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Abstract: Measles virus (MeV) has a negative-sense 15 kb long RNA genome, which is generally
conserved. Recent advances in high-throughput sequencing (HTS) and Dual RNA-seq allow the
analysis of viral RNA genomes and the discovery of viral infection biomarkers, via the simultaneous
characterization of the host transcriptome. However, these host–pathogen interactions remain
largely unexplored in MeV infections. We performed untargeted Dual RNA-seq in 6 pharyngeal
and 6 peripheral blood mononuclear cell (PBMCs) specimens from patients with MeV infection, as
confirmed via routine real-time PCR testing. Following optimised DNase treatment of total nucleic
acids, we used the pharyngeal samples to build poly-A-enriched NGS libraries. We reconstructed
the viral genomes using the pharyngeal datasets and we further conducted differential expression,
gene-ontology and pathways enrichment analysis to compare both the pharyngeal and the peripheral
blood transcriptomes of the MeV-infected patients vs. control groups of healthy individuals. We
obtained 6 MeV genotype-B3 full-genome sequences. We minutely analyzed the transcriptome of
the MeV-infected pharyngeal epithelium, detecting all known viral infection biomarkers, but also
revealing a functional cluster of local antiviral and inflammatory immune responses, which differ
substantially from those observed in the PBMCs transcriptome. The application of Dual RNA-seq
technologies in MeV-infected patients can potentially provide valuable information on the virus
genome structure and the cellular innate immune responses and drive the discovery of new targets
for antiviral therapy.

Keywords: measles virus; host response; dual RNA-seq; genome assembly; transcriptome

1. Introduction

Measles virus (MeV) infection causes worldwide mortality in children, as more than
100,000 fatal infections occur each year [1]. Since there is no animal reservoir of MeV, an
effective and inexpensive live-attenuated vaccine is broadly available, and since there
is relatively low genetic variation between the strains, measles is a candidate infection
for global control and eradication [2]. However, it has been re-established in the form of
major epidemics, even in industrialized countries, due to religious objections to vaccination,
philosophical inhibitions and concerns about vaccination safety in general [3]. MeV belongs
to the genus Morbillivirus, of the Paramyxoviridae family, and [4] has a single-stranded,
negative-sense, 15 kb long RNA genome, which is generally conserved and encodes the six
structural proteins, N, P, M, F, H, and L, and two nonstructural proteins, V and C (WHO,
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2015) [5]. The decreased diversity of circulating MeV strains makes their differentiation
more difficult. Towards a more accurate epidemiological mapping of the virus, extended
genomic regions, such as the H and P genes, but also non-coding sequences, have been
used [6]. Whole-genome sequencing of MeV has also shown that the revealed genetic
variability was supportive in mapping MeV transmission chains [7,8].

The virus can be rapidly transmitted by dispersed respiratory droplets or through
direct contact with infected objects. After approximately 10 days of incubation, the onset of
high fever (>38.3 ◦C) is observed, accompanied by sneezing and coughing, symptoms that
increase the transmissibility of the virus. The onset of a generalized maculopapular skin
rash is observed 14 days post-infection, while patients are considered infectious 4 days
before to 4 days after this time point, due to the higher replication rates of the virus in
the respiratory tract during this period [9,10]. After its introduction to the respiratory
tract at the peak of infection, contrary to other paramyxoviruses, it infects lymphocytes,
dendritic cells (DCs), and macrophages [11]. The virus infects immune cells by binding
to receptors distributed in a certain way, dictating which cell types and tissues will be
affected [12,13]. The virus–host cell interaction is mediated by conformational changes,
at first in a transmembrane glycoprotein, haemagglutinin (H), which forms tetrameric
complexes and is located on the virion’s surface and subsequently in trimeric fusion viral
glycoprotein complexes (F), which facilitate the fusion of the plasma membrane of the host
cell with the viral envelope, leading MeV to eventually enter the cell cytoplasm [13,14].
MeV is then transported to epithelial cells of the respiratory tract and infects them by
binding to the receptor nectin-4, whose cellular location is specific and can be correlated
with virus-induced pathology [12,14,15]. In the epithelial cells of the lung, bronchi, and
trachea, replication takes place and the newly produced viral particles are released, causing
systemic disease [11] allowing transmission by respiratory aerosols [14,16]. Contrary to
the typical innate immune response to viruses, in MeV infection, induction and signaling
by IFN-α/β is inhibited due to the combined activity of P, C, V viral proteins, enabling
extensive replication and spread of MeV [11,17]. Inflammatory response is induced in
peripheral blood mononuclear cells (PBMCs) and is related to the initiation of the adaptive
response essential for clearance. However, cellular responses are short-termed during
rash, due to regulatory T cells’ immunosuppressive activity; therefore, clearance of viral
RNA cannot be succeeded [11,18]. The existence of viral RNA and proteins in lymphoid
tissue after the acute phase serves a dual purpose suppressing immune responses to new
infections and promoting of maturation of B-cell response to MeV, increasing antibody
avidity, which along with CD4+ T-cell proliferation plays a crucial role in establishment of
life-long protective immunity [11].

Single-analyte host biomarkers have been recruited as quantifiable indicators of in-
flammation; however, limited specificity and sensitivity of markers such as erythrocyte
sedimentation rate and C-reactive protein remain a burden to their establishment, while
probably the most useful is procalcitonin, which indicates the presence of bacterial infection
in sepsis and lower respiratory tract infections [19,20]. In the past two decades, studies
were almost solely based on microarray analyses, which have allowed the comprehensive
analysis of host’s response to infections and host transcriptomic signatures in PBMCs have
been shown to distinguish bacterial from viral infections [21–23]. However, the power of
the unbiased RNA-seq transcriptomics has been applied to the study of the interactions
between the host and the pathogen transcriptomes at the same time (dual RNA-seq), and it
seems that the transcriptomics profiling of the host PBMCs can be a useful tool in character-
izing respiratory infections [24,25]. The untargeted dual RNA-seq approach was used for
the qualitative detection of respiratory RNA viruses and the simultaneous quantification
of the airway transcriptome directly on the pharyngeal epithelium [26]. Additionally,
nasal airway gene expression profiles can distinguish disease sub-phenotypes [27], which
further points out the role of the epithelial transcriptome as a potential source of valuable
biomarkers.
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2. Materials and Methods

We retrospectively analyzed total nucleic acids (stored at −80 ◦C) extracted from
pharyngeal swabs and PBMCs of 6 fully anonymized patients with MeV genotype B3
infection, as confirmed via routine real-time PCR testing for viral infections. In parallel,
two sets of nucleic acid samples (pharyngeal and PBMCs) were analysed from 6 clinically
and laboratory healthy individuals, as controls (Figure 1). Following DNase treatment
(Turbo DNase, ThermoFisher Scientific, Waltham, MA, USA) of the nucleic acids, the
RNA-seq libraries were prepared for sequencing using theTruseq V2 kit (Illumina, San
Diego, CA, USA), with poly-A RNA enrichment. We performed untargeted dual RNA-seq
on high-throughput Next-Seq Illumina flow cells, which yielded 1,026,402,011 million
single-ended, 75 bp long reads in total.

Microorganisms 2021, 9, x FOR PEER REVIEW 3 of 14 
 

 
Microorganisms 2021, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/microorganisms 

[27], which further points out the role of the epithelial transcriptome as a potential source 
of valuable biomarkers. 

