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A B S T R A C T

Crimean-Congo hemorrhagic fever virus (CCHFV) is a biosafety level-4 (BSL-4) pathogen that causes Crimean-
Congo hemorrhagic fever (CCHF) characterized by hemorrhagic manifestation, multiple organ failure and high
mortality rate, posing great threat to public health. Despite the recently increasing research efforts on CCHFV,
host cell responses associated with CCHFV infection remain to be further characterized. Here, to better under-
stand the cellular response to CCHFV infection, we performed a transcriptomic analysis in human kidney HEK293
cells by high-throughput RNA sequencing (RNA-seq) technology. In total, 496 differentially expressed genes
(DEGs), including 361 up-regulated and 135 down-regulated genes, were identified in CCHFV-infected cells.
These regulated genes were mainly involved in host processes including defense response to virus, response to
stress, regulation of viral process, immune response, metabolism, stimulus, apoptosis and protein catabolic pro-
cess. Therein, a significant up-regulation of type III interferon (IFN) signaling pathway as well as endoplasmic
reticulum (ER) stress response was especially remarkable. Subsequently, representative DEGs from these pro-
cesses were well validated by RT-qPCR, confirming the RNA-seq results and the typical regulation of IFN re-
sponses and ER stress by CCHFV. Furthermore, we demonstrate that not only type I but also type III IFNs (even at
low dosages) have substantial anti-CCHFV activities. Collectively, the data may provide new and comprehensive
insights into the virus-host interactions and particularly highlights the potential role of type III IFNs in restricting
CCHFV, which may help inform further mechanistic delineation of the viral infection and development of anti-
CCHFV strategies.

1. Introduction

Crimean Congo hemorrhagic fever virus (CCHFV), a member of the
Orthonairovirus genus in Nairoviridae family of Bunyavirales order, is a
tick-born virus classified as biosafety level-4 (BSL-4) pathogen (Abu-
durexiti et al., 2019). As one of the most dangerous pathogens, CCHFV
infection in humans can cause a severe acute infectious disease called
Crimean-Congo hemorrhagic fever (CCHF) with case mortality rates of
up to 60% (Hawman and Feldmann, 2018). Routes of CCHFV trans-
mission mainly include tick (particularly Hyalomma spp.) bites and
human-to-human or animal-to-human contacts (Bente et al., 2013).

CCHFV spreads widely in about 50 countries throughout Africa, Asia and
Europe with more than 1000 cases reported every year (Leblebicioglu
et al., 2017; Nasirian, 2020). However, no FDA-approved antiviral drugs
or vaccines are currently available (Dai S. Y. et al., 2021b). Moreover, the
knowledge regarding CCHFV-host interactions is poorly understood.
Thus, CCHFV has been included in the list of the top 10 priority patho-
gens urgently requiring research and development efforts by the World
Health Organization (WHO) (Mazzola and Kelly-Cirino, 2019).

CCHFV is tri-segmented RNA virus with a genome containing large (L),
medium (M) and small (S) segment. The L segment codes RNA-dependent
RNA polymerase (RdRp) and S codes nucleocapsid protein (N) as well as
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non-structural protein (NSs), respectively, while the M segment encodes
envelope glycoproteins (Gn/Gc) and non-structural glycoproteins (Bente
et al., 2013). During viral infection, host often initiates defense responses
such as immune response, cell stress response as well as apoptosis for
protection. Likewise, upon CCHFV infection, several cellular or viral fac-
tors were reported to modulate the viral infection or host response by
involvement in virus-host interactions. The cytoskeleton component actin
and cellular chaperon heat shock protein 70 family may interact with
CCHFV N protein and modulate virus replication (Surtees et al., 2016).
Host aquaporin 6, a water channel facilitating fluxes of water and small
solutes across membranes, showed possible protective role upon CCHFV
challenge (Molinas et al., 2016). On the other hand, CCHFV may have
evolved strategies conflicting with some cellular responses. One example
is that CCHFV may delay type I interferon (IFN) pathway possibly by
interfering with the activation of IFN-regulatory factor 3 (IRF-3) (Ander-
sson et al., 2008). Besides, the OTU domain-containing RdRp of CCHFV
showed deconjugating activity toward ubiquitinated and ISGylated pro-
teins, thus inhibiting Ub and ISG15 dependent innate immunity pathway
(Frias-Staheli Natalia et al., 2007a). Additionally, the NSs protein of
CCHFV was demonstrated to induce apoptosis by both mitochondrial
death pathway and death receptor pathway (Barnwal et al., 2016). In spite
of these studies, the global profile of host cell response upon the virus
infection remains to be further investigated.

