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ARTICLE INFO ABSTRACT

Keywords: Heartwater is one of the most economically important tick-borne fatal diseases of livestock. The disease is caused
E. ruminantium by the bacteria Ehrlichia ruminantium transmitted by Amblyomma ticks. Although there is evidence that
Heartwater

interferon-gamma controls E. ruminantium growth and that cellular immune responses are protective, an effective
recombinant vaccine for this disease is lacking. Analyses of markers associated with infection as well as pro-
tection will lead to a better understanding of the E. ruminantium immune response and corresponding pathways
induced in sheep peripheral blood mononuclear cells (PBMC) will assist in development of such a vaccine. In this

Tick transmitted
Primary infection
Challenge infection

Transcriptomics
RNA-sequencing study, Biomarkers of infection (BMI) were identified as uniquely expressed genes during primary infection and
Sheep PBMC biomarkers of protection (BMP) associated with immune to heartwater were identified post challenge. Sheep

were experimentally infected and challenged with E. ruminantium infected ticks. The immune phenotypic and
transcriptome profile of their PBMC were compared to their own naive PBMC collected before infection. The
study revealed 305 differentially expressed genes (DEGs) as BMI, of these 17 were upregulated at all three time-
points investigated. These DEGs, form part of the bacterial invasion of epithelial cells Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway, and others detected from day 1 post infection and are considered pre-
dictive markers for early heartwater infection in ruminants. Similarly, a total of 332 DEGs were identified as
BMP, of these 100 were upregulated and 75 were downregulated at all three time-points investigated. However,
at D1PC most DEGs were downregulated (n = 1312) that correlated with a reduction in the % CD4 and CD8 T
cells detected with flow cytometry. KEGG pathway analyses showed complete down regulation of T cell specific
pathways possibly due to homing of immune cells to the site of infection after acquired immunity developed. At
D4PC, expression levels of most of these downregulated genes increased and by D6PC they were upregulated.
This indicates that the sampling time-point for biomarker analyses is important when results for acquired im-
mune responses are inferred. This data identified DEGs that could be considered as biomarkers of protective
immunity that can be used for identification of vaccine antigens and provides a strong foundation to further
development of heartwater recombinant vaccines.

with antibiotics (oxytetracycline hydrochloride) once a febrile response

1. Introduction

Heartwater is an economically important, fatal tick-borne disease of
livestock. The disease is caused by an obligatory pathogen
E. ruminantium that is mainly transmitted by Amblyomma hebraeum and
A. variegatum ticks in southern Africa as well as the rest of Africa and the
Caribbean respectively [1,2]. Infection and treatment, also known as a
“live blood vaccine”, is the only vaccine regime used commercially in
South Africa and refers to infection of heartwater naive animals with
infected ovine blood containing the virulent E. ruminantium Ball3 strain.
The animals are then monitored for a temperature onset and treated

is detected to prevent animals dying from heartwater [3,4]. This
commercially available live blood vaccine has been used for the control
of heartwater, however, there are negative implications associated with
it, i.e., requires cold chain storage, intravenous administration, does not
protect against all field isolates. These can be circumvented by the
development of a recombinant vaccine through a better understanding
of the immune response induced and biomarkers identified for use in
vaccine evaluation.

Regarding heartwater immunity, cell mediated immunity has been
dominantly studied and the humoral response to a lesser extent. The in
vitro and in vivo studies for assessing immune responses induced by
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Abbreviations

BMI Biomarkers of infection

BMP Biomarkers of protection

CEPC circulating endothelial progenitor cells

D day

DEGs Differentially expressed genes

FC Fold change

EDGE Empirical analyses of digital gene editing
IgG Immunoglobulin G

IFN Interferon

IL Interleukin

KEGG  Kyoto Encyclopaedia of Genes and Genomes

NK natural killer

PBMC  Peripheral blood mononuclear cells
PC Post challenge

PCA Principal component analyses

PI Post infection

gPCR Real-time PCR assay

gqRT-PCR Quantitative reverse transcription real-time PCR
RPKM  Reads per kilobase per million mapped reads
RNA-seq RNA-sequencing

S Sheep
Th T helper
TNF Tumour necrosis factor

E. ruminantium have indicated that CD4" T cells, CD8™ cytotoxic T cells,
v T cells, Interferon (IFN)-a, IFN-y, Tumour necrosis factor (TNF)-a and
B, Interleukin (IL)-1p, IL-6, IL-8 all play a role in the host immune
response to E. ruminantium [5]. The immune system consists of two
interacting components, the initial pathogen non-specific pattern
recognition innate response that stimulates the pathogen antigen spe-
cific adaptive response [6]. Gamma delta T cells, natural killer cells
(NK), macrophages and dendritic cells are characteristics of the innate
immune response while T and B lymphocytes mediate the adaptive
immune response [7]. Because the adaptive immune response develops
memory cells that respond very quickly to a following infection by the
pathogen, this can be exploited for new generation vaccine
development.

In recent years, it has become important to identify the host-response
to pathogen (gene/mRNA) and signatures of disease, since these im-
mune biomarkers are often detected even before evidence of a patho-
genic infection is shown. These studies are mostly done for the broad
diagnosis of bacterial and viral responses in human diseases [8,9]. These
signature host-responses to heartwater infection in sheep have not been
investigated, although RNA transcriptome data analyses on the innate
immune response in general have been reported previously by our group
[10] and to other diseases in sheep for example sheeppox [11] and
caseous lymphadenitis [12]. In studying immune transcriptomes, PBMC
are usually used because they are easily accessible without sacrificing
the animal and reflect immunological processes taking place at site of
infection [13,14]. Thus, PBMCs are suitable for characterizing the host
immune responses against viral and bacterial infections and have been
utilized for the vaccine development studies of several diseases [15-18].