2. Materials and Methods 
We retrospectively analyzed total nucleic acids (stored at −80 °C) extracted from 

pharyngeal swabs and PBMCs of 6 fully anonymized patients with MeV genotype B3 in-
fection, as confirmed via routine real-time PCR testing for viral infections. In parallel, two 
sets of nucleic acid samples (pharyngeal and PBMCs) were analysed from 6 clinically and 
laboratory healthy individuals, as controls (Figure 1). Following DNase treatment (Turbo 
DNase, ThermoFisher Scientific, Waltham, MA, USA) of the nucleic acids, the RNA-seq 
libraries were prepared for sequencing using theTruseq V2 kit (Illumina, San Diego, CA, 
USA), with poly-A RNA enrichment. We performed untargeted dual RNA-seq on high-
throughput Next-Seq Illumina flow cells, which yielded 1,026,402,011 million single-
ended, 75 bp long reads in total. 

 
Figure 1. Study design and pairwise comparisons. Total human transcriptome analysis was performed in 24 samples in 
total. Pharyngeal and PBMCs samples were analyzed from 6 MeV (+) and 6 MeV (−) patients. Differential expression 
analysis was performed between MeV (+) and MeV (−) samples. Each of the 6 MeV (+) pharyngeal samples was also ana-
lyzed for the reconstruction of the viral genome. 

The consensus genomes were generated after mapping alignment of the reads to the 
reference strain MeVs/London.GBR/3.14 (genotype B3-KT732219.1) using Bowtie2 [28]. 
Samtools were used for all file transformations and for calling the variations from the 
mapping alignments [29]. The genotyping results were confirmed and quality-controlled 
by visual inspection of the mapping alignments using IGV [30]. The RNA-seq analysis 
was performed using Kallisto [31] and the human reference transcriptome 
v.GRCh38.rel79, in order to calculate the abundances of the transcripts. Sleuth package 
[32] and R-base functions were used to interpret and visualize the RNA-seq analysis re-
sults. Gene Ontology (GO) and KEGG pathway enrichment analysis was performed using 
the differentially expressed genes (absolute fold of change ≥2, q < 0.01). 

3. Results 
Each of the 6 MeV (+) pharyngeal samples was analyzed twice, for both the recon-

struction of the viral genome and the characterization of the host transcriptome. Poly-A 
enrichment yielded an average of 2.38 × 107 reads per library, while 2.29% of these reads 
were successfully mapped on the viral genome on average. The average genome coverage 

6 MeV (+) Pharyngeal samples 

6 MeV (-) Pharyngeal controls

6 MeV (+) PBMCs samples 

6 MeV (-) PBMCs controls 

Poly-A enrichment

Poly-A enrichment

Poly-A enrichment

Poly-A enrichment

MeV genome 
reconstruction 

Differential 
expression analysis

comparison

Differential 
expression analysis

6 MeV (+) patients

6 MeV (-) patients

Figure 1. Study design and pairwise comparisons. Total human transcriptome analysis was performed in 24 samples in
total. Pharyngeal and PBMCs samples were analyzed from 6 MeV (+) and 6 MeV (−) patients. Differential expression
analysis was performed between MeV (+) and MeV (−) samples. Each of the 6 MeV (+) pharyngeal samples was also
analyzed for the reconstruction of the viral genome.

The consensus genomes were generated after mapping alignment of the reads to the
reference strain MeVs/London.GBR/3.14 (genotype B3-KT732219.1) using Bowtie2 [28].
Samtools were used for all file transformations and for calling the variations from the
mapping alignments [29]. The genotyping results were confirmed and quality-controlled
by visual inspection of the mapping alignments using IGV [30]. The RNA-seq analysis
was performed using Kallisto [31] and the human reference transcriptome v.GRCh38.rel79,
in order to calculate the abundances of the transcripts. Sleuth package [32] and R-base
functions were used to interpret and visualize the RNA-seq analysis results. Gene Ontology
(GO) and KEGG pathway enrichment analysis was performed using the differentially
expressed genes (absolute fold of change ≥ 2, q < 0.01).

3. Results

Each of the 6 MeV (+) pharyngeal samples was analyzed twice, for both the recon-
struction of the viral genome and the characterization of the host transcriptome. Poly-A
enrichment yielded an average of 2.38 × 107 reads per library, while 2.29% of these reads
were successfully mapped on the viral genome on average. The average genome cover-
age and depth was 99.87% and 1330.2×, respectively (Table 1). The reconstruction of the
genomes was complete, with 100% of the viral genome being covered in all cases, with the
exception of one sample (MeV2) where 99.25% of the MeV genome was covered. Apart
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from the qualitative detection, the reconstructed genomes allowed the accurate genotyping
of the samples using the consensus sequence as a BLAST query.

Table 1. MeV genome alignment statistics based on reference genome KT732219.1.

Sample Enrichment
Method Total Reads Total MeV

Genome Reads
MeV Reads

(%)
Average Depth

(×)
MeV Genome
Coverage (%)

Pharg_MeV1 poly-A 34,370,942 405,851 1.18 1953.95 100.00

Pharg_MeV2 poly-A 34,817,617 282,092 0.81 1357.61 99.25

Pharg_MeV3 poly-A 28,188,497 90,601 0.32 436.01 100.00

Pharg_MeV4 poly-A 29,716,507 59,901 0.20 288.41 100.00

Pharg_MeV5 poly-A 12,783,974 620,934 4.86 2990.41 100.00

Pharg_MeV6 poly-A 3,126,258 198,309 6.34 955.13 100.00

Dual RNA-seq analysis revealed the transcriptomic signatures of both pharyngeal
epithelium and PBMCs of the patient specimens. By comparison to uninfected samples, we
were able to identify all the differentially expressed genes (Supplementary Tables S1 and S2)
and to characterize the profile of the biological functions involved in each transcriptomic
response. The differentially expressed genes in the pharyngeal transcriptome were more
than double in total, compared to those in PBMCs (243 vs. 102 genes). The latter were
mainly upregulated upon MeV infection, −86 upregulated vs. 16 downregulated genes-,
while the upregulated and downregulated genes in the pharyngeal transcriptome were
161 and 41, respectively (Figure 2). Moreover, by analyzing and clustering the GO terms
linked to these genes, we revealed that biological functions were mainly associated with
the response to viral infection in the case of the pharyngeal transcriptome, while PBMCs
transcriptomic signatures indicated activation of cell proliferation, which mirrors a general
immunological response to infection. This finding indicates that the pharyngeal transcrip-
tome might represent a better source of host response biomarkers for identification of viral
infections compared to the PBMCs transcriptome.
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Analysis of the pharyngeal epithelium transcriptome revealed several key genes
known to be involved in the host immune responses. Among all differentially expressed
genes, two upregulated genes, RAD2 and OASL, known to be rapidly induced in response
to viral infection, were observed [26,33]. The IFIH1 (MDA-5) gene, which has been shown
to trigger the release of interferons (IFNs), was also upregulated [34]. Additionally, we
observed upregulation of several IFN-induced genes (IFIT3, IFIT2, IFIT1, IFITM3, IFI44),
as well as of the IVNS1ABP (NS-1) gene, which encodes Influenza virus NS1A-binding
protein, an antagonist of IFNs I and III [35]. Overexpression was also observed in the
case of TNFAIP3/A20, a gene that encodes a zinc finger protein, which acts as inhibitor of
both NFκB activation and TNF-mediated apoptosis [36]. Innate immunity activation was
also depicted by the increased expression of CLEC7A (DECTIN 1), CLEC4E, and TNFAIP6
genes [37,38]. Finally, overexpression of chemokines CXCL1 and CXCL2 indicates presence
of inflammation in the pharynx and is considered a transcriptomic signature, as it leads to
the induction of NLRP3 inflammasome in macrophages [39]. The AIM2 gene was upregu-
lated, allowing the assumption that dsDNA-dependent AIM2-inflammasome activation is
successful, leading to AIM2-mediated IL-1β and IL-18 production [40] (Figure 3).