RNA sequencing (RNA-Seq) technology is a recently developed
high-throughput approach which enables us to get comprehensive
measurement of host transcriptome upon virus infection (Stark et al.,
2019). In this study, we analyzed the transcriptome profile of
CCHFV-infected human kidney HEK293 cells by RNA-seq. A total of 496
differentially expressed genes (DEGs) following CCHFV infection were
identified, with 361 up-regulated and 135 down-regulated. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses showed that most of the DEGs were
involved in the processes concerning defense to virus (particularly type
III IFN pathways) and response to stimulus (including ER-stress
response). Further, the regulation of transcripts related to IFN re-
sponses and ER stress was validated by reverse transcription quantita-
tive PCR (RT-qPCR), corroborating the RNA-seq results and the typical
stimulation of the biological processes by CCHFV infection. Moreover,
antiviral testing demonstrated the substantial inhibitory effects of not
only type I but also type III IFNs against CCHFV replication. Collec-
tively, this study provides a new global cellular transcriptional profile
of CCHFV infection and broadens the understanding of the CCHFV-host
interactions, which perhaps will benefit the development of antiviral
intervention strategies.

2. Materials and methods

2.1. Cell and virus

HEK293 (human embryonic kidney) and Vero (African green monkey
kidney) cells were cultured in minimum Eagle's medium (MEM) sup-
plemented with 10% fetal bovine serum (FBS) at 37 �C under 5% CO2.
Huh7 (human liver cancer cells), HUVEC (human umbilical vein endo-
thelial cells), and A549 (adenocarcinomic human alveolar basal epithe-
lial cells) cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% FBS. CCHFV (strain YL16070, CSTR:
16533.06. IVCAS 6.6329) was propagated in the monolayer of Vero cells
as described previously (Guo et al., 2017; Dai S. et al., 2021a). The titer
was determined in Vero cells by 50% tissue culture infectious dose
(TCID50) method (Ning et al., 2017; Min Yuan-Qin et al., 2020a; Dai S.
et al., 2021a). All CCHFV infection experiments were conducted in the
National High-level Biosafety Laboratory, Wuhan, Chinese Academy of
Sciences.

2.2. CCHFV infection and sample preparation

HEK293 cells with 60% confluence were seeded into 6-well plate,
followed by mock or CCHFV (0.3 MOI) incubation at 4 �C for 1 h. After 3
times of washing with PBS, the cells were incubated at 37 �C with
complete medium for 24 h. Then the cells were lysed with TRIzol for the
following RNA extraction. Three biological replicates were prepared for
each group. RNA qualities were evaluated with labchip and Nanodrop.

2.3. Generation of cDNA library and sequencing

Polyadenylated mRNAs were enriched by magnetic oligo (dT) beads
from high qualified RNA prepared above. The first strand cDNA was
synthetized using random primers, followed by conversion into double
stranded cDNA and purification with AMPure XP beads. After poly (A)
repair and 50-adaptor ligation, the second cDNA containing uracil (U)
was digested by USER enzyme for the preparation of specific cDNA li-
brary following quality evaluation with Qubit3.0 and size detection with
Qsep100. Library sequencing was conducted on Illumina HiSeqTM2000
by following the manufacturer's instructions.

2.4. Sequence analysis and annotation

RNA sequencing quality analysis was performed using FastQC. Clean
reads were extracted from raw reads using Fastp V0.20.0 and indexed to
homo sapiens genome Homo_sapiens.GRCh38.98 as reference. By using
Hisat2, the clean reads were mapped to the reference genome. Analysis of
gene expression levels was calculated using the fragments per kilobase of
exon per million mapped reads (FPKM) method.