In the present study, we have used previous infection RNA-
sequencing (RNA-seq) data sets obtained at three time-points after
sheep were infected with experimentally infected ticks, to identify bio-
markers of infection (BMI), defined as disease specific host-response to
pathogen gene/mRNA signature for heartwater infected sheep. These
predictive markers for early heartwater infection in ruminants can be
used in future studies on the development of host-response-based
diagnostic tests. In addition to this, we also identified biomarkers of
protection (BMP), host-response signature mRNAs that is specific to
sheep that is immune to heartwater. Knowledge of the BMPs may assist
in future vaccine development in the identification of antigens for use in
the development of a recombinant vaccine. These biomarker signatures
can also be used to evaluate new vaccines in vitro before it is tested in the
host animal reducing the ethical burden on the use of host animals.

2. Materials and methods
2.1. Animals used in this study

Four Merino sheep (6-8 months old) were obtained from a
heartwater-free area of South Africa (Free State Province). All sheep

used in this study were negative for E. ruminantium when tested using a
genomic DNA based pCS20 real-time PCR assay (qPCR) [19] upon
arrival at the ARC-OVR. All animal research protocols were approved by
both the animal ethics committees at the ARC-OVR and University of
Pretoria (protocol V078/13). This research was also approved by the
South African Department of Agriculture, Land Reform and Rural
Development (DALRRD) according to Section 20 of the Animal Diseases
Act (35 of 1984).

2.2. Detection of E. ruminantium in ticks and sheep blood using the pCS20
gPCR

Ticks were experimentally infected with E. ruminantium as previously
described [10]. The bacterium level in infected ticks and sheep blood
collected daily from the animals have been previously published [10],
and was determined by qPCR targeting the E. ruminantium pCS20 gene
region [19].

2.3. Infection and challenge of sheep with E. ruminantium experimentally
infected ticks

Infection with E. ruminantium (Welgevonden strain) and challenge of
sheep with ticks was done according to a previously published method
[10]. The same animals were used for both the infection and challenge to
avoid false result interpretation that may arise due to individual genetic
divergence, by comparing each animal to its own immune background
(pre-infected). Briefly, for the primary infection, from here onwards
indicated as post infection (PI), 10 adult heartwater infected ticks were
allowed to feed on naive sheep. Sheep were monitored daily for disease
symptoms (body temperature above 41.5 °C, loss of appetite, heavy
breathing, depression, hanging head, stiff gait, exaggerated blinking,
chewing movements, anorexia, and signs of nervous symptoms). After
the heartwater symptoms onset, animals were treated three times with a
24 h interval using Terramycin®100 (8 ml/animal, containing 800 mg
of oxytetracycline hydrochloride, for sheep weighing between 50 and
60 kg) until the animal recovered and its temperature is stable at
39.7 °C. These animals then received a challenge infection, similar to the
primary infection, 30 days after last antibiotic treatment (Fig. 1). Post
challenge (PC), sheep are considered to be immune to E. ruminantium if
they do not develop any heartwater disease symptoms.

2.4. Collection of blood and isolation of PBMC

Blood samples were collected on Day (D) 0 prior to primary infec-
tion; PI: D1-3PI, D12PI, D16PI; and PC: D1PC, D4PC and D6PC. D1
referred to one day (24 h) after the male ticks attached on the sheep.
Blood was collected in BD Vacutainer® CPT tubes (Becton, Dickinson)
and PBMC were isolated by Histopaque (Ficoll-Hypaque, density of
1.077 g/mL) density gradient centrifugation (Sigma Aldrich®)
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Fig. 1. Schematic representation of the experimental tick infection and challenge timeline of the four sheep used in this experiment. Treatment dates (green arrows)
and blood collection points (red stars) are indicated. Sheep were bled 24h after visible conformation that the ticks attached for the D1-3PI and PC bleeds, with the

sheep numbers bled at each time-point are indicated beneath the star.

according to the instructions of the manufacturer. The PBMC were
washed three times with Alsever’s solution (Sigma Aldrich®), cells were
suspended in PBS and counted using the T20 cell counter from BioRad.
Cells diluted to 1 x 107 cells/ml were re-suspended in 1 ml TRI® Reagent
(Sigma Aldrich®) and stored at —70 °C until RNA isolation.

2.5. RNA extraction, library construction and transcriptome sequencing

Total RNA was isolated according to the TRI® Reagent (Sigma
Aldrich®) protocol. Contaminating genomic DNA was removed by using
the DNA-free kit (Ambion) according to the instructions of the manu-
facturer. The total RNA quality was quantified using a spectrophotom-
eter ND-1000 Nanodrop® (Thermo Scientific). The isolated total RNA
from five individual sheep with >100 pg and absorbance ratio (A260/
A280) of 1.8-2.0 were submitted for sequencing at the ARC-Biotech
platform. Additional analyses and RNA quality controls including the
determination of RNA concentration (Qubit) and evaluating the quality
and integrity of the RNA with using LabChip GX Touch HT Nucleic Acid
Analyzer were performed and only the RNA samples that complied with
these requirements were selected for sequencing by the Illumina HiSeq
(Ilumina, San Diego, CA, USA). The RNA libraries were prepared by
using the TruSeq Stranded mRNA Sample Prep Kit (Illumina) as per
manufacturer’s instructions, again only libraries with sufficient quality
and appropriate concentration were submitted for sequencing.