Contrary to the pharyngeal transcriptome, the host response signatures in the PBMCs
were not directly linked to host response to viral infections. Differentially expressed genes,
86 in total, were linked to cell cycle-related processes. According to the Gene Ontology (GO)
enrichment analysis using the differentially expressed genes, CDC45, MCM2, GINS2, ORC1,
and CDC25A are involved in DNA replication and more specifically in the regulation of
G1/S transition of mitotic cell cycle and of DNA-dependent DNA replication initiation. The
products of the abovementioned genes mediate DNA replication, as CDC25 and MCM2,
along with MCM3-7 and GINS, form CMG complex, which acts as a replicative helicase [41].
MCM2-7 subunits form a long channel in order for double-stranded DNA to pass through
and such action requires CDC6, CDT1, and Origin Recognition Complex (ORC) proteins,
two of which were upregulated (Figure 3).

Moreover, GO analysis revealed that among the differentially genes there is a group
related to cell division (CDC20, PTTG1, CDC25A, CCNB1, CCNB12), particularly linked to
regulation of cell cycle checkpoints (CCNB1, E2F2, CCNB2, PLK1, PKMYT1, CDC25A). “Cell
division cycle 25 A”, a phosphatase encoded by the CDC25A gene, plays an important role
in cell division, regulating the activities of cyclin-dependent kinases (CDKs) in a positive
way, removing phosphorylation that acts as inhibitor [42]. Specifically, CDC25A activates
the cyclin E-CDK2 complex by dephosphorylating two residues on CDK2 and the complex
phosphorylates Rb, which, in its dephosphorylated form, acts as a suppressor of E2F
transcription activity [42]. E2F (E2F1, E2F2, E2F3) transcriptional activators, upregulated
in our study, are able to induce CDC25A transcription by binding to the promoter of the
gene and subsequent activation of CDC25A promotes G1/S progression [42]. Additionally,
CDC25A interacts with cyclin-dependent kinase (CDK1), activating it in order to interact
with cyclin B, which is encoded by the CCNB gene [43,44], also upregulated in our study.
PLK1, a mitotic inducer overexpressed based on the current analysis, accumulates affecting
activation of CDK1 [45]. Completion of mitosis is promoted by a negative regulator of the
CDK1/CycB complex, PKMYT1, upregulated in our study. PBMCs GO analysis also re-
vealed upregulation of the PTTG1 gene, encoding a protein whose active role is to maintain
genomic stability during mitosis, by controlling sister chromatids’ segregation [46].
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4. Discussion

Unbiased—dual RNA-seq transcriptomics can decipher the interactions between the
host and pathogen genomes and transcriptomes at the same time. The aim of this study
was the simultaneous reconstruction of the virus genome and the detailed characterization
of the pharyngeal and the PBMCs’ transcriptome of MeV-infected patients. Differential ex-
pression RNA-seq analysis of the pharyngeal epithelium depicted upregulation of RSAD2,
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OASL, and IFIT2 IFN-stimulated genes (ISGs) encoding intracellular proteins. Elevated
levels of these proteins are correlated with response to viral infection [47,48]. Specifically,
detection of MeV by RIG-1 and MDA-5 pattern-recognition receptors (PRRs) and activation
of these receptors results in the production of IFN-β and subsequent induction of the
abovementioned ISGs [47]. OASL and IFIT2 act as effectors, preventing replication of
the virus and viperin, a protein encoded by RSAD2, acting as inhibitor of MeV release in
infected cells [49]. Viperin together with IFITM2 and IFITM3 are reported to have antiviral
activity, as processes of binding, entry, and uncoating of the nucleocapsid are considered as
targets of IFITM proteins and are inhibited in case of, for example, West Nile and Dengue
virus infections [50,51]. Moreover, OASL and IFIT2 together with CXCL10 form a group of
genes whose mRNAs levels can be considered as biomarkers, predicting respiratory virus
infection with an accuracy of 97% [48]. CXCL10 is a chemokine that acts as a chemotactic
factor attracting T cells to the site of the infection, and its levels are highly associated with
the presence of viral infection [48,52]. In general, inhibition of induction and signaling
by IFN-α/β [24] is not reflected in our results, as we observed many IFN-induced upreg-
ulated genes (IFIT3, IFIT2, IFIT1, IFITM3, IFI44). This can be explained by the elevated
levels of IFIH1 gene, encoding MDA-5 PRR, as well as by the action of the cytoplasmic
helicase induced by IFN, encoded by the upregulated DDX60 gene. The helicase acts as
guardian for viral RNA degradation and RIG-I activation in response to viral RNA and
DNA [53]. Particularly, it acts upstream of RIG-I in the innate immune response and is
involved in RIG-I-dependent type I IFN production, activating ligand-dependent RIG-I
signaling [53]. Viral RNA binds to RIG-I, causing conformational changes, enabling its
interaction with MAVS, subsequently promoting translocation of IRF-3 and NF-κB required
for INF-β gene transcription [54]. It should be mentioned that except from MDA-5 and
RIG-1 activation, TLR3 signaling can also induce IFN production in conventional DCs,
although the receptor is not overexpressed in our study, neither in the PBMCs nor in the
pharyngeal epithelium [55]. Finally, robust innate immune response via IFN signaling is
induced in a cell-type specific way, as cell lines behave in a different way as in vitro studies
report. For example, microarray analysis of the epithelial 293SLAM cell line indicated that
IFN-I signaling was not blocked, contrary to the findings concerning lymphoid COBL-a
cell line [56]. Specifically, early in the infection (6 h post-infection) the activation of IRF3
promotes IFN-I and subsequently ISGs production. On the other hand, suppression of
the IFN-I signaling pathway in COBL-a is typical of MeV infection [56]. Of note is the
study of Donohue et al. regarding MeV quasispecies adaptation to different cell types [57].
During adaptation of the virus, multiple variants aggregate in a specific region of the P
(phosphoprotein) gene, affecting downstream RNA editing, resulting in the production of
the IFN-antagonist, V. In the lymphocytic cell line Granta-519, MeV variants negatively
affect expression of functional V protein, while in the epithelial cell line H358, no variants
are reported proximal to the editing site, V’s production is not affected, and the protein can
act as a negative regulator of IFN-I signaling [57].

Despite the abovementioned, IFN-I transcripts were not detected in our study, a
finding in agreement with the literature. We report that the IVNS1ABP (NS-1) gene, found
overexpressed in the current study, encodes Influenza virus NS1A-binding protein and
acts as an antagonist of host type I and III IFN production and signaling [35]. Moreover,
it is known to play a role in apoptosis inhibition, DCs maturation suppression as well as
control of protein stability, and acts as regulator of transcription of host cell mRNAs [35].
Like other known pathogens (e.g., Influenza virus), MeV carries components that mimic
regulatory elements of the host cells, enabling virus to intervene in essential processes and
NS-1 protein is one of those key molecules, as it suppresses antiviral genes’ expression
acting as a histone mimic, as it possesses a H3-like sequence [58,59].

From another set of known key components (STAT1, STAT2, p53, IFIH1), considered
as targets of MeV [36], only IFIH1 gene was upregulated in our study. The cytoplasmic
receptor encoded by this gene binds to dsRNA and undergoes structural rearrangements,
triggering the release of proinflammatory cytokines, particularly IFNs by immune cells,
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thus inducing apoptosis of virus-infected cells [34,60]. However, V inhibitor protein of
MeV specifically binds to IFIH1, unfolds its ATPase domain inhibiting ATPase activity
and cellular aggregation of IFIH1, disrupting activation of the downstream signaling
cascade [60].