2.5. DEG analysis and functional enrichment analysis

DEG analysis between mock- and CCHFV-infected samples was based
on the gene transcription level by DESeq2 using Negative Binomial dis-
tribution as model for read counts. DEGs were identified based on the
criterions that |log2 (fold change) | > 1 and P-value < 0.05. Identified
DEGs were summarized in Supplementarty Table S1 and S2. GO analysis
for DEGs were performed based on GO databases and KEGG databases
using the R package clusterProfiler. Functional enrichment analysis was
performed by using PANTHER16.0. Dotplot of DEGs from top 15 sig-
nificant GO terms categorized into biological process and cellular
component were presented by R package ggplot2. Heatmap of DEGs was
shown by TBtools. Hypergeometric distribution test was used to calculate
the enrichment for GO terms and KEGG pathways and p-value less than
0.05 was considered significantly enriched.

2.6. Validation of DEGs by RT-qPCR

Representative DEGs (IFIT1, IFITM1, ISG15, MXA, OAS1, IFN-β,
IFNλ1, IFNλ2, IFNλ3, HSPA5 and XBP1) were confirmed by quantification
of relative mRNA levels with human GAPDH mRNA levels serving as
control. Briefly, the samples were prepared the same as those used for
sequencing with three biological repeats. Total RNAs were extracted with
TRIzol reagent followed by cDNA synthesis with PrimeScript™ RT re-
agent Kit with gDNA Eraser kit (TaKaRa). Then, quantitative real-time
PCR analyses were performed as described previously (Ning et al.,
2015; Ning et al., 2019; Min Y. Q. et al., 2020b; Mo et al., 2020; Feng
et al., 2021). Primers used in the study were listed in Supplementarty
Table S3. Note that due to the high sequence identities of IFNλ2 (IL-28A)
and IFNλ3 (IL-28B/C), a pair of primers targeting both were used to
detect the total IL-28 mRNAs in qPCR. Relative mRNA levels were
calculated by 2-ΔΔCT method (Livak and Schmittgen, 2001).
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2.7. Measurement of anti-CCHFV activities of IFNs

The following IFNs were used in anti-CCHFV testing: recombinant
human IFN-α (300-02AA), IFN-β (300–02BCE), and IFNλ1 (300-02L)
were all purchased from Peprotech. IL-28B/IFNλ3 (5259-IL-025) was
purchased from R&D Systems.

HEK293 cells (~4 � 105 cells/well) were seeded into 24-well plates
overnight. Then the cells were pretreated with increasing amounts of
either IFNλ1 (0, 1, 10, 100 ng/mL) or IFNλ3 (0, 1, 10, 100 ng/mL), or
with IFN-α (100 U/mL) or IFN-β (100 ng/mL). After 24 h, the IFN-
containing culture medium was removed, followed by CCHFV infec-
tion (0.1 MOI) in fresh medium without IFNs. At 24 h post-infection
(hpi), cells were lysed with TRIzol for RNA extraction. Viral RNAs and
representative ISGs (OAS1, ISG15, MxA, IFIT1 and IFITM1) were
respectively quantified by qRT-PCR with 2-ΔΔCT method. Similarly, anti-
CCHFV activities of IFNλ1 or IFNλ3 (10 ng/mL) were also measured in
Huh7 cells.

2.8. Quantification and statistical analysis

Graphs were drawn by GraphPad Prism 8 software. All data are
shown as means � SD. Statistical analyses were performed using
SPSS19.0 with Student's t-test for the comparison between two groups.
Differences were considered statistically significant if P-value < 0.05.
Significance levels are: *P < 0.05; **P < 0.01; ***P < 0.001.