2.6. Bioinformatics analyses of the transcriptome data

The RNA-seq sequence data was processed using the CLC Genomics
Workbench Version 9.5. Trimmed reads were mapped against ovine
reference genes using the CLC RNA-seq analyses tool, to preselected Ovis
aries immune reference orthologous gene transcript sequences (n =
2804) obtained from the Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway database (http://www.genome.jp/kegg/pathway.ht
ml) and NCBI. Selection was based on pre-existing genes essential for
all the Ovis aries immune KEGG pathways listed under section 5.1 Im-
mune system. Signal transduction pathways from 3.2 Signal trans-
duction and pathways from 4.2 Cell growth and death were only
included if referred to them in section 5.1. All the transcripts refer to
gene annotation and ID numbers allocated by Genbank that were
updated in June/October 2022. Data sets from each individual animal
were normalised to its own pre-immune data sets (DO) and statistical
analyses of the reads per kilobase per million mapped reads (RPKM)
expression values generated, included Baggerley’s test on proportions,
T. test and the empirical analyses of digital gene editing (EDGE) tool.
Additionally, the RNA-seq data sets at each time-point were collectively
compared using the paired multi-comparison setting and normalised to
the same collectively combined DO data set. For example, at D12PI the
data for the D12PI mRNA data of the four sheep (S)31, S32, S33 and S34
were combined in CLC in one data set that was compared to the DO data
set, and each individual animal was paired to its own DO data. This
strategy yielded the mean and statistical data for the group (biological

repeats) but also allows for further analyses to the individual animal and
time-point data sets in excel. Naive data sets of samples collected from
uninfected animals at D1 and D51 compared to DO are also included in
the analyses. These time-points correspond to that of samples collected
from infected (D1-3PI) and challenged (D1PC) respectively.

Significantly up- or downregulated DEGs were selected for each data
set using the following criteria for inclusion: 1) DEGs regulated in at
least 2/3 or 3/4 individual animals/group, as well as in the pooled CLC
analyses and significant using all three statistical methods in the pooled
analyses. 2) fold change (FC) > 1.2 in comparison with DO, and 3) RPKM
expression levels above 10.

For each data set, the expressed transcripts (RPKM values) were
filtered based on false discovery rate (FDR) corrected p-values <0.05
and FC > 1.2 visualised in volcano plots (See representative volcano and
scatter plot results in Supplementary Figs. SIA-D). Expression levels
with RPKM levels less than 10 were considered not expressed and
indicated on the heat maps as a FC of 0. Fold changes for all upregulated
and downregulated genes were calculated in relation with RPKM. To
resolve infinite (co) FC calculation results in CLC, where one of the two
data sets compared with each other have a RPKM value of zero, the fold
increase of all values were recalculated in excel using a “RPKM+1"
formula. The FC was also recalculated in excel and correlated with that
in CLC. The genes from each individual data set were then compared to
determine the significant up- and downregulated genes.

KEGG immune pathways were identified using STRING v10 (htt
p://string-db.org/) analyses and visualised using the KEGG pathway
Database. Venn diagrams were drawn using the Draw Venn diagram tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/). Immune gene
function analyses was done using STRING v10 (http://string-db.org/),
heat maps were generated using the online versatile matrix visualization
and analyses software Morpheus (https://software.broadinstitute.org
/morpheus).

2.7. Whole blood staining and flow cytometry

Blood samples collected from four heartwater infected or challenged
sheep at the time-points listed above. Live dead staining of whole blood
was done by removing the RBC from a pre-analyses 100 pL aliquot with
BD lyse buffer and staining with 1:1000 dilution of TO-PRO 3 dye
(Invitrogen) for 15 min at RT. Additionally, cells were stained and fixed
within 2 h of collection as described previously [17]. Briefly, 100 pl of
whole blood was transferred to staining tubes and incubated with pri-
mary mouse monoclonal antibodies (WSU/Biocom biotech) specific to
CD4 (IgM, cell line GC50A) and CD8 (IgG1, cell line CACT80C) at room
temperature for 15 min. This was followed by washing with 2 ml of
staining buffer (PBS, Sigma), 0.5% FBS (Sigma) containing 0.2% Sodium
Azide (Merk) and centrifuged at 300 g for 5 min. The supernatant was
discarded and the cells were subjected to secondary staining by adding
appropriate dilutions of secondary antibodies goat anti-mouse: 1:8 of
APC-Anti-IgM (Invitrogen), 1:30 PE-Anti-IgGl (Serotec) and 1:10
FITC-Anti-IgG3 (Serotec). The cells were incubated at room temperature
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for 15 min in the dark and washed as described previously. The super-
natant was discarded, the red blood cells were removed and the cells
fixed by using TQ-Prep workstation (Beckman Coulter, Inc) using the
IMMUNOPREP™ reagent system (Beckman Coulter, Inc). Flow cytom-
etry data acquisition and analyses were performed on cytomics FC 500
flow cytometer® and with Kaluza 1.2 software (Beckman Coulter, Inc).
Unstained blood samples were included as controls to assist in negative
gating. The gating strategy for whole blood phenotyping for flow
cytometry is illustrated in Supplementary Fig. S2. Single staining and
isotypic controls to IgG1 (PE) and IgM (APC) were also included in the
pre-immune samples. A total of 10,000 events were recorded for each
experiment. The average at each time-point was calculated for the four
biological repeats and standard deviation determined.