According to the results of the GO enrichment analysis, two members of the protein
family TNFAIPs (Tumor necrosis factor alpha-induced proteins) are upregulated, TNFAIP3
and TNFAIP6. In general, members of this protein family differ more than 75% at the level
of amino acid residues, indicating different biological function and their gene expression is
induced by TNF-α [61]. The TNFAIP3/A20 gene encodes a zinc finger protein acting as a
ubiquitin modification enzyme, which plays a role as negative-feedback regulator of the NF-
κB signaling pathway and as mediator of TNF apoptosis [61,62]. TNFAIP3 downregulates
the activity of IRF-3, a key transcription factor for the induction of IFN-γ [36]. During
MeV infection, viral P protein activates the expression of the ubiquitin modifier TNFAIP3,
which interacts with TRAF6-binding protein, TAX1BP1, forming a complex that acts as
TRAF6 inhibitor by preventing E3 ligase TRAF6 polyubiquitination [63], thus blocking the
TLR4-mediated proinflammatory signaling [63]. The second member of the family found
to be overexpressed in our study is TNFAIP6, known as TSG-6, a secreted multifunctional
protein, produced at sites of inflammation, which acts as mediator of tissue remodeling
and anti-inflammatory responses, mainly by regulating chemokines [61,64,65]. Human
TNFAIP6 has a Link module (Link_TSG6) which binds to CXC- and CC-chemokines
inhibiting neutrophile migration and their influx to inflammatory sites [64].

In our study, overexpression of CLEC7A (DECTIN 1), a component of innate immune
response, was also observed. It is known that the C-type lectin dectin-1 is a robust in-
ducer of Th1 and/or Th17 responses. CLEC7A inhibits TLR4 signaling, downstream
inflammation, and chemokines secretion, acting as a mixed blessing on the regulation
of inflammation [38,66]. Except from TNFAIP6 upregulation, another component of the
innate immune response and inflammation, CLEC4E, was upregulated, and this finding
is in agreement with previous studies reporting upregulation of nine signaling molecules
(CEBPB, HP, SAA1, CLEC4E, PTX3, TNFAIP6, SERPINE1, interleukin-6 (IL-6), IL1RN)
during the acute phase of the lethal Ebola Virus infection [37]. It should be taken into
account that CLEC4E appears to have a dual role in inflammatory condition, by promoting
production of pro- and anti-inflammatory cytokines based on PRRs and their ligands that
mediate immune response in each case [38,67]. Inflammasome is activated during MeV in-
fection, a fact supported by our findings that report upregulated expression of chemokines
CXCL1 and CXCL2, which results in activation of NLRP3 inflammasome in macrophages,
an effect mediated by their interaction with the related receptor CXCR2 [39]. CXCL1 is a
ligand that acts as a chemoattractant recruiting immune cells, like monocytes, neutrophiles
and T-lymphocytes [39,68]. Moreover, CXCR2 binding to CXCL2, the structurally related
GRO family chemokine produced by macrophages, contributes to lung injury during viral
infection, an event crucial for the establishment of pro-inflammatory conditions associated
with respiratory disorders [69]. These findings are in accordance with the observation that
the pharyngeal transcriptomic signature in our dataset was more informative with regard
to detection of viral infections.

The majority of overexpressed genes in PBMCs encode protein molecules that are
activated during DNA replication (CDC45, MCM2, ORC1, CDC25A), cell division (CDC20,
PTTG1, CDC25A, CCNB1, CCNB12) or act as regulators in cell cycle checkpoints (CCNB1,
E2F2, CCNB2, PLK1, PKMYT1, CDC25A). DNA replication and mitosis entry and exit
are strictly regulated by a complex feedback system, which depends mainly on phos-
phorylation and dephosphorylation events by a number of kinases and phosphatases,
respectively [43]. Regarding DNA replication processes, the overexpression of CDC45,
MCM2, and ORC1 proteins depicted in our results is expected, considering their associ-
ation with events taking place at the G1, S, and G2 cell cycle phases [70,71]. In order for
DNA replication in eukaryotes to be initiated in the S phase, protein–protein interactions
take place, as MCM2-7 helicase is loaded onto double-stranded DNA and activated by
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GINS-CDC45 [72,73]. CDC45 acts as a limiting factor for replication initiation and the
activation of CMG helicase in humans [74]. Moreover, studies using HeLa cells report that
MCM2-7 complex molecules are 10–50-fold more than CDC45 molecules [75]. Upregulation
of GINS, ORC1-CDT1, and MCM2 in our study indicates a possible association between
complexes since CDT1 and MCM form a complex which stabilizes MCM subunits during
conformation of the MCM ring [41].

The G2-to-M transition and exit from mitosis following cell division are regulated by
switch-like reactions driven by protein molecules subjected to different states of phospho-
rylation. Cell division cycle 25 A (CDC25A) protein phosphatase plays an important role as
it has dual specificity, in activation of CDKs [43,76]. Specifically, it dephosphorylates CDK2,
CDK4, and CDK6, which, in turn, during cell cycle transition from G1 to S, phosphorylate
Rb, resulting in dissociation of E2Fs transcription factors from Rb and subsequently their
activation [76]. Their essential role in cell cycle processes offers an explanation to the
upregulation of CDC5A and E2Fs, reported in our study. CDC25A interacts with another
CDK1, removing the inhibitory phosphorylations, resulting in its activation, enabling its
subsequent interaction with cyclin B (CycB) [43,44]. This protein, encoded by the CCNB
gene, also upregulated in this study, dynamically alters its subcellular localization from the
cytoplasm to the nucleus, interacts with CDK1, forming a complex which mediates cell
cycle progression, by phosphorylating substrate targets [75]. Activation of CDK1 is also
affected by accumulation of molecules which induce mitosis, such as PLK1, found to be
upregulated in our study. The activity of CDK1/CycB complex during the G2/M transi-
tion is balanced by feedback mechanisms, the already mentioned dephosphorylation by
Cdc25A [43], and degradation of CycB and rephosphorylation by PKMYT1 [43,77,78]. Pro-
tein kinase, membrane-associated tyrosine/threonine kinase of the Wee family, is encoded
by the PKMYT1 gene, upregulated in our study, and acts as negative regulator in the G2/M
phase, promoting completion of mitosis, as it phosphorylates Tyr14/Tyr15 inactivating the
CDK1/CycB complex [79]. Another gene, PTTG1, the active role of which in mitosis was
revealed by GO enrichment analysis in PBMCs, is a proto-oncogene encoding a protein
responsible for maintenance of genomic stability during mitosis [46]. PTTG1 is upregulated
during cell cycle, specifically at the G2/M phase, and actively controls separation of sister
chromatids [46]. Moreover, PTTG1 with its SH-3 domain interacts with multiple signaling
pathways and is involved in activation of growth factor pathways by mediating activity of
Src kinase [46].

In general, our results agree with what is reported on genetic reconstruction of immune
cell pool after MeV infection. Infection of immune cells takes place after binding of viral
hemagglutinin (H) to cellular receptors CD150, resulting in depletion of specific subsets of
B and T lymphocytes [44,80]. In recent studies, not only loss of expanded B and T memory
clones is observed, but also reduction of antibody production and repertoire, due to loss of
long-lived plasma B-cell subset and incomplete recovery of pre-infection diversity [80–82].
As successful regeneration of naïve B lymphocytes takes place approximately four weeks
after infection, no change in frequencies of the lymphocyte population is observed [83].

The major conclusion drawn from these observations is that massive infection of
lymphocytes and depletion of effector cells and memory clones results in damaged adaptive
responses and eventually induction of immune suppression [83,84]. Specifically, certain
types of B and T lymphocytes are depleted, while the naive population is not influenced
and a major consequence of this repertoire alteration is increased susceptibility to secondary
infections, due to abolishment of immunological memory [83].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9071538/s1; Supplementary Table S1: Differential Expressed genes in the
pharyngeal epithelium; Table S2: Differential Expressed genes in PBMCs.