3. Results

3.1. RNA-seq data analysis

To identify the host transcriptome profile of CCHFV infection, mRNAs
extracted from mock-infected or CCHFV-infected HEK293 cells in three
independent experiments were subjected to sequencing on the Illumina
HiSeqTM2000 platform. Totally, 159, 414, 742 and 169, 649, 726 raw
sequencing reads were obtained from the mock and infected samples,
respectively. After quality analysis of the sequencing results using FastQC
by removing low-quality sequences. We obtained clean reads 158, 701,
660 in mock groups and 168, 830, 014 in infected groups, with the
average clean Q20 and Q30 rates were 98.15% and 94.40%, respectively
(Table 1). All of the reads were mapped to the homo sapiens genome by
Hisat2 and the average mapped read rate was 97.09%, in which the non-
unique mapped read rate and unique mapped read rate were 8.78% and
91.22%, respectively (Table 2), indicating high quality of the sequencing
data.

3.2. DEGs upon CCHFV infection

Gene expression levels were evaluated by read number mapping to
each gene with featureCounts V1.5.0. Then the fragments per kilobase of
exon per million mapped reads (FPKM) method was used to analysis the
gene expression levels. The analysis of DEGs was performed with DESeq2
using Negative Binomial distribution as models for read counts. DEGs

were identified following the criterions with fold change >2, P-value
< 0.05 and biological replicates � 3. Finally, a total of 496 DEGs with
361 promoted DEGs and 135 suppressed DEGs were identified in CCHFV-
infected cells (Fig. 1A and B, Supplementary Table S1 and S2). It should
be pointed out that among the 496 DEGs, only 366 genes were noted with
name while the left 130 ones were unnoted. The fold changes in upre-
gulated genes ranged from 614-folds to 2-folds and the downregulated
genes changed from 36-folds to 2-folds. Among the upregulated genes,
135 genes were increased about 4 folds, and 74 genes were upregulated
~8 folds. As for the downregulated genes, the mRNA expression levels of
51 genes were decreased over 4 times.

3.3. GO and KEGG pathway enrichment and interaction network analyses
based on the identified DEGs reveal important aspects of CCHFV infection
biology

To get a whole picture of the DEGs during CCFHV infection, regulated
host genes were firstly categorized by the classification of molecular
function, biological process, and cellular component, according to the GO
enrichment analysis with PANTHER.

The primary molecular functions of the DEGs are mainly enriched
into binding (44.5%), catalytic activity (29.9%), transcription regulator
activity (7.6%), molecular function regulation (7.6%), transporter ac-
tivity (6.6%), molecular transducer activity (1.4%), and structural
molecule activity (1.4%) (Fig. 2A). The distribution patterns of the up-
regulated or down-regulated genes are similar to those of the whole
DEGs (Fig. 2B and C). As for the cellular component, DEGs were roughly
related to endoplasmic reticulum chaperone complex, melanosome,
pigment granule, lewy body core and protein complexes (Fig. 3A and
Fig. 4). Based on the biological processes, the GO terms were mainly
summarized into the following categories, namely, defense response to
virus, response to stress, interferon signaling pathway, regulation of viral
process, immune response, metabolism, stimulus, apoptosis and protein
catabolic process (Figs. 3B and 4).

Furthermore, KEGG analysis on the DEGs revealed that innate im-
mune antiviral signaling pathways, protein processing in endoplasmic
reticulum, cysteine and methionine metabolism, and viral related in-
fections ranked at top 15 significantly enriched pathways (Supplemen-
tary Fig. S1).

To view the potential connection network of the DEGs, the experi-
mentally determined and predicted interactions were analyzed by sub-
mitting the DEGs into STRING database and visualized by Cytoscape
(Fig. 5). In total, 295 nodes with 1324 interactions (edges) are repre-
sented in the protein-protein interaction (PPI) network (Fig. 5A).
Consistent with the GO and KEGG analyses, most of the DEGs in the
interaction network could be clustered into three categories, i.e., the IFN
immune pathway, responses to stimuli (especially ER-stress response),

Table 1
Summary of RNA-seq data.

Samples Raw reads Clean reads Clean
rate (%)

Q20
(%)

Q30
(%)

GC
content
(%)

M1 55,308,480 55,068,456 99.57 98.21 94.47 45.91
M2 48,780,100 48,544,258 99.52 97.96 94.01 45.31
M3 55,326,162 55,088,946 99.57 98.33 94.75 46.22
V1 56,045,550 55,760,164 99.49 97.97 94.05 45.49
V2 60,323,304 60,001,316 99.47 98.02 94.18 45.48
V3 53,280,872 53,068,534 99.60 98.38 94.91 46.66

M1, M2, and M3: three biological replicates of the mock-infected samples; V1,
V2, and V3: three biological replicates of the CCHFV-infected samples.