2.8. Quantitative reverse transcription real-time PCR (qRT-PCR)
validation

To validate the transcriptome data, qRT-PCR was done for eight
cytokines on samples selected at two time-points representing primary
infection and challenge infection. To perform cytokine mRNA expres-
sion profiling, we used primers for ovine genes coding for the following
proteins: IFN-y, TNF-q, IL-2, IL-4, IL-6, IL-10, IL-12 and TGF-p and the
housekeeping gene and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as described previously [17]. The qRT-PCR was
performed using Rotor-Gene SYBR® Green Reverse transcriptase-PCR
Kit (Qiagen) using the Rotor-gene Q instrument (Qiagen) following
manufactures instruction manual. Reaction conditions were 30 min at
50 °C and 15 min @ 95 °C and 49 cycles of 15 s at 94 °C, 30 s at 60 °C
followed by 30 s at 72 °C. All cytokines’ gene expression was determined
according to the 2"22C* method [20]. Cytokine gene expression was
normalised to GAPDH expression by subtraction of threshold cycle (Ct)
for GAPDH from the Ct for IFN-y, TNF-a, IL-2, IL-4, IL-6, IL-10, IL-12 and
TGF-f to provide ACt values for each of the samples of interest and the
calibrator. The results were reported as relative expression of cytokines
on each day. The AACt were calculated as the difference between ACt
values for day 0 and days after tick infection, either day 16 infection or
day 6 after challenge infection. The relative difference in cytokine
expression between day O and days after primary infection and chal-
lenge infection was determined using the equation 222, e.g.

ACt = Ct (target cytokine gene) — Ct (GAPDH)

AACt = ACt (sample, D16PI) - ACt (calibrator, DO)

The amount of target relative to calibrator = 2"44,

3. Results
3.1. Animal trial results

The results for this animal trial have been described in detail in a
previous publication [10]. Briefly, the pCS20 qPCR test indicated that
E. ruminantium were present in the infected ticks used for primary and
challenge infection. After primary infection, the sheep were treated from
the third day of febrile reaction with Terramycin®100. No heartwater
symptoms were observed during the challenge infection indicating that
the sheep were immune to heartwater. The pCS20 qPCR test indicated
that E. ruminantium were only detected in the blood after the primary
infection, starting a day before the febrile response until before anti-
biotic treatment, and not after challenge infection (Supplementary
Table S1).

3.2. Selection of DEGs using a heartwater infection and immune PBMC
model

DEGs were identified at the following time-points PI and PC (see
examples of DEGs in Supplementary Fig. S3 that were considered BMI or
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BMP). 1) D1-3PI, 24 h after the infected male ticks attached for infec-
tion. At this time-point no E. ruminantium was detected in blood and the
data for three sheep were investigated as pooled or individual animal
data sets in CLC (S31; S32 and S34). 2) At D12PI the data of all four
sheep were used, here E. ruminantium was detected in blood but was
prior to the observation of a febrile response. 3) D16P], febrile response
developed and an overwhelming number of E. ruminantium was detected
in blood. The data of all four sheep were used. 4) D1PC (S31; S32 and
S34); 5) D4PC (S31; S32 and S33) and 6) D6PC (S31; S33 and S34) was
investigated.

Principal component analyses (PCA) on the mRNA data sets (Sup-
plementary Figs. S4A and B), showed that samples collected at the same
time-points generally grouped together with some variation observed
between individual biological repeats, as expected for outbred animals.
The PC response showed the biggest variation between DO data and
D1PC, and by D6PC most genes were expressed almost at base level
again (Supplementary Fig. S4B) although not identical to DO. FC values
at D1PC of upregulated genes were in general higher than at any other
time-point indicative of a stronger memory or adaptive immune
response activated in response to challenge when compared with the
naive response detected at D1-3PI (See Supplementary Fig. S3 for
representative FC values).

3.3. Selection of BMI and BMP

To make sure the selected BMI are truly uniquely expressed during
infection, they were also compared to all possible significant upregu-
lated PC DEGs identified at each time-point (Supplementary Fig. S5A).
Similarly, the BMP were also compared to all PI DEGs (Supplementary
Fig. S5B). These two data sets were then compared with Venn analyses
to each other and with data obtained from the naive animals at two time-
points to determine the number of unique DEGs in each group (Sup-
plementary Fig. S5C). All markers expressed in at least one time-point PI
or PC were included for analyses.

A total of 305 DEGs were identified as BMI, of these 17 were upre-
gulated at all three time-points investigated (Fig. 2A), 11 at D1-3PI and
D12P], 6 at D1-3PI and D16PI, while the majority of DEGs (n = 56) were
upregulated at both D12PI and D16PI (Supplementary Figs. S6A and B).
The increase in expression of DEGs from D12 onwards are expected since
E. ruminantium are detected from this time-point in blood and the host is
starting to develop heartwater symptoms. At D16PI a total of 93 DEGs
were upregulated that was not detected at any other time-point (Sup-
plementary Figs. S6A and B). Here the disease has reached the end point
with maximum temperature levels (>41 °C) measured in the host and
heartwater symptoms (heavy breathing, hanging head, stiff gait,
depression, and chewing movements, anorexia, and nervous symptoms)
are visible which necessitated treatment of the animals with antibiotics
to prevent mortality (Table S1).

