ | Test- | Test+ | Test- | Tested Sum | Percent DIVA & DIVA & PPD (B-A)
PPD (B-A) PPD-B & PPD-B
Controls 26 5 17 1 65 32 32/65 (49%) 45/65 (69%) 34/65 (52%) 44/65 (68%)
Vaccinates 15 4 17 3 62 22 22/62 (35%) 36/62 (58%) 26/62 (42%) 33/62 (53%)
Total 41 9 34 4 127 54 54/127 (43%) | 81/127 (64%) | 60/127 (47%) | 77/127(61%)
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Appendix 3.1: Supplementary methods: Sample size determination

Our report represents a secondary analysis of data collected from a study where the primary
objective was to estimate the efficacy of BCG vaccination to reduce transmission of bTB. For this
primary objective the experimental reproduction ratio, defined as the expected number of new
infections generated by a single infected animal over the course of the experiment, is the key
design parameter. Given the chronic nature of bTB infection, R can be tuned by increasing (or
decreasing) the duration of the experiment and thus the period of exposure between infectious and
susceptible animals.

From previous studies we estimated that an in-contact period of 1 year would provide a long
enough exposure to ensure an experimental R > 1 and produce sufficient infected seeder animals
from Phase | to progress to Phase Il (see https://doi.org/10.7554/eL ife.27694 for full details). A
conservative estimate of the sample size necessary to estimate a given total vaccine efficacy can
be obtained using a final size method (https://doi.org/10.1017/S095026880600673X) for the total
number of transmission events observed in the vaccinated and control groups. Considering each
pair of susceptible and infected animals independently the probability of infection will
approximately be:

P1= (%) and p, = (Rfiz)

in the control and vaccinated groups respectively. R; and R,are the experimental reproduction
numbers in the control and vaccinated groups and R, = &rR; where the total vaccine efficacy to
reduce transmission is 1 — er. The sample size can then be calculated using Fisher’s exact test.
When n is large (np > 0.5; n (1-p) > 5) the binomial distributions can be approximated by normal
distributions leading to the following expression for n:

n=(p10—p)+p2 (1-p2) (
Since we have two biologically replicated groups thus:

n=2(pl(1-p)+p2(1 - pZ))(

Zot Zﬁ)z
P1— D2

Zo+ Zﬁ)z
P1— D2

Where:

v’ Z, and Zg are the critical values of the standard Normal distribution for the two types of
error, e.9. Z, = 1.96 for a 95% confidence level and Zz = 0.842 (power 80%)

This method estimates that a group size of 52 animals (104 sentinel animals in total split between
vaccinated and control groups) will provide 80% power to estimate an effect size (total vaccine
efficacy) of 75% at the 95% significance level.

We aimed for a higher number (72 per group) than the calculated sample size required (72 per
group) to account for potential losses and ensure robustness of the results. But when COVID-19
shutdown was declared, we were forced to start the experiment with the number of animals we
already recruited that met the inclusion criteria, i.e. the 67 calves
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Supplementary Table 4.1: Reported Prevalences of Tuberculous Like Lesions Based on
Detailed Meat Inspections Conducted at Different Years and Slaughterhouses in Ethiopia.

