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Abstract: Middle East Respiratory Syndrome coronavirus (MERS-CoV) infects dromedary camels
and zoonotically infects humans, causing a respiratory disease with severe pneumonia and death.
With no approved antiviral or vaccine interventions for MERS, vaccines are being developed for
camels to prevent virus transmission into humans. We have previously developed a chimpanzee
adenoviral vector-based vaccine for MERS-CoV (ChAdOx1 MERS) and reported its strong humoral
immunogenicity in dromedary camels. Here, we looked back at total RNA isolated from whole blood
of three immunised dromedaries pre and post-vaccination during the first day; and performed RNA
sequencing and bioinformatic analysis in order to shed light on the molecular immune responses
following a ChAdOx1 MERS vaccination. Our finding shows that a number of transcripts were
differentially regulated as an effect of the vaccination, including genes that are involved in innate and
adaptive immunity, such as type I and II interferon responses. The camel Bcl-3 and Bcl-6 transcripts
were significantly upregulated, indicating a strong activation of Tth cell, B cell, and NF-«B pathways.
In conclusion, this study gives an overall view of the first changes in the immune transcriptome
of dromedaries after vaccination; it supports the potency of ChAdOx1 MERS as a potential camel
vaccine to block transmission and prevent new human cases and outbreaks.
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1. Introduction

Middle East Respiratory Syndrome coronavirus (MERS-CoV) causes a respiratory
disease in humans that can vary from mild to severe pneumonia and organ failure with a
~35% mortality rate [1]. The virus circulates in dromedary camels in the Arabian peninsula,
some parts of middle Asia, and Africa, causing zoonotic spillover cases in humans [2,3].
MERS-CoV has infected more than 2450 individuals in 27 countries with outbreaks that
occurred mainly in the Arabian Peninsula in large crowded hospitals and one large outbreak
in the Republic of Korea [1]. No other cases or outbreaks occurred in Korea, likely because
of a small, to no, dromedary population [4]. This emphasises the importance of improving
public health measures, especially in areas where camels are kept, such as camel markets
and festivals, and the need for a MERS vaccine for camels [5]. More than half (54.9%) of
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the primary human cases, which were mostly in Saudi Arabia, have reported contact with
camels [6]; and the index patient in the Korean outbreak traveled back from the Arab Gulf
countries where MERS-CoV is endemic and circulating in dromedaries before causing the
outbreak [2,7,8].

There have been international efforts to develop therapeutics and vaccines, supported
by putting the need for a MERS vaccine on the priority lists of the WHO and CEPI [9,10]. To
date, however, there is no approved antiviral or vaccine for MERS-CoV in humans or camels.
In camels, the MERS-CoV infection is mild, transient, and does not require veterinary care.
However, a scientific proposition was put forward that developing a vaccine for camels
would prevent, or at least reduce, transmission into humans, predominantly asymptomatic
and mild human cases found among people in contact with camels [5,6,9]. Preventing
the infection in this population would block the virus transmission into the community,
especially patients with co-morbidities who are more likely to develop severe MERS cases.
Therefore, successful vaccination of camels would reduce virus circulation in this animal
host, reducing human exposure, while the same vaccine may be developed for humans to
control the endemic further; this is often called a one-health approach [11].

Several vaccine candidates have been developed and tested in multiple animal models,
including mice, rabbits, non-human primates, and dromedaries [9,10,12]. While many of
these vaccines were developed for humans, three have been tested in dromedaries as one-
health vaccines [13-15]. We have previously reported the development of a chimpanzee
adenoviral vector-based vaccine for MERS-CoV (ChAdOx1 MERS) that has now been
tested in mouse models for immunogenicity [16] and efficacy [17]; it was further evaluated
for safety and immunogenicity in humans [18].

The ChAdOx1 MERS vaccine was trialed in dromedaries, where it induced robust
antibody responses and showed a significant partial protection [13]. However, there
were some technological difficulties when assessing T cell responses in camels, mainly
for the lack of T cell markers for flow cytometric analysis and ELISpot assays. Immune
responses could be gauged by the level of immune-related gene expression, increasing
post-vaccination, which could explain immune responses elicited by the vaccine. Here, in
order to examine dromedary immune responses at the transcriptomic level, three camels
that were immunised with ChAdOx1 MERS were sampled pre-vaccination and at three
time points post-vaccination. Total RNA was isolated from whole blood and sequenced
to report the differentially expressed genes and their implications for the camel immune
system. Our aims were to observe the transcriptomic immune signature changes in order
to provide better insights for future exploration of markers linked with protection.