For DEGs identified as BMP (n = 332), 100 were upregulated at all
three time-points investigated (Figs. 2A), 45 were upregulated at D1PC
and D4PC while 39 were upregulated at D4PC and D6PC (supplementary
Figure S6B, C and D). The remaining DEGs were upregulated at one
time-point only with the majority at D6PC (n = 102). Notably, the
highest number of DEGs were downregulated at D1PC (Fig. 3A) with a
total of 1312 DEGs (Fig. 3B) significantly downregulated and these
included 255 DEGs identified as BMP at D4PC and or D6PC (supple-
mentary Figure S6B, C and D). These DEGs were part of several KEGG
pathways that play a role in Th cell differentiation, apoptosis and others
listed in Fig. 3C. Each pathway listed in the table (Fig. 3C) were almost
completely downregulated as is shown for example in the T cell receptor
signalling pathway (Fig. 3F). There were also several markers associated
with Th and cytotoxic T cells downregulated, including T cell markers
CD8A, CD8B, CD4 and CD3. The down regulation in CD8 and CD4
mRNA coincided with a reduction in the number of CD4" and CD8" T
cells detected using flow cytometry at the same time-point (Fig. 3D and
E). At D4PC, expression levels of most of these downregulated genes
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Fig. 2. Heat maps of DEGs identified as BMI and BMP expressed at least at two time-points PI and only those expressed at all three time-points PC (A). Yellow blocks
indicate DEGs that was not significantly expressed and/or with RPKM values of between —1.1 and 1.1, white blocks indicate those that were not expressed (RPKM
values less than 10) blue represent downregulated and red blocks upregulated DEGs. Darkest colours include those DEGs with FC < —3 and >3 so that lower
expression values are also visible on the map. Maps were created with https://software.broadinstitute.org/morpheus/. String analyses (https://string-db.org/) with

K-means clustering of the BMI DEGs are shown in (B) and the BMP in (C).

increased and by D6PC they were upregulated, indicating the sampling
time-point for biomarker analyses will have to be considered when re-
sults for acquired immune responses are inferred.

3.4. String analyses of the upregulated BMI and BMP DEGs

STRING analyses, including DEGs upregulated in at least two time-
points PI or PC, showed that these DEGs formed part of 54 KEGG

pathways. KEGG pathways identified for BMI involves those specific for
bacterial invasion of host cells including the bacterial invasion of
epithelial cells via fibronectin (Table 1, Supplementary Fig. S7) and Fc
gamma R-mediated phagocytosis pathways (Table 1). DEGs involved in
T helper (Th) cell differentiation pathways Th1, Th2 and Th17 were also
uniquely activated. KEGG analyses indicated that no BMI DEGs were
upregulated in the B cell receptor signaling pathway, but the B cell re-
ceptor and its anchor genes CD79A and B as well as CD19 were
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Fig. 3. DEGs downregulated at D1PC. Heat map indicating representatives of the DEGs that were downregulated in comparison with the other time-points tested (A)
(https://software.broadinstitute.org/morpheus/). Yellow blocks indicate DEGs that was not significantly expressed and or with RPKM values of between —1.1 and
1.1, blue represent downregulated and red blocks upregulated DEGs. Darkest colours include those DEGs with FC < —10 and >3 so that lower expression values are
also visible on the map. Venn analyses showing that the total number of downregulated DEGs were higher than those upregulated (B). KEGG pathway analyses of the
downregulated DEGs (https://string-db.org/), representative pathways are indicated (C) with an example of the KEGG T cell receptor signalling pathway
(https://www.genome.jp/pathway/0as04660) showing most of the DEGs were downregulated at D1PC in (F). Flow cytometry analyses of the total number of CD4 ™"
cells (D) and the CD8" cells (E) in whole blood post challenge are shown. In (D) and (E), only the D1PC and D4PC time-points showed significant difference in

comparison with DO (**P < 0.001 and * P < 0.01).

upregulated and considered BMP. DEGs considered to be markers for
protection are shown to be involved in the GZMB and CASP6 mediated
apoptosis indicative of cytotoxic T cell activity (Supplementary Fig. S8).
T cell receptor signaling pathway genes including CD8B were also
detected from D6PC, thus underlining the importance of a CTL response
to control the disease. The classical complement pathway transcripts
were detected PC, including C4A as wells as C8G that forms part of the
complement membrane attack complex (MAC). The innate immune
pathway, the Cytosolic DNA-sensing pathway, was also identified as
unique to the BMP group. Those DEGs belonging to the pathways in
common, are mostly involved in platelet activation, cytokine/chemo-
kine secretion (Table 1) and the uptake, processing, and presentation of
antigen through endocytosis etc., although the exact genes upregulated
in each group were different (results not included in Table 1 for the latter
pathways). For example, in the antigen processing and presentation
pathway an innate NK-cell specific response was activated at PI while a
memory response including CD8" and CD4" T cells were activated and
identified as BMP, although these were only detected from D6PC (Sup-
plementary Fig. S9).

Reactome analyses and Venn comparison of the D16PI upregulated
pathways with those induced at the three PC time-points revealed that
many of the pathways identified at D16PI were also identified PC
although the exact DEGs in each pathway were unique to either PI or PC
(Supplementary Fig. S10).

3.5. Validation of the immune transcriptome data by qRT-PCR

The transcriptome data sets were validated by performing qRT-PCR

for eight cytokines. The qRT-PCR and RNA-seq results correlated for
most cytokines tested on D16PI (Fig. 4) using GAPDH as housekeeping
gene. There was correlation between the FC of IL-4, IL-6, IL-10, IFNG,
TGFB and TNFA in both the qRT-PCR and the RNA-seq data presented.
However, IL-2 and IL-12A was only upregulated when qRT-PCR was
used and not detected using RNA-seq.

4. Discussion

Cell mediated immunity with emphasis on Thl immune response
induced by CD8" cytotoxic and CD4" helper T cells [21-24] are key
players in heartwater immunity. Previously, we have reported on the
innate immune response, induced mainly by macrophages, dendritic
cells, and B cells in sheep PBMC after primary infection with
E. ruminantium bacteria by tick feeding [10]. In this study, BMI were
identified as uniquely expressed genes during primary infection likely to
lead to mortality. Additionally, BMP were identified PC to identify host
response specific RNA-seq signatures associated with disease survival
and protective immunity.