Reference Year | Study Sample | TBL | Abattoir’s | Part of Ethiopia
Method Size Prev | Location
(Ameni and Wudie, 2003) 2003 | Abattoir | DMI | 1125 5.2 Adama Central Ethiopia
(Teklu et al., 2004) 2004 | Abattoir | DMI | 751 4.5 Hossana South Ethiopia
(Asseged et al., 2004) 2004 | Abattoir | DMI | 1350 1.5 Addis Ababa | Central Ethiopia
(Yacob et al., 2008) 2008 | Abattoir | DMI | 638 0.9 Bahirdar N. West Ethiopia
(Biffa et al., 2010) 2009 | Abattoir | DMI | 3322 10.1 | Multiple Many (Ethiopia)
(Berg et al., 2009) 2009 | Abattoir | DMI | 32779 4.6 Multiple Many (Ethiopia)
(Regassa et al., 2010) 2010 | Abattoir | DMI | 1023 1.1 Hawassa South Ethiopia
(Ameni et al., 2010) 2010 | Abattoir | DMI | 1138 5.0 Kombolcha | N. Eastern Ethiopia
(Bekele and Belay, 2011) 2011 | Abattoir | DMI | 780 2.7 Jimma S. West Ethiopia
(Tigre W., 2012) 2012 | Abattoir | DMI | 1102 5.4 Jimma S. West Ethiopia
(Ewnetu ef al., 2012) 2012 | Abattoir | DMI | 720 5.8 Akaki Central Ethiopia
(Mekibeb et al., 2013) 2013 | Abattoir | DMI | 500 5.0 Addis Ababa | Central Ethiopia
(Zeru et al., 2013) 2013 | Abattoir | DMI | 768 6.4 Mekelle North Ethiopia
(Aylate et al., 2012) 2013 | Abattoir | DMI | 1029 6.1 Woldiya North Ethiopia
(Ayana et al., 2013) 2013 | Abattoir | DMI | 487 9.3 Bako (TST+) | West Ethiopia
(Romha et al., 2013) 2013 | Abattoir | DMI | 582 5.8 West Tigray | North Ethiopia
(Terefe, 2014) 2014 | Abattoir | DMI | 486 6.8 Adama Central Ethiopia
(Woyessa et al., 2014) 2014 | Abattoir | DMI | 1183 5.7 Nekemte West Ethiopia
(Gebrezgabiher, 2014) 2014 | Abattoir | DMI | 768 2.6 Dilla South Ethiopia
(J. Alemu et al., 2016) 2016 | Abattoir | DMI | 500 13.2 | Gambella West Ethiopia
(B. Alemu et al., 2016) 2016 | Abattoir | DMI | 500 10.6 | Adama Central Ethiopia
(Biru et al., 2014) 2017 | Abattoir | DMI | 1107 3.5 Sululta Central Ethiopia
(Tekle et al., 2017) 2017 | Abattoir | DMI | 753 5.8 Hawassa South Ethiopia
(Tintagu Gizaw, 2017) 2017 | Abattoir | DMI | 500 8.6 Gondar N. West Ethiopia
(Woldemariyam et al., 2021) | 2021 | Abattoir | DMI | 384 4.7 Debre Birhan | Central Ethiopia
(Belete et al., 2021) 2022 | Abattoir | DMI | 497 9.1 Gondar N. West Ethiopia
(Ejo et al., 2021) 2021 | Abattoir | DMI | 1458 43 Gondar N. West Ethiopia
(Gemeda et al., 2023) 2023 | Abattoir | DMI | 1020 7.8 Nekemte West Ethiopia
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Supplementary Table 4.2: The primer/probe sets used in this study for MTBC group and species-level identification with m-qPCR

Target Fragment
Target organism Primer/probe length (bp)
Assay name |gene name Sequence Tm Dye
[S1081 IS1081-F GGCTGCTCTCGACGTTCATC 67.4
1S1081 (Rv1199¢) All MTBC IS1081-R CGCTGATTGGACCGCTCAT 67.7 100 FAM
IS1081-P CTGAAGCCGACGCCCTGTGC 71.7
\M bovis, M MTCAni-F GGTTTCTCTTCAACGTCTTGCT 59.1
_ VrbE3A orygis, MTCAni-R CCGTCCCACGGCTTTGG 57.8 96
MTCAni (Rv1964) \M caprae, . JOE
\M tuberculosis
lineage 6 MTCAni-P GGCTGTGCGATCTTCACCGTGAA 65.6
mce3D MTCHum5433-F |CTTCGACAACAGCAACGGTG 60
MTCHumS5433|(Rv1969) M tuberculosis MTCHum5433-R [TCTTGACGATCTTGCCCACC 60 77 TAMRA
MTCHum5433-P [TGACGACGTGCTCATTCGG 60.4
Mory-F ATTGTCGCGCCGAGACTG 60.5
Morg E;k\% A44c) \M orygis Mory-R GTACCATCTTGGCCGAGCTG 60.8 88 FAM
Mory-P CGTCCTCGGCTGACCC 59
Mbov-F AGCCGTAGTCGTGCAGAA 58.6
Mbov 531 510) M bovis Mbov-R CCCGTAGCGTTACTGAGAAATTG 59.7 128 TAMRA
Mbov-P CAACACTCTTGGAGTGGCCTACAACG|65.7
McapRT-F ACCGTGCGGATCTTG 52.9
McapRT lepA \M caprae McapRT-R CATGGAGATCACCCGT 52 153 JOE
McapRT-P TATCGGGTACACAAAGACGA 56
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