Table 2
Alignment of RNA-seq reads between CCHFV-infected and mock-infected
samples.

Samples Total reads Mapped
reads

Non-unique
Mapped reads

Unique
Mapped reads

M1 55,068,456
(100%)

53,528,015
(97.20%)

4,580,558
(8.56%)

48,947,457
(91.44%)

M2 48,544,258
(100%)

47,126,425
(97.08%)

4,116,553
(8.74%)

43,009,872
(91.26%)

M3 55,088,946
(100%)

53,595,907
(97.29%)

4,690,044
(8.75%)

48,905,863
(91.25%)

V1 55,760,164
(100%)

54,031,155
(96.90%)

4,833,614
(8.95%)

49,197,541
(91.05%)

V2 60,001,316
(100%)

58,162,671
(96.94%)

5,194,280
(8.93%)

52,968,391
(91.07%)

V3 53,068,534
(100%)

51,556,131
(97.15%)

4,511,142
(8.75%)

47,044,989
(91.25%)

M1, M2, and M3: three biological replicates of the mock-infected samples; V1,
V2, and V3: three biological replicates of the CCHFV-infected samples.
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and cellular metabolism (Fig. 5B–D), indicating that these are likely the
significant aspects of CCHFV infection and CCHFV-cell interplays.
Therefore, they are further elucidated in the following.

3.3.1. IFN signaling pathways induced by CCHFV
The antiviral IFN system plays pivotal roles in protecting the host

from virus infection and pathogenicity. Although both type I and III IFNs
are ubiquitously expressed and recognized as “antiviral IFNs”, type I IFNs
contain manymembers including 13 subtypes of IFN-α, one type of IFN-β,
as well as IFN-ε, IFN-ω, etc., while type III IFNs consists of only four
homologs, IFNλ1, IFNλ2, IFNλ3 and IFNλ4. Type I IFNs (especially IFN-β
and IFN-α) are extensively induced by numerous viruses (Stanifer et al.,
2019); however, the reports on induction of type III IFNs by viruses are
relatively limited. In the present transcriptome profile of CCHFV infec-
tion, one type I IFN, IFN-β (~150.4 folds), and intriguingly, three type III
IFNs, IFNλ1 (~163.0 folds), IFNλ2 (~80.5 folds) and IFNλ3 (~75.1 folds),
were dramatically stimulated (as top 5 up-regulated genes) (Supple-
mentarty Table S1). Moreover, many IFN-induced ISGs, such as MxA
(~7.2 folds), ISG15 (~2.7 folds), OAS1 (~16.7 folds), IFIT1 (~13.1
folds) and IFITM1 (~5.6 folds) were also significantly elicited by CCHFV
infection (Supplementarty Table S1, Fig. 7A). These findings suggest that
CCHFV triggers robust antiviral IFN (especially type III IFN) responses
and ISG expression which, in turn, would restrict viral replication and
spread. Consistent with the GO, KEGG and PPI analyses, the data indicate
that innate immune responses mediated by IFNs and particularly the type

III IFNs are likely the pivotal aspect of virus-host interactions upon
CCHFV infection (Fig. 6C).