Author Contributions: Conceptualization, T.K., V.P., O.T. and A.M.; data curation, T.K., V.P. and G.P.;
formal analysis, T.K., V.P. and G.P.; methodology, T.K., V.P., M.E. and A.M.; software, T.K. and G.P.;
supervision, T.K. and A.M.; validation, O.T., S.S. and A.M.; visualization, T.K.; writing—original

https://www.mdpi.com/article/10.3390/microorganisms9071538/s1
https://www.mdpi.com/article/10.3390/microorganisms9071538/s1


Microorganisms 2021, 9, 1538 10 of 13

draft, T.K., V.P., G.P., M.E., O.T., S.S. and A.M.; writing—review and editing, T.K., V.P., G.P., M.E.,
O.T., S.S. and A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was made possible through the grant from the Stavros Niarchos Foundation to
the Hellenic Pasteur Institute, as part of the Foundation’s initiative to support the Greek research
center ecosystem.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and evaluated by the Scientific Committee and the Governing Council of
Thriasion General Hospital (433/18-12-2019, 3/11-5-2020).

Informed Consent Statement: Patient consent was waived and not required by the Reviewing
Committee because neither human cells nor human tissues were processed and no procedure in
addition to standard care was performed.

Data Availability Statement: Data presented in Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rota, P.A.; Moss, W.J.; Takeda, M.; De Swart, R.L.; Thompson, K.M.; Goodson, J.L. Measles. Nat. Rev. Dis. Prim. 2016, 2. [CrossRef]

[PubMed]
2. Martin, R.; Wassilak, S.; Emiroglu, N.; Uzicanin, A.; Deshesvoi, S.; Jankovic, D.; Goel, A.; Khetsuriani, N. What will it take

to achieve measles elimination in the World Health Organization European Region: Progress from 2003–2009 and essential
accelerated actions. J. Infect. Dis. 2011, 204, 325–334. [CrossRef]

3. Muscat, M.; Bang, H.; Wohlfahrt, J.; Glismann, S.; Mølbak, K. Measles in Europe: An epidemiological assessment. Lancet 2009,
373, 383–389. [CrossRef]

4. CfDCaP, C. Global Measles and Rubella Laboratory Network, January 2004–June 2005. Morb. Mortal. Wkly. Rep. 2005, 54,
1100–1104.

5. WHO. Genetic diversity of wildtype measles viruses and the global measles nucleotide surveillance database (MeaNS) = La
diversitι gιnιtique des virus rougeoleux de type sauvage et la base de donnιes MeaNS (Measles Nucleotide Surveillance). Wkly.
Epidemiol. Rec. Relev. Ipidιmiologique Hebd. 2015, 90, 373–380.

6. Harvala, H.; Wiman, A.; Wallensten, A.; Zakikhany, K.; Englund, H.; Brytting, M. Role of sequencing the measles virus
hemagglutinin gene and hypervariable region in the measles outbreak investigations in Sweden during 2013–2014. J. Infect. Dis.
2016, 213, 592–599. [CrossRef]

7. Penedos, A.R.; Myers, R.; Hadef, B.; Aladin, F.; Brown, K.E. Assessment of the utility of whole genome sequencing of measles
virus in the characterisation of outbreaks. PLoS ONE 2015, 10, 1–16. [CrossRef] [PubMed]

8. Phan, M.V.T.; Schapendonk, C.M.E.; Oude Munnink, B.B.; Koopmans, M.P.G.; de Swart, R.L.; Cotten, M. Complete genome
sequences of six measles virus strains. Genome Announc. 2018, 6, 1–2. [CrossRef]

9. ROBBINS, F.C. Measles: Clinical Features. Am. J. Dis. Child. 1962, 103, 266. [CrossRef]
10. Simani, O.E.; Adrian, P.V.; Violari, A.; Kuwanda, L.; Otwombe, K.; Nunes, M.C.; Cotton, M.F.; Madhi, S.A. Effect of in-utero HIV

exposure and antiretroviral treatment strategies on measles susceptibility and immunogenicity of measles vaccine. Aids 2013, 27,
1583–1591. [CrossRef]

11. Griffin, D.E. The immune response in measles: Virus control, clearance and protective immunity. Viruses 2016, 8, 282. [CrossRef]
12. Móhlebach, M.D.; Mateo, M.; Sinn, P.L.; Prófer, S.; Katharina, M.; Leonard, V.H.J.; Navaratnarajah, C.K.; Frenzke, M.; Xiao, X.;

Sawatsky, B.; et al. Adherens junction protein nectin-4 (PVRL4) is the epithelial receptor for measles virus. Nature 2012, 480,
530–533. [CrossRef]

13. Moss, W.J. Seminar Measles. Lancet 2017, 6736, 12–19. [CrossRef]
14. Plattet, P.; Alves, L.; Herren, M.; Aguilar, H.C. Measles virus fusion protein: Structure, function and inhibition. Viruses 2016, 8,

112. [CrossRef]
15. Noyce, R.S.; Richardson, C.D. Nectin 4 is the epithelial cell receptor for measles virus. Trends Microbiol. 2012, 20, 429–439.

[CrossRef] [PubMed]
16. De Vries, R.D.; Mesman, A.W.; Geijtenbeek, T.B.H.; Duprex, W.P.; De Swart, R.L. The pathogenesis of measles. Curr. Opin. Virol.

2012, 2, 248–255. [CrossRef] [PubMed]
17. Zilliox, M.J.; Parmigiani, G.; Griffin, D.E. Gene expression patterns in dendritic cells infected with measles virus compared with

other pathogens. Proc. Natl. Acad. Sci. USA 2006, 103, 3363–3368. [CrossRef]
18. Yu, X.; Cheng, Y.; Shi, B.; Qian, F.; Wang, F.; Liu, X.; Yang, H.; Xu, Q.; Qi, T.; Zha, L.; et al. Measles Virus Infection in Adults

Induces Production of IL-10 and Is Associated with Increased CD4+ CD25+ Regulatory T Cells. J. Immunol. 2008, 181, 7356–7366.
[CrossRef]

http://doi.org/10.1038/nrdp.2016.49
http://www.ncbi.nlm.nih.gov/pubmed/27411684
http://doi.org/10.1093/infdis/jir137
http://doi.org/10.1016/S0140-6736(08)61849-8
http://doi.org/10.1093/infdis/jiv434
http://doi.org/10.1371/journal.pone.0143081
http://www.ncbi.nlm.nih.gov/pubmed/26569100
http://doi.org/10.1128/genomeA.00184-18
http://doi.org/10.1001/archpedi.1962.02080020278018
http://doi.org/10.1097/QAD.0b013e32835fae26
http://doi.org/10.3390/v8100282
http://doi.org/10.1038/nature10639
http://doi.org/10.1016/S0140-6736(17)31463-0
http://doi.org/10.3390/v8040112
http://doi.org/10.1016/j.tim.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22721863
http://doi.org/10.1016/j.coviro.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22483507
http://doi.org/10.1073/pnas.0511345103
http://doi.org/10.4049/jimmunol.181.10.7356


Microorganisms 2021, 9, 1538 11 of 13

19. Christ-Crain, M.; Jaccard-Stolz, D.; Bingisser, R.; Gencay, M.M.; Huber, P.R.; Tamm, M.; Móller, B. Effect of procalcitonin-guided
treatment on antibiotic use and outcome in lower respiratory tract infections: Cluster-randomised, single-blinded intervention
trial. Lancet 2004, 363, 600–607. [CrossRef]

20. Bergin, S.P.; Tsalik, E.L. Procalcitonin: The Right Answer but to Which Question? Clin. Infect. Dis. 2017, 65, 191–193. [CrossRef]
21. Holcomb, Z.E.; Tsalik, E.L.; Woods, C.W.; McChain, M.T. Host-Based Peripheral Blood Gene Expression Analysis for Diagnosis of

Infectious Diseases. J. Clin. Microbiol. 2017, 55, 360–368. [CrossRef]
22. Hu, X.; Yu, J.; Crosby, S.D.; Storch, G.A. Gene expression profiles in febrile children with defined viral and bacterial infection.