2. Results
2.1. The Study Animals

To observe changes in the immune system of three dromedary camels that were free
of MERS infection prior to being immunised with ChAdOx1 MERS vaccine candidates,
we investigated the animals’ transcriptomic profile of whole blood at four time points; 0 h
(pre-vaccination) 6, 12, and 24 h post-vaccination. The calves were ensured to be MERS-
CoV infection-free by negative PCR results. They were not exposed to MERS-CoV before,
as confirmed by negative ELISA testing and negative neutralisation assays mentioned in
previous work [13].

2.2. Changes in Overall Gene Expression

Before and after the vaccination of camels, the overall gene expression at a global
transcriptomic level of whole blood was assessed using multidimensional scaling (MDS) for
all camels and time points (Figure 1). The MDS plot confirmed a general time-dependent
expression pattern in all animals (C3, C4, and C6), with the expressions at a given time
broadly clustering together both before and after vaccination. However, some distinct
differences between individual camels are also present, especially at later time points,
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possibly indicating gene regulation effects due to age and breed; age has been recently
shown to impact the immune-related transcriptome in humans [19].
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Figure 1. Multidimensional scaling (MDS) analysis of transcription log-fold changes. Each label corresponds to a camel
(C) and a time point (T). There are three camels (C3, C4, and C6) and four times (T) points: 0, 6, 12, and 14 h post-vaccination).
MDS analysis shows a detectable change in the overall gene regulation after vaccination. Change in time occurs mostly
along the leading MDS dimension 1 (x-axis). An individual effect is observed (mostly along the second MDS dimension 2,
y-axis). Regulation at each time point is similar for all camels, leading to points for the same time (black =0h, red =6 h,
green = 12 h, blue = 24 h after vaccination) being relatively clustered together. However, some exceptions do exist, notably
for camel 4.

2.3. Time-Dependent Behavior of Gene Regulation

The general transcriptional fingerprint had a total number of 14,290 transcripts. Con-
sidering the differential regulation with more than 1 log2 of fold-change, there were: 1005
upregulated and 392 downregulated transcripts at 6 h post-vaccination; 1064 upregulated
and 352 downregulated transcripts at 12 h post-vaccination, and 791 upregulated and 248
downregulated transcripts at 24 h post-vaccination (Supplementary Files 2—4). However,
the change in transcript abundance was not always statistically significant.

A comparison between gene expression before vaccination and gene expression at 6
h post-vaccination can be found in the volcano plot of Figure 2, along with the statistical
significance of the change for each gene. A total of 40 transcripts had statistically significant
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changes, of which 6 transcripts were downregulated, including CXCL8 and IL7R, and
34 transcripts were upregulated, including Bcl-6 and Bcl-3 (>2-fold change, and False
Discovery Rate < 0.05). Bcl-6 and Bcl-3 are transcription factors involved in the activa-
tion of B cells and NF-«B, respectively. Therefore, in support of the previously reported
immunogenicity study [13], this analysis indicates that a single dose of ChAdOx2-MERS
elicits strong B and T cell-based immune responses.
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Figure 2. Volcano plot for gene regulation at 6 h post-vaccination. Changes measured at 6 h post-vaccination as compared
to time O h (i.e., pre-vaccination). On the x-axis, the base-2 logarithm of the fold-change; on the y axis, the negative
base-2 logarithm of the false discovery rate (FDR) for the fold-change. The dots in red are those that exhibit statistically
significant differential regulation at 6 h, defined as abs (log2(fold change)) > 1 and FDR < 0.05. The long versions of the
gene annotations corresponding to the short gene names appearing in the plot can be found in Table S1.
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A few more genes turn out to be differentially regulated (DR) in a statistically sig-
nificant way at 12 and 24 h post-vaccination. The 47 transcripts exhibiting statistically
significant changes in at least one condition compared to their pre-vaccination level are pre-
sented in the heatmap (Figure 3) and Supplementary File 1. Of those, four (Cadr_000005463,
Cadr_000011353, Cadr_000023835, and Cadr_000025074) are putative transcripts whose
function is not known, and two (Cadr_000007726 and Cadr_000002580) correspond to hy-
pothetical proteins. For all other transcripts, it was possible to find mammalian orthologues

with known biological functions.
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Figure 3. Heatmap for the annotated camel genes. Statistically significant differential regulation of genes at one or more

time points post-vaccination. The full list of changes with corresponding statistical estimators can be found in Table S1.
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2.4. Functional Enrichment of Differentially Requlated Genes

In general, upregulated transcripts associated with the immune response included
genes related to the activation or expression of IL-1beta, IL-2, IL-6, IL-7, IL-10, IL-13, IL-17,
IL-18, type I interferon, and interferon-gamma, indicating a strong innate immune response
as well as activation of T cell immune responses via multiple pathways (Supplementary
Files 2—4). The comparison of expression profiles between the different time points re-
vealed immune-related genes both down- and upregulated, although not necessarily in a
statistically significant way; more transcripts involved in the innate immune response were
upregulated overtime. More interferon-related genes became highly upregulated by 24-h
post-vaccination (Supplementary Files 2—4). Enrichment analysis of the 47 differentially
regulated and statistically significant genes as a function of time are presented in Table 1.
At all times, and especially 6- and 12-h post-vaccination, the main terms related to both
innate and adaptive immune response. At 24 h post-vaccination, skin repair pathways also
appear to have been activated; this is likely due to repair of the skin that is damaged by
injection puncture as has been suggested previously [20].