3.3.2. Response to stimulus upon CCHFV infection
Based on the transcriptome profile obtained here, CCHFV infection

likely induced notable ER stress, oxidative stress, and biotic stimuli. As an
important cellular organelle, endoplasmic reticulum (ER) is the major
site responsible for protein synthesis, folding and sorting. The unfolded
protein response (UPR) would be activated by ER homeostasis distur-
bance such as ER stress (Jheng et al., 2014). In our results, following
CCHFV infection, X box binding protein 1 (Xbp-1), a marker of
inositol-requiring protein 1 (IRE1) branch upon UPR induction, was
upregulated ~4.3 folds. Another protein involved in ER, HSPA5 [Heat
Shock Protein Family A (Hsp70) Member 5], was induced almost 8.4
folds in activating transcriptional factor 6 (ATF6) branch of UPR. Besides,
other ER-stress involved genes such as homocysteine-inducible endo-
plasmic reticulum stress-inducible ubiquitin-like domain member 1
(HERPUD1), DNA damage inducible transcript 3 (DDIT3), and cation
transport regulator-like protein 1 (CHAC1) that is a novel gene identified
in activating transcription factor 4 (ATF4) arm of the PKR-like ER protein
kinase (PERK) branch of the UPR were upregulated ranking at the top 3
with the induction folds of 12.5, 10.2 and 11.9, respectively (Supple-
mentary Table S1 and Fig. 6B). These data suggest that upon CCHFV
infection, three UPRs pathways mediated by IRE1, ATF6 and PERK were
likely all stimulated (Fig. 6C).

Fig. 1. Analysis of differentially expressed genes (DEGs) in mock- and CCHFV-infected samples. A Number of DEGs between CCHFV-treated and mock groups. Red
represents up-regulated genes and blue represents down-regulated genes. The y-axis indicates the number of genes. B Volcano plots of the distribution of DEGs. The x-
axis indicates the Log2(fold change) of DEGs. The y-axis represents the statistical significance, -Log10(p-value). Red, blue, and gray dots represent up-regulated genes,
down-regulated genes, and not significantly regulated genes, respectively. Dashed lines indicate the cutoff values, |log2(fold change)| ¼ 1 and P ¼ 0.05.
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3.3.3. Metabolism changes during CCHFV infection
Many viruses, such as hepatitis C virus, human cytomegalovirus,

influenza virus, and rhinovirus, have been documented to manipulate the
cellular metabolism process for their use (Syed et al., 2010; McArdle
et al., 2011; Vijayan and Hahm, 2014; Gualdoni et al., 2018). However,
whether and how CCHFV regulates host cell metabolism remains unclear.
In the present study, many cellular metabolism-related proteins seem to
be significantly modulated. For example, fibroblast growth factor 21
(FGF21) which controls the process of energy metabolism through
glucose and lipid metabolism was upregulated about 8.7 folds (Salminen
et al., 2017). TRIB3 (tribbles homolog 3), a stress-inducible gene
responding to oxidative and endoplasmic reticulum (ER) stress, was
elevated ~5.4 folds (Qian et al., 2008). The protein interactions referring
to the metabolism were analyzed and shown in Fig. 5D. These results
indicate that CCHFV infection may also modulate cellular metabolism
processes especially those regarding cellular synthesis or catabolic pro-
cess of cytokines, lipoproteins and amino acids.

3.3.4. Other biological processes regulated by CCHFV infection
In addition, several other biological processes, such as apoptosis and

proteasomal degradation, also seemed to be regulated upon CCHFV
infection (as summarized in the global view of the DEGs in Fig. 4). For
example, ChaC glutathione specific gamma-glutamylcyclotransferase 1
(CHAC1), a proapoptotic γ-glutamyl cyclotransferase that depletes
glutathione, was upregulated ~12 folds (Kumar et al., 2012). Another
gene transcription factor-4 (ATF4), a downstream molecular of
PERK-eIF2-ATF4 axis pathway promoting apoptosis, was upregulated

about 2.2 folds. CCAAT/enhancer binding protein beta (CEBPB) which
participates in endoplasmic reticulum-mediated apoptosis was increased
about 4.68 folds (Pellerito et al., 2010). These indicate that CCHFV
infection probably regulated apoptosis that could be an act of host pro-
tection against viral infection. Furthermore, several proteins involved in
proteasomal protein catabolic process were also differently regulated.
Suppressor/enhancer of Lin-12-like (Sel1L) and selenoprotein K (SELE-
NOK) were upregulated about 4 folds. These two proteins are involved
in the endoplasmic reticulum (ER)-associated degradation (ERAD)
(Sugimoto et al., 2017; Addinsall et al., 2018). Also, parkin RBR E3
ubiquitin protein ligase (PRKN) was elevated about 3.5 times. PRKN can
mediate the targeting of substrate proteins for proteasomal degradation,
and was also reported to be associated with Parkinson disease and
mitophagy (Yamada et al., 2019). Together, the data indicate that
apoptosis and proteasomal degradation are likely regulated by CCHFV
infection as well.