Proc. Natl. Acad. Sci. USA 2013, 110, 12792–12797. [CrossRef] [PubMed]
23. Tsalik, E.L.; Henao, R.; Nichols, M.; Burke, T.; Ko, E.R.; McClain, M.T.; Hudson, L.L.; Mazur, A.; Freeman, D.H.; Veldman, T.; et al.

Host gene expression classifiers diagnose acute respiratory illness etiology. Sci. Transl. Med. 2016, 8. [CrossRef] [PubMed]
24. Suarez, N.M.; Bunsow, E.; Falsey, A.R.; Walsh, E.E.; Mejias, A.; Ramilo, O. Superiority of transcriptional profiling over procalcitonin

for distinguishing bacterial from viral lower respiratory tract infections in hospitalized adults. J. Infect. Dis. 2015, 212, 213–222.
[CrossRef]

25. Westermann, A.J.; Gorski, S.A.; Vogel, J. Dual RNA-seq of pathogen and host. Nat. Rev. Microbiol. 2012, 10, 618–630. [CrossRef]
26. Wesolowska-Andersen, A.; Everman, J.L.; Davidson, R.; Rios, C.; Herrin, R.; Eng, C.; Janssen, W.J.; Liu, A.H.; Oh, S.S.; Kumar, R.;

et al. Dual RNA-seq reveals viral infections in asthmatic children without respiratory illness which are associated with changes
in the airway transcriptome. Genome Biol. 2017, 18, 12. [CrossRef]

27. Poole, A.; Urbanek, C.; Eng, C. Dissecting Childhood Asthma with Nasal Transcriptomics Distinguishes Subphenotypes of
Disease. Bone 2008, 23, 1–7. [CrossRef] [PubMed]

28. Langmead, B.; Salzberg, S. Bowtie2. Nat. Methods 2013, 9, 357–359. [CrossRef]
29. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence

Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
30. Thorvaldsdσttir, H.; Robinson, J.T.; Mesirov, J.P. Integrative Genomics Viewer (IGV): High-performance genomics data visualiza-

tion and exploration. Brief. Bioinform. 2013, 14, 178–192. [CrossRef]
31. Church, D.M.; Schneider, V.A.; Steinberg, K.M.; Schatz, M.C.; Quinlan, A.R.; Chin, C.S.; Kitts, P.A.; Aken, B.; Marth, G.T.; Hoffman,

M.M.; et al. Extending reference assembly models. Genome Biol. 2015, 16, 13. [CrossRef]
32. Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34,

525–527. [CrossRef] [PubMed]
33. Melchjorsen, J.; Kristiansen, H.; Christiansen, R.; Rintahaka, J.; Matikainen, S.; Paludan, S.R.; Hartmann, R. Differential regulation

of the OASL and OAS1 genes in response to viral infections. J. Interf. Cytokine Res. 2009, 29, 199–207. [CrossRef] [PubMed]
34. Boucas, A.P.; Oliveira, F. dos S. de; Canani, L.H.; Crispim, D. The role of interferon induced with helicase C domain 1 (IFIH1) in

the development of type 1 diabetes mellitus. Arq. Bras. Endocrinol. Metabol. 2013, 57, 667–676. [CrossRef]
35. Durmus, S.; Cakir, T.; Ozgur, A.; Guthke, R. A review on computational systems biology of pathogen-host interactions. Front.

Microbiol. 2015, 6, 1–19. [CrossRef]
36. Sumegi, J.; Barnes, M.G.; Nestheide, S.V.; Molleran-Lee, S.; Villanueva, J.; Zhang, K.; Risma, K.A.; Grom, A.A.; Filipovich, A.H.

Gene expression profiling of peripheral blood mononuclear cells from children with active hemophagocytic lymphohistiocytosis.
Blood 2011, 117, 151–161. [CrossRef]

37. Cilloniz, C.; Ebihara, H.; Ni, C.; Neumann, G.; Korth, M.J.; Kelly, S.M.; Kawaoka, Y.; Feldmann, H.; Katze, M.G. Functional
Genomics Reveals the Induction of Inflammatory Response and Metalloproteinase Gene Expression during Lethal Ebola Virus
Infection. J. Virol. 2011, 85, 9060–9068. [CrossRef]

38. Chiffoleau, E. C-type lectin-like receptors as emerging orchestrators of sterile inflammation represent potential therapeutic targets.
Front. Immunol. 2018, 9, 1–9. [CrossRef]

39. Boro, M.; Balaji, K.N. CXCL1 and CXCL2 Regulate NLRP3 Inflammasome Activation via G-Protein–Coupled Receptor CXCR2. J.
Immunol. 2017, 199, 1660–1671. [CrossRef] [PubMed]

40. Komune, N.; Ichinohe, T.; Ito, M.; Yanagi, Y. Measles Virus V Protein Inhibits NLRP3 Inflammasome-Mediated Interleukin-1
Secretion. J. Virol. 2011, 85, 13019–13026. [CrossRef] [PubMed]

41. Frigola, J.; He, J.; Kinkelin, K.; Pye, V.E.; Renault, L.; Douglas, M.E.; Remus, D.; Cherepanov, P.; Costa, A.; Diffley, J.F.X. Cdt1
stabilizes an open MCM ring for helicase loading. Nat. Commun. 2017, 8, 1–10. [CrossRef]

42. Shen, T.; Huang, S. The Role of Cdc25A in the Regulation of Cell Proliferation and Apoptosis. Anticancer. Agents Med. Chem. 2012,
12, 631–639. [CrossRef]

43. Hégarat, N.; Rata, S.; Hochegger, H. Bistability of mitotic entry and exit switches during open mitosis in mammalian cells.
BioEssays 2016, 38, 627–643. [CrossRef] [PubMed]

44. Laksono, B.M.; de Vries, R.D.; Verburgh, R.J.; Visser, E.G.; de Jong, A.; Fraaij, P.L.A.; Ruijs, W.L.M.; Nieuwenhuijse, D.F.; van den
Ham, H.J.; Koopmans, M.P.G.; et al. Studies into the mechanism of measles-associated immune suppression during a measles
outbreak in the Netherlands. Nat. Commun. 2018, 9, 1–10. [CrossRef]

45. Lemmens, B.; Hegarat, N.; Akopyan, K.; Sala-Gaston, J.; Bartek, J.; Hochegger, H.; Lindqvist, A. DNA Replication Determines
Timing of Mitosis by Restricting CDK1 and PLK1 Activation. Mol. Cell 2018, 71, 117–128.e3. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(04)15591-8
http://doi.org/10.1093/cid/cix323
http://doi.org/10.1128/JCM.01057-16
http://doi.org/10.1073/pnas.1302968110
http://www.ncbi.nlm.nih.gov/pubmed/23858444
http://doi.org/10.1126/scitranslmed.aad6873
http://www.ncbi.nlm.nih.gov/pubmed/26791949
http://doi.org/10.1093/infdis/jiv047
http://doi.org/10.1038/nrmicro2852
http://doi.org/10.1186/s13059-016-1140-8
http://doi.org/10.1016/j.jaci.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24495433
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/bib/bbs017
http://doi.org/10.1186/s13059-015-0587-3
http://doi.org/10.1038/nbt.3519
http://www.ncbi.nlm.nih.gov/pubmed/27043002
http://doi.org/10.1089/jir.2008.0050
http://www.ncbi.nlm.nih.gov/pubmed/19203244
http://doi.org/10.1590/S0004-27302013000900001
http://doi.org/10.3389/fmicb.2015.00235
http://doi.org/10.1182/blood-2010-08-300046
http://doi.org/10.1128/JVI.00659-11
http://doi.org/10.3389/fimmu.2018.00227
http://doi.org/10.4049/jimmunol.1700129
http://www.ncbi.nlm.nih.gov/pubmed/28739876
http://doi.org/10.1128/JVI.05942-11
http://www.ncbi.nlm.nih.gov/pubmed/21994456
http://doi.org/10.1038/ncomms15720
http://doi.org/10.2174/187152012800617678
http://doi.org/10.1002/bies.201600057
http://www.ncbi.nlm.nih.gov/pubmed/27231150
http://doi.org/10.1038/s41467-018-07515-0
http://doi.org/10.1016/j.molcel.2018.05.026
http://www.ncbi.nlm.nih.gov/pubmed/30008317