After primary infection, sheep were monitored daily for disease
symptoms: body temperature above 41.5 °C, loss of appetite, heavy
breathing, depression, hanging head, stiff gait, exaggerated blinking,
chewing movements, anorexia, and signs of nervous symptoms. Heart-
water symptoms in the form of a febrile response was observed on
D12PI-D16PI. Our preceding findings indicated that E. ruminantium was
detected at high levels in blood during the febrile reaction starting from
D10 to D16PI but not at the earlier stage of disease [10]. This study
aimed to identify heartwater disease specific host-responses of
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Highlights of the KEGG pathways identified for each of the DEGs considered to be BMI and those for BMP. DEGs were included if they were upregulated in at least two
of the three time-points. Only two representative pathways were included for those that were identified in both BMI and BMP.

KEGG immune pathways: Ovis BMI BMP
aries
#term ID Term description Observed P-value D Observed P-value ID
gene count (FDR) gene count (FDR)
0as04520 Adherens junction 4 0.001 LEF-1; VCL; MAPK1; CTNNA1 - - -
0as05100 Bacterial invasion of 6 0.0016 ACTB; VCL; CTNNA1; FN1; HCLS1, - - -
epithelial cells WASF2
0as04514 Cell adhesion 4 0.0118 GLG1; ITGAL; ITGAM; SELL - - -
molecules
0as04666 Fc gamma R-mediated 4 0.0023 PRKCD; HCK; LYN; MAPK1 - - -
phagocytosis
0as04670 Leukocyte 7 4.66E- MSN; ITGAL; VCL; ITGAM; PTK2B; - - -
transendothelial 06 ARHGAP35; CTNNA1
migration
0as04658 Th1 and Th2 cell 6 2.52E- IL2RA; IFNGR2; JAK3; MAPK1; - - -
differentiation 05 IL4R; NOTCH2
0as04659 Th17 cell 8 4.46E- STATS3; IL6R; IL2RA; IL1R1; IFNGR2; - - -
differentiation 07 JAK3; MAPK1; IL4R
0as04611 Platelet activation 4 0.0059 ARHGAP35; ITGB3; LYN; MAPK1 7 0.0022 PIK3RS5; RASGRP2; FCER1G; MYL12B;
PPP1CA; GNAQ; P2RX1
0as04060  Cytokine-cytokine 14 2.70E- IL6R; CSF2RA; ACVR1; IL15RA; 17 7.91E-07 TNFRSF13B; 1L27; CCL25; CCL14; LIF;
receptor interaction 10 IL2RA; IL18RAP; IL1R1; IFNGR2; IL27RA; LTB; LTA; XCL1; CCL27;
CX3CR1; CCR2; CCR1; ACVR1B; CLCF1; CXCR5; CCL24; GH; ACVRL1;
CSF2RB INHBA
0as04210 Apoptosis - - - 13 3.45E-07 TRAF1; CASP6; BAD; DDIT3; CTSF;
HRAS; GADD45G; HTRA2; BID; TUBAS;
DFFB; TUBA1B; PARP2
0as04662 B cell receptor - - - 6 0.0266 BCR; CD79B; CD19; NFKBIB; HRAS;
signaling pathway CD79A
0as04610 Complement and - - - 6 0.0086 C1R; C4A; PLAUR; SERPINF2; PAI-1;
coagulation cascades C8G
0as04623 Cytosolic DNA- - - - 10 8.34E-08 NFKBIB; POLR1C; POLR2E; IRF3;
sensing pathway POLR2L; TMEM173; POLR3H; RIPK3;
POLR2H; POLR3C
0as04668 TNF signaling - - - 8 0.00037 ATF6B; TRAF1; LIF; LTA; CREB3;
pathway MAP2K6; TAB1; RIPK3
0as04660 T cell receptor 5 0.02 CDK4; NFKBIB; HRAS; CD8B
signaling pathway
14 RT-PCR RNASeq
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Fig. 4. Validation of selected adaptive immune genes transcriptome data by qQqRT-PCR from one representative sheep on D16PI using GAPDH as housekeeping gene.

E. ruminantium infected sheep i.e., BMI. Thirty-four genes were identi-
fied to be uniquely expressed from D1PI to D16PI. These biomarkers of
E. ruminantium infection were thus detected prior to pathogen detection
in the blood. Some of these transcripts were identified in the previous

paper [10] as part of the activation of innate immunity (for example
TLR2, IL-6R, CCR1, CCR2 and NOTCH2) and are similar to DEGs upre-
gulated during chlamydial infections [25]. This also include other DEGs
that may promote the survival of E. ruminantium in the eukaryotic host
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cells and may be considered as predictive markers of early host-response
to pathogen detection. For example, RAB31 a protein forming part of the
Rab GTPase family of proteins [26] was upregulated. Genes from this
protein family have been shown to be critical for nutrient transport to
intracellular bacteria within their remodelled intracellular vacuoles.
They can also directly interact with proteins of the inclusion membrane
that forms part of the replication permissive compartment, similar to
Chlamydia infection [25,27].