Table 1. Gene ontology terms significantly enriched for the 47 differentially regulated genes identified by this study.

Gene Set Timepoint Enriched Ontologies
BCL3, BCL6, UNC13D 6h Germinal center formation
Chemokine activity, Chemokine receptor binding, Antimicrobial humoral
immune response, Response to chemokine, Neutrophil migration,
CXCL8, CXCL1 12h Granulocyte mlgratlog, Myeloid leukocyte mlgra.tlonl, Cytokine acth}ty,
Leukocyte chemotaxis, Cellular response to biotic stimulus, G-protein
coupled receptor binding, Cytokine receptor binding, Cell chemotaxis,
Response to a molecule of bacterial origin

DDIT4, PER1 12h,24h Response to a steroid hormone, Negative regulation of phosphorylation

CXCLS, KRT64 24h Entry into the host, Interaction with h.ost, Ant1m1c.rok.>1al humoral immune
response, Regulation of symbiosis

CDSN, KRT64 24h Keratinization, Cornification, Keratinocyte differentiation, Epidermal cell

differentiation, Skin development, Epidermis development

3. Discussion

In this study, we reported the early changes in the transcriptome of dromedary camels
following a vaccination experiment with a single dose of intramuscular ChAdOx1 MERS
vaccine candidate. A previous study reported that this vaccine induced strong antibody
responses, starting from day 7 post-vaccination and plateauing for over a month [13]. Here,
the bioinformatic analysis of camel transcriptome during the first day after vaccination
showed at least 47 DR genes with statistical significance. These genes are mainly involved in
immune responses and skin damage and repair, indicating reactions towards the injection
site. For immune-related genes, LILRB4, Bcl-3, Bcl-6, IL7R, CXCL1, and CXCLS (IL8)
were among the most DR genes. However, several other immune-related genes were
upregulated over time following immunization; interferon-related genes, including type I
and II (gamma) interferon.

Notably, CXCL1 and CXCLS8, which is IL-8, were downregulated after vaccination in
the camels being studied; our analysis indicates a marked decrease in the activation of both
CXCL1 and CXCLS8 from 6 h post-vaccination onward. As for several other chemokines,
the expression of IL-8 in humans is associated with the recruitment of neutrophils and
macrophages to infection or tumor sites, especially into tumor microenvironments [21-25].
In Influenza human vaccination studies, IL-8 levels decreased following the vaccine for at
least 24 h [23] and this was more evident in non-pregnant women [21]; this is similar to
our study in camels and warrant further investigation. On the other hand, human tumor
studies showed that chemokines such as CXCL1 and CXCLS8 are produced by tumor cells,
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macrophages, and neutrophils to recruit further neutrophils, macrophages, and sometimes
myeloid-derived suppressor cells (MDSC) where the MDSC would prevent the killing of
tumor cells [26]. However, the biology of immune stimulation of tumor microenvironments
is complex, and it is unclear whether the early effects of camel vaccination would be
similar to what happens in human tumors. In addition, these chemokines might have
slightly different functions in the camel immune system. Supposing that function can be
extrapolated from human to camel, our analysis hints at reduced neutrophil recruitment to
the injection site in these early time points.

At such early time points post-vaccination, it might be less expected to detect gene
regulation changes involved in adaptive immunity. However, our analysis showed an
upregulation of Bcl-3 and Bcl-6; the latter is a transcription repressor that controls and
regulates the activation and differentiation of Follicular helper T (Tth) cells as well as
modulates the activation of B cells by its involvement in the STAT-dependent IL-4 re-
sponses [27,28]. Although Bcl-6 is mainly involved in activation of germinal center (GC)
Tth cells and GC B cells, its expression in peripheral blood cells can be from macrophages
or peripheral Tfc cells; this peripheral expression has been shown to contribute to Treg
cell activation, induction of memory responses, and Tth cells help to B cells outside the
GCs [29-32]. Bcl-3, on the other hand, is a coactivator for NF-kB, which is a key player in
the induction of immune responses to infections in humans, and it is a well-conserved gene
in most vertebrates. Once activated, NF-«kB leads to the activation and response of innate
immunity as well as adaptive B and T cell responses [33]. Other significant DR genes in this
study included leukocyte immunoglobulin-like receptor subfamily B member 4 (LILRB4),
which was upregulated in the immunised camels; LILRB4 has a bidirectional activity in
the activation of many immune cells and is involved in a complex immune process. It can
elicit T cell activation, especially the regulatory T (Treg) cells or T suppressor cells, and can
promote the maturation of dendritic cells [34,35].