Microorganisms 2021, 9, 1538 12 of 13

46. Nakachi, I.; Helfrich, B.A.; Spillman, M.A.; Mickler, E.A.; Olson, C.J.; Rice, J.L.; Coldren, C.D.; Heasley, L.E.; Geraci, M.W.;
Stearman, R.S. PTTG1 Levels Are Predictive of Saracatinib Sensitivity in Ovarian Cancer Cell Lines. Clin. Transl. Sci. 2016, 9,
293–301. [CrossRef] [PubMed]

47. Kurokawa, C.; Iankov, I.D.; Galanis, E. A key anti-viral protein, RSAD2/VIPERIN, restricts the release of Measles virus in infected
cells. Physiol. Behav. 2016, 176, 100–106. [CrossRef]

48. Landry, M.L.; Foxman, E.F. Antiviral Response in the Nasopharynx Identifies Patients with Respiratory Virus Infection. J. Infect.
Dis. 2018, 217, 897–905. [CrossRef] [PubMed]

49. Seo, J.-Y.; Yaneva, R.; Cresswell, P. Viperin: A multifunctional, interferon-inducible protein that regulates virus replication. Bone
2012, 23, 1–7. [CrossRef] [PubMed]

50. Jiang, D.; Weidner, J.M.; Qing, M.; Pan, X.-B.; Guo, H.; Xu, C.; Zhang, X.; Birk, A.; Chang, J.; Shi, P.-Y.; et al. Identification of
Five Interferon-Induced Cellular Proteins That Inhibit West Nile Virus and Dengue Virus Infections. J. Virol. 2010, 84, 8332–8341.
[CrossRef]

51. John, W.; Schoggins, C.M.R. Interferon-stimulated genes and their antiviral effector functions. Curr. Opin. Virol. 2012, 1, 519–525.
[CrossRef]

52. Groom, J.R.; Luster, A.D. CXCR3 in T cell function. Bone 2012, 23, 1–7. [CrossRef] [PubMed]
53. Oshiumi, H.; Miyashita, M.; Okamoto, M.; Morioka, Y.; Okabe, M.; Matsumoto, M.; Seya, T. DDX60 Is Involved in RIG-I-

Dependent and Independent Antiviral Responses, and Its Function Is Attenuated by Virus-Induced EGFR Activation. Cell Rep.
2015, 11, 1193–1207. [CrossRef] [PubMed]

54. Childs, K.; Randall, R.; Goodbourn, S. Paramyxovirus V proteins interact with the RNA Helicase LGP2 to inhibit RIG-I-dependent
interferon induction. J. Virol. 2012, 86, 3411–3421. [CrossRef] [PubMed]

55. Ishizaki, Y.; Takemoto, M.; Kira, R.; Kusuhara, K.; Torisu, H.; Sakai, Y.; Sanefuji, M.; Yukaya, N.; Hara, T. Association of toll-like
receptor 3 gene polymorphism with subacute sclerosing panencephalitis. J. Neurovirol. 2008, 14, 486–491. [CrossRef]

56. Sato, H.; Honma, R.; Yoneda, M.; Miura, R.; Tsukiyama-Kohara, K.; Ikeda, F.; Seki, T.; Watanabe, S.; Kai, C. Measles virus induces
cell-type specific changes in gene expression. Virology 2008, 375, 321–330. [CrossRef]

57. Donohue, R.C.; Pfaller, C.K.; Cattaneo, R. Cyclical adaptation of measles virus quasispecies to epithelial and lymphocytic cells: To
V, or not to V. PLoS Pathog. 2019, 15, e1007605. [CrossRef]

58. Marazzi, I.; Ho, J.S.Y.; Kim, J.; Manicassamy, B.; Dewell, S.; Albrecht, R.A.; Seibert, C.W.; Schaefer, U.; Jeffrey, K.L.; Prinjha, R.K.;
et al. Suppression of the antiviral response by an influenza histone mimic. Nature 2012, 483, 428–433. [CrossRef]

59. Law, G.L.; Korth, M.J.; Benecke, A.G.; Katze, M.G. Systems virology: Host-directed approaches to viral pathogenesis and drug
targeting. Systems 2014, 11, 455–466. [CrossRef]

60. Runge, S.; Sparrer, K.M.J.; Lδssig, C.; Hembach, K.; Baum, A.; Garcνa-Sastre, A.; Sϕding, J.; Conzelmann, K.K.; Hopfner, K.P. In
Vivo Ligands of MDA5 and RIG-I in Measles Virus-Infected Cells. PLoS Pathog. 2014, 10. [CrossRef]

61. Guo, F.; Yuan, Y. Tumor necrosis factor alpha-induced proteins in malignant tumors: Progress and prospects. Onco. Targets. Ther.
2020, 13, 3303–3318. [CrossRef]

62. Wenzl, K.; Hofer, S.; Troppan, K.; Lassnig, M.; Steinbauer, E.; Wiltgen, M.; Zulus, B.; Renner, W.; Beham-Schmid, C.; Neumeister,
P.; et al. Higher incidence of the SNP Met 788 Ile in the coding region of A20 in diffuse large B cell lymphomas. Tumor Biol. 2016,
37, 4785–4789. [CrossRef] [PubMed]

63. Mcelroy, R.; Ennis, M.; Schock, B.C. TNFAIP3 (Tumor Necrosis Factor, Alpha-Induced Protein 3). Encycl. Signal. Mol. 2017, 3.
[CrossRef]

64. Dyer, D.P.; Salanga, C.L.; Johns, S.C.; Valdambrini, E.; Fuster, M.M.; Milner, C.M.; Day, A.J.; Handel, T.M. The anti-inflammatory
protein TSG-6 regulates chemokine function by inhibiting chemokine/glycosaminoglycan interactions. J. Biol. Chem. 2016, 291,
12627–12640. [CrossRef] [PubMed]

65. Capp, E.; Milner, C.M.; Williams, J.; Hauck, L.; Jauckus, J.; Strowitzki, T.; Germeyer, A. Modulation of tumor necrosis factor-
stimulated gene-6 (TSG-6) expression in human endometrium. Arch. Gynecol. Obstet. 2014, 289, 893–901. [CrossRef]

66. Huysamen, C.; Brown, G.D. The fungal pattern recognition receptor, Dectin-1, and the associated cluster of C-type lectin-like
receptors. FEMS Microbiol. Lett. 2009, 290, 121–128. [CrossRef]

67. Patin, E.C.; Willcocks, S.; Orr, S.; Ward, T.H.; Lang, R.; Schaible, U.E. Mincle-mediated anti-inflammatory IL-10 response
counter-regulates IL-12 in vitro. Innate Immun. 2016, 22, 181–185. [CrossRef]

68. Méndez-Samperio, P. Expression and regulation of chemokines in mycobacterial infection. J. Infect. 2008, 57, 374–384. [CrossRef]
69. Zilliox, M.J.; Moss, W.J.; Griffin, D.E. Gene expression changes in peripheral blood mononuclear cells during measles virus

infection. Clin. Vaccine Immunol. 2007, 14, 918–923. [CrossRef]
70. Tanaka, S.; Diffley, J.F.X. Interdependent nuclear accumulation of budding yeast Cdt1 and Mcm2-7 during G1 phase. Nat. Cell