CD105 (endoglin), a marker of endothelial cells, that are activated to
proliferate and is considered a co-receptor for TGF-B of endothelial cells
[28] was upregulated PI. CD105 is associated with vascular endothelial
cell proliferation that may lead to tumors/cancerous growth and is not
expressed by circulating endothelial progenitor cells (CEPC) that are
CD34%, CD133+ (no gene identified in sheep), VEGFR-2+ (annotated as
KDR in sheep) and CD45™ in healthy human PBMC [29]. Of these, both
CD34 and KDR were also upregulated PI but were expressed at levels
below RPKM of 10. Together with the expression of CD105 this may
suggest an increased proliferation of in CEPC in blood. The upregulation
of CD105 after E. ruminantium infection in PBMC, may be due to host
response to the disease in order to replace damaged endothelial cells, or
it could be due to bacterial interference to enhance proliferation that
will provide an advantage to bacterial multiplication and thus promote
survival. This marker is however already detected in circulating endo-
thelial cells before E. ruminantium induced cell damage is expected (at
least three days PI). It should be noted that the expression levels of
CD105 are low compared to lymphocyte derived markers, but it is
proportional to the low percentage endothelial progenitor cells reported
in human PBMC [29].

ADAR, a protein inducing A-to-I RNA editing in host cells, has been
shown to be induced in viral and intracellular bacterial infections [30,
31]. It was also upregulated from early E. ruminantium infection
time-points (D1-3PI) that coincided with the enrichment of DEGs asso-
ciated with the KEGG neutrophil-mediated innate immune pathway
from D12PI (Fig. S8). This is similar to what was reported for other
intracellular bacterial infections [31]. Upregulation of ADAR may
signify host RNA transcript alterations in response to E. ruminantium
infection, or as with some viral infections these RNA transcript alter-
ations are induced by the pathogen to promote survival [30]. It remains
to be determined if the upregulation of ADAR by E. ruminantium infec-
tion will indeed induce RNA alterations and if this is a pathogen or host
induced response.

DEGs that form part of the bacterial invasion of epithelial cell
pathway were identified. This is indicative of the mechanism used by
intracellular bacteria to manipulate the host actin-cytoskeleton to pro-
mote survival and cell-to-cell spreading. Although E. ruminantium infects
endothelial cells, KEGG uses epithelial cells as an example and according
to the KEGG pathway description, this could also refer to any host
infected cell. Intracellular bacteria that survive within membrane bound
vacuoles manipulate the actin-skeleton to form and stabilise its cyto-
plasmic replication vacuole. Additionally, it has been shown that they
remodel the actin cytoskeleton to produce protrusions in the cell
membrane that connect to uninfected neighbouring cells. This facilitates
spreading from cell-to-cell without exposure to the host immune cells.
This spreading has been confirmed during early infection for Listeria
[32-34] and Ehrlichia [35,36], although the mechanism used by these
pathogens are not identical. The upregulation of DEGs in this pathway,
in particular actin, supports a similar mechanism employed by
E. ruminantium to evade host immunity during infection. Of interest is
the upregulation of fibronectin that may be a possible receptor of
E. ruminantium entry into cells.

The upregulation of the Cathepsin C (CTCC), CD36 and LAMP2
transcripts detected PI is likely to be a host response to pathogen
through macrophage activation. The CTCC protein has been shown to be
essential for the polarisation of M1 macrophages, producing pro-
inflammatory cytokines essential for intracellular bacterial killing
[37]. However, these genes were not upregulated during the secondary
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response suggesting a fast bacterial clearance PC and that the upregu-
lation of these DEGs is likely to be detected earlier than the 24 h
time-point (D1PI) used in this study. Alternatively, the upregulation of
these DEGs may be manipulated by the obligate intracellular bacteria to
evade and escape from lysosomal degradation as was shown for other
bacteria including Chlamydia and Rickettsia [37]. However, in these in-
fections, CTCD is implicated to promote survival employing an unknown
mechanism that needs further investigation.

A specific Th17 DEG signature [38] was upregulated. The results
suggest participation of Th17 cells during E. ruminantium infection. This
may be achieved by IL-17 that stimulates neutrophil maturation,
chemotaxis [39], pro-inflammatory effects and modulation of B cells
[38]. Although Th17 is mainly involved in protection against extracel-
lular bacteria, it has been shown that this subset provides protection
against the intracellular protozoan Trypanosoma cruzi [40]. Further-
more, McGill et al. [41] showed significant IL-17 production by PBMC
from both Ech_0660 mutant vaccinated animals and control animals
infected with wild-type E. chaffeensis, suggesting a previously unrecog-
nized role for IL-17 and Th17 cells in the immune response to rickettsial
pathogens.

Further research needs to be done to determine if any of these
identified BMIs are in fact specific to heartwater infection or if they are
produced in response to obligate intracellular bacterial infection in
general. These BMI (and the BMP) should also be validated in future
using a qRT-PCR panel in larger groups of animals infected with heart-
water to confirm that these genes are indeed expressed during
E. ruminantium infection. Although the BMI and BMP may have many
DEGs in common with other pathogens, the BMI derived from endo-
thelial cells is likely to be specific to sheep infected with E. ruminantium
and additional studies on E. ruminantium infected endothelial cells using
both RNA-seq and proteomics are planned. Additionally, sequencing of
sorted immune cell populations will pinpoint more defined results for
each cell type [42], however this approach remains a challenge in
ruminant immune models due to a lack in cell specific antibody
availability.

No heartwater symptoms were observed during the challenge
infection and this supports the fact that the animals were immune to the
infection. After challenge infection, sheep are considered immune to
E. ruminantium if they do not develop any heartwater disease symptoms,
since in the ruminant host the use of the blood vaccine induce protective
immunity when they are infected for a second time [3,43]. Of the 332
DEGs identified to be uniquely upregulated PC, 177 of these were
upregulated at D1PC. However, it was observed that many DEGs (n =
1312) were downregulated at D1PC, increasing by D4PC, and upregu-
lated at D6PC. Additionally, there was a correlation between flow
cytometry and mRNA FC data, that revealed a constant expression of
CD4 protein and mRNA during the primary infection and a decrease
during challenge infection particularly D1PC and D4PC.