Considering the utility and applications of the present data, studies on system vacci-
nology usually attempt to identify a transcriptomic signature that can help in predicting
vaccine induced immunity or protection. One study, on humans, revealed that some
modules of blood transcriptome, not at a single-transcript level, can correlates with vac-
cine induced antibodies. However, this remains vaccine dependent and differs across
transcription modules, and a universal immune signature for vaccine induced immunity
has not yet been found [36]. Recently, COVID-19 patients who previously had received
a COVID-19 vaccine induced higher upregulation of genes, where more than 70% of up-
regulated transcripts were immune-related; however, the immune transcriptome was not
enough to predict the mortality or protection of these subjects [19]. Although our analysis
did not reveal significant changes in other immune signature genes in the first 24 h after
vaccination, the generalised upregulation of a number of immune-related genes over time
supports a picture presenting an apparent activation of innate and adaptive immunity
to the ChAdOx1-MERS vaccination in camels. Previous studies have reported strong
activation of both arms of the immune system following chimpanzee adenoviral vectored
vaccines in humans [37]. It is essential to mention that our study did not include a sham
vaccine control group and compared the changes to pre-vaccinated camels. Nonetheless,
our study is one of the first ones assessing camel transcriptome changes after vaccination,
and the presented data indicate the potency of ChAdOx1 MERS in activating immune
responses in dromedaries at the molecular level. Remarkably, such changes are detectable
even a few hours after vaccination. Such profiling sets out a baseline for evaluating the
immunogenicity of ChAdOx1 vectored vaccines in camels by transcriptomics.

4. Materials and Methods
4.1. Experimental Design and Immunizations Vaccination Study

Three dromedary calves, aged between 1 and 2 years old, were immunised with the
vaccine candidate, ChAdOx1 MERS, intramuscularly at a dose of 1 x 107 infectious units,
as described previously. The calves were given codes of C3, C4, and C6. Blood (3 mL) was
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collected into Tempus™ Blood RNA Collection Tubes (Applied Biosystems, Waltham, MA,
USA) at one-hour pre-vaccination and 6, 12, and 24 h post-vaccination. According to the
manufacturer’s instructions, total RNA was isolated using Tempus™ Spin RNA Isolation
kits (Applied Biosystems, Waltham, MA, USA). Total RNA was frozen at —80 °C until the
time of the analysis.

4.2. RNA Sequencing

According to the manufacturer’s instructions, the Libraries were prepared using
TruSeq stranded RNA prep kit version 2 (Illumina, San Diego, CA, USA), using 1.0 ug
of total RNA input per sample with dual indexing. Samples were sequenced in a single
pool using HiSeq4000 (Illumina, San Diego, CA, USA) to produce 150 bp paired-end reads.
Reads were filtered with TrimGalore prior to running downstream analysis to remove low
base call quality. Sequencing data has been deposited into the NCBI SRA under BioProject
accession number PRJNA701734. The number of reads for each sample is listed in Table 2.

Table 2. Read-related metrics for the sequencing samples used in this study. Both the number of reads and the number of
high-quality mappings refer to paired-end reads.

Oh 6h 12h 24h
Camel
Total Mapping Total Mapping Total Mapping Total Mapping
3 23.5M 73.4% 23.0M 96.4% 23.0M 94.4% 18.7M 96.2%
4 181 M 93.3% 14.8 M 96.2% 271 M 94.2% 27.3M 96.0%
6 255M 94.5% 21.5M 96.0% 31.8M 95.3% 192 M 96.0%

4.3. Bioinformatics Analysis

After quality control, the RNA-sequencing data were aligned to the CamDro3 assem-
bly of the C. dromedarius genome (accession number GCA_000803125.3). Briefly, reads
were processed with a data analysis workflow based on the GEM mapper [38], an updated
version of the pipeline used to process the GEUVADIS consortium data [39]. The workflow
allows for spliced mapping to the reference genome. It includes a sensitive de-novo intron
discovery stage, thus alleviating the need for a high-quality annotation of the reference
genome that is seldom available for non-model species. The percentage of paired align-
ments for each sample is reported in Table 2 (for all samples except camel 3 at time O,
most of the reads resulted in high-quality mappings to the reference). Subsequently, read
counts for all the transcripts present in the annotation were obtained from the samples’
alignments.

4.4. Statistical Analysis

Differential regulation was evaluated with edgeR [40]. The MDS analysis (Figure 1)
was also produced with edgeR. The enrichment analysis of Table 1 was generated with
ClusterProfiler [41].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vetsci8080156/s1, Supplementary file 1, 2, 3, and 4.
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