Biol. 2002, 4, 198–207. [CrossRef]
71. Zou, L.; Stillman, B. Assembly of a Complex Containing Cdc45p, Replication Protein A, and Mcm2p at Replication Origins

Controlled by S-Phase Cyclin-Dependent Kinases and Cdc7p-Dbf4p Kinase. Mol. Cell. Biol. 2000, 20, 3086–3096. [CrossRef]
[PubMed]

72. Costa, A.; Ilves, I.; Tamberg, N.; Petojevic, T.; Nogales, E.; Botchan, M.R.; Berger, J.M. The structural basis for MCM2-7 helicase
activation by GINS and Cdc45. Nat. Struct. Mol. Biol. 2011, 18, 471–479. [CrossRef] [PubMed]

http://doi.org/10.1111/cts.12413
http://www.ncbi.nlm.nih.gov/pubmed/27766744
http://doi.org/10.1016/j.virusres.2019.01.014
http://doi.org/10.1093/infdis/jix648
http://www.ncbi.nlm.nih.gov/pubmed/29281100
http://doi.org/10.1016/j.chom.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22177558
http://doi.org/10.1128/JVI.02199-09
http://doi.org/10.1016/j.coviro.2011.10.008
http://doi.org/10.1016/j.yexcr.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21376175
http://doi.org/10.1016/j.celrep.2015.04.047
http://www.ncbi.nlm.nih.gov/pubmed/25981042
http://doi.org/10.1128/JVI.06405-11
http://www.ncbi.nlm.nih.gov/pubmed/22301134
http://doi.org/10.1080/13550280802298120
http://doi.org/10.1016/j.virol.2008.02.015
http://doi.org/10.1371/journal.ppat.1007605
http://doi.org/10.1038/nature10892
http://doi.org/10.1038/nrmicro3036
http://doi.org/10.1371/journal.ppat.1004081
http://doi.org/10.2147/OTT.S241344
http://doi.org/10.1007/s13277-015-4322-1
http://www.ncbi.nlm.nih.gov/pubmed/26518771
http://doi.org/10.1007/978-1-4614-6438-9
http://doi.org/10.1074/jbc.M116.720953
http://www.ncbi.nlm.nih.gov/pubmed/27044744
http://doi.org/10.1007/s00404-013-3080-9
http://doi.org/10.1111/j.1574-6968.2008.01418.x
http://doi.org/10.1177/1753425916636671
http://doi.org/10.1016/j.jinf.2008.08.010
http://doi.org/10.1128/CVI.00031-07
http://doi.org/10.1038/ncb757
http://doi.org/10.1128/MCB.20.9.3086-3096.2000
http://www.ncbi.nlm.nih.gov/pubmed/10757793
http://doi.org/10.1038/nsmb.2004
http://www.ncbi.nlm.nih.gov/pubmed/21378962


Microorganisms 2021, 9, 1538 13 of 13

73. Broderick, R.; Ramadurai, S.; Tóth, K.; Togashi, D.M.; Ryder, A.G.; Langowski, J.; Nasheuer, H.P. Cell cycle-dependent mobility of
Cdc45 determined in vivo by Fluorescence Correlation Spectroscopy. PLoS ONE 2012, 7. [CrossRef]

74. Köhler, C.; Koalick, D.; Fabricius, A.; Parplys, A.C.; Borgmann, K.; Pospiech, H.; Grosse, F. Cdc45 is limiting for replication
initiation in humans. Cell Cycle 2016, 15, 974–985. [CrossRef]

75. Suryadinata, R.; Sadowski, M.; Sarcevic, B. Control of cell cycle progression by phosphorylation of cyclin-dependent kinase
(CDK) substrates. Biosci. Rep. 2010, 30, 243–255. [CrossRef]

76. Blais, A.; Dynlacht, B.D. E2F-associated chromatin modifiers and cell cycle control. Bone 2013, 23, 1–7. [CrossRef] [PubMed]
77. Rohe, A.; Erdmann, F.; Babler, C.; Wichapong, K.; Sippl, W.; Schmidt, M. In vitro and in silico studies on substrate recognition

and acceptance of human PKMYT1, a Cdk1 inhibitory kinase. Bioorg. Med. Chem. Lett. 2012, 22, 1219–1223. [CrossRef]
78. Toledo, C.M.; Ding, Y.; Hoellerbauer, P.; Davis, R.J.; Basom, R.; Girard, E.J.; Lee, E.; Corrin, P.; Hart, T.; Bolouri, H.; et al.

Genome-wide CRISPR-Cas9 Screens Reveal Loss of Redundancy between PKMYT1 and WEE1 in Glioblastoma Stem-like Cells.
Cell Rep. 2015, 13, 2425–2439. [CrossRef] [PubMed]

79. Zhang, Q.; Zhao, X.; Zhang, C.; Wang, W.; Li, F.; Liu, D.; Wu, K.; Zhu, D.; Liu, S.; Shen, C.; et al. Overexpressed PKMYT1
promotes tumor progression and associates with poor survival in esophageal squamous cell carcinoma. Cancer Manag. Res. 2019,
11, 7813–7824. [CrossRef] [PubMed]

80. Petrova, V.N.; Sawatsky, B.; Han, A.X.; Laksono, B.M.; Walz, L.; Parker, E.; Pieper, K.; Anderson, C.A.; De Vries, R.D.; Lanzavecchia,
A.; et al. Incomplete genetic reconstitution of B cell pools contributes to prolonged immunosuppression after measles. Sci.
Immunol. 2019, 4. [CrossRef]

81. Mina, M.J.; Kula, T.; Leng, Y.; Li, M.; Vries, R.D.; De Knip, M.; Siljander, H.; Rewers, M.; Choy, D.F.; Wilson, M.S.; et al. other
pathogens. Science 2019, 606, 599–606. [CrossRef]

82. Wesemann, D.R. Game of clones: How measles remodels the B cell landscape. Sci. Immunol. 2019, 4, 2–5. [CrossRef] [PubMed]
83. De Vries, R.D.; McQuaid, S.; van Amerongen, G.; Yóksel, S.; Verburgh, R.J.; Osterhaus, A.D.M.E.; Duprex, W.P.; de Swart, R.L.

Measles Immune Suppression: Lessons from the Macaque Model. PLoS Pathog. 2012, 8. [CrossRef] [PubMed]
84. Moussallem, T.M.; Guedes, F.; Fernandes, E.R.; Pagliari, C.; Lancellotti, C.L.P.; de Andrade, H.F.; Duarte, M.I.S. Lung involvement

in childhood measles: Severe immune dysfunction revealed by quantitative immunohistochemistry. Hum. Pathol. 2007, 38,
1239–1247. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0035537
http://doi.org/10.1080/15384101.2016.1152424
http://doi.org/10.1042/BSR20090171
http://doi.org/10.1016/j.ceb.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18023996
http://doi.org/10.1016/j.bmcl.2011.11.064
http://doi.org/10.1016/j.celrep.2015.11.021
http://www.ncbi.nlm.nih.gov/pubmed/26673326
http://doi.org/10.2147/CMAR.S214243
http://www.ncbi.nlm.nih.gov/pubmed/31695486
http://doi.org/10.1126/sciimmunol.aay6125
http://doi.org/10.1126/science.aay6485
http://doi.org/10.1126/sciimmunol.aaz4195
http://www.ncbi.nlm.nih.gov/pubmed/31672863
http://doi.org/10.1371/journal.ppat.1002885
http://www.ncbi.nlm.nih.gov/pubmed/22952446
http://doi.org/10.1016/j.humpath.2007.01.015
http://www.ncbi.nlm.nih.gov/pubmed/17499339

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