DEG analyses also revealed that more genes were upregulated in Th1
and Th2 differentiation pathways PI while the T cell signalling pathways
were upregulated PC suggesting that immune memory was activated PC.
Similarly, in the antigen processing and presentation pathway, a NK-cell
specific response was detected PI, while CD4 and CD8 specific responses
were detected PC. This is comparable to other studies that incur the role
of CD4" T cell antigen immunity in bacterial infections such as Ana-
plasma marginale, [44,45], Staphylococcus aureus [46] and Chlamydia
[47]. Flow cytometry data also revealed low levels of CD8B protein
expression at D1PC and D4PC with correlation to the RNA-seq data. This
suggests that memory CD4" and CD8" T cells exited circulation to the
sites of E. ruminantium infection PC [48]. Furthermore, the presence of
upregulated T cell markers IL-9R (D1PC and D4PC), CCR10 (D4PC) and
CXCR5 (D6PC) are indicative of activated circulating T cells. IL-9R is
expressed on activated Th2 cells that are proliferating [49]. CCR10 a
chemokine receptor that is expressed by skin-homing memory T cells
plays an important effector function in host defence against pathogens
that enter via the skin [50]. Circulating CXCR5-expressing CD8" T cells
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are found in peripheral blood and are considered a biomarker for bac-
terial infection [51]. It is known that T cells have to be activated before
granzyme and perforin are expressed at mRNA level and that IL-2
up-regulates this expression [52]. The upregulation of GZMB (D1 And
D4PC) and CASP6 (D1PC) is a further indication of CD8" T cell partic-
ipation in the immune response. The CD8" T cells possibly induce
apoptosis in E. ruminantium infected cells through the perforin/g-
ranzyme pathway. Furthermore, granzyme is known to not only induce
apoptosis but can also assist in lymphocyte extravasation and homing
through the basement membrane to sites of infection [53].

An increase in signature DEGs, BCR, CD79B and HRAS, for B cell
surface molecules or co-receptors were significantly upregulated at all
three time-points, and CD79A, CD19 and IL-4 at only one time-point PC
were identified. IL-4 is produced mainly by Th2 cells as well as by B
cells, indicating the activation of a humoral immune response [54-57].
This all suggests BCR pathway upregulation PC and the high levels of
IL-4 (FC = 12.4) at D1PC indicative of a quick B cell response [58].
Antibodies produced may mediate bacterial clearance through the
activation of the classical antibody-antigen complement pathway [59].
This is likely facilitated through the activation of C4 (upregulated at D1
and D4PC) and the complement membrane attack complex (C8G upre-
gulated at all three time-points) leading to direct bacterial lysis. The role
of B cells has not been well characterised in the past for heartwater, and
the present study revealed involvement of B cells and thus antibodies in
heartwater protective immunity after infection. Humoral immunity has
also been shown to play an important role in protection against Ehrlichia
infection in mice [60].

It was observed that IFN-y was expressed at all time-points both in
RNA-seq (results not shown) and RT-PCR assays confirms previous re-
ports regarding the important role of IFN-y in the immune response to
E. ruminantium [61]. However, previous heartwater challenge studies
have also observed that there is often a lack of correlation between IFN-y
production and protective immunity [43,62]. It is therefore our opinion
that IFN-y alone cannot be used as an indicator for protective immunity
against E. ruminantium, thus there is a need to identify additional cor-
relates of protective immunity. Hence, studying and understanding the
global immune response and immune pathways involved in protection
against heartwater was necessary.

Identifying DEGs in immune related pathways PC provide useful
signatures to reproduce during vaccine development [63]. Furthermore,
because all the upregulated DEGs play an important role in the adaptive
immune response to E. ruminantium any number of them could be
considered as potential markers of protective immunity and used for
identification of vaccine antigens [48]. From other vector borne diseases
such as leishmaniasis, understanding of the role of different markers of
immune response has been reported by works performed in experi-
mental animal models. Here, they reviewed the events during Leish-
mania invasion of host cells, and the immune responses induced against
Leishmania in animal models and humans and their potential role as a
biomarker of protection against human leishmaniasis [64].

To validate the transcriptome data sets, a comparison between
expression profiles of cytokines analysed by qRT-PCR and RNA-seq was
done. Although cytokines such as, IL-2 and IL-12 were only detected by
qRT-PCR, the transcription of other cytokines including IFN-y, TNF-a,
IL-6 and IL-10 was detected by both techniques, indicating partial cor-
relation between the two techniques. This is in accordance to findings
where a high correlation between RNA-seq data and qRT-PCR results
were obtained in human samples with some non-concordant FC identi-
fied for genes likely expressed at low concentrations [65,66].

In conclusion, our results identified 34 BMI that were expressed at all
three time points and specifically within the first 24 h of the initial tick
bite, before E. ruminantium is detected in blood. These include tran-
scripts that induce innate immune responses, but most importantly
genes associated with the activation of endothelial cells to proliferate
and that are conducive to the multiplication and spread of the pathogen.
Although in-depth research is needed to confirm these observations,
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these genes may be useful in developing host-to-pathogen diagnostic
methods employed for the early detection of E. ruminantium infection in
the host. PC we observed that many of the T cells and pathways asso-
ciated with T cell immunity were downregulated within 48 h after
challenge. BMP were also identified to be expressed at all three time-
points tested. These were associated with adaptive activating path-
ways which enhanced our understanding of the global immune response
against heartwater and can be used for identification of vaccine anti-
gens. The data therefore provides information on the prototypical
pathways that need to be activated for protection, and these should be
mimicked if a heartwater recombinant vaccine is developed.
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