3.4. Validation of DEGs by quantitative RT-PCR

Next, a series of representative DEGs including IFNs (IFN-β, IFNλ1,
IFNλ2, and IFNλ3), typical IFN-inducible antiviral effectors (such asMxA,
OAS1, ISG15, IFITM1, and IFIT1), and ER-stress pathway-related genes
(like HSPA5 and XBP1) were selected for quantitative RT-qPCR analyses.
As shown in Fig. 7, the quantitative results in HEK293 cells by qPCR were
well in accordance with the RNA-Seq data, which further validates the
transcriptome analysis and corroborates the induction of IFN immune
responses and ER-stress pathway by CCHFV. Additionally, qPCR
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Fig. 3. Dotplot of GO enrichment analysis based on the identified DEGs. Top 15 significant GO terms categorized into cellular components (A) and biological processes
(B) are respectively shown. The y-axis indicates GO terms and the x-axis represents the counts of DEGs mapping to the corresponding GO terms.
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quantification results show that the induction of type III IFNs, IFNλ1
(~74.4 folds) and IFNλ2/3 (~129.9 folds), seems to be higher than that
of IFN-β (~16.7 folds) (Fig. 7B). Further, induction of all these genes by
CCHFV infection was also observed in human lung A549 cells (Supple-
mentary Fig. S2A). However, no notable up-regulation of IFN-β was
found in human liver Huh7 cells, and HSPA5 and XBP1 were not mark-
edly induced in either Huh7 or HUVEC (human blood vessel endothelial)
cells (Supplementary Figs. S2B and S2C), whereas evident induction of
type III IFNs and ISGs was detected in all these cell types tested (Fig. 7
and Supplementary Figs. S2A–2C), suggesting general stimulation of type
III IFN responses by CCHFV in various cells.

3.5. Antiviral activities of IFN-β and type III IFNs against CCHFV

Given the marked IFN responses upon CCHFV infection revealed by
the transcriptome and qPCR analyses, we then investigated the anti-
CCHFV effects of the IFNs (especially type III IFNs). HEK293 cells
were pretreated with different concentrations of type III IFNs (IFNλ1 or
IFNλ3) or high concentrations of type I IFNs (100 U/mL IFN-α or 100
ng/mL IFN-β) and then infected with CCHFV (MOI ¼ 0.1), followed by
qPCR quantitative analyses of the viral RNA levels. Note that IFN-α here
was used as a control as its antiviral activity against CCHFV had been
shown in A549 and Huh7 cell lines (Bordi et al., 2015), although no
significant induction of IFN-α was detected in the RNA-seq analysis. As
shown in Fig. 8, treatments with the tested IFNs all exhibited evident
anti-CCHFV activities. Interestingly, the low concentration of type III
IFNs showed antiviral activities against CCHFV comparable with the

high-concentration groups (Fig. 8A–C and I–K). Further, induction of
several representative ISGs including OAS1, ISG15, MxA, IFIT1 and
IFITM1 further confirmed the antiviral responses triggered by the type
III IFNs in HEK293 cells (Fig. 8D–H and L-P). Additionally, significant
anti-CCHFV activities of the type III IFNs were also observed in Huh7
cells, along with induction of ISGs (Fig. 8Q and R).

4. Discussion

CCHFV is a BSL-4 pathogen threatening public health in about 50
countries of Asia, Africa, southern Europe, and the Middle East (Nasirian,
2020). Elucidation of virus-host interactions is urgently needed for not
only the understanding of the viral infection and pathogenesis but also
the design of antiviral therapies. However, as one of the most dangerous
human pathogens, experimental handling of live CCHFV is strictly
restricted in high-containment laboratories, slowing down the virological
studies including animal and cell infection model development and
optimization (Hawman and Feldmann, 2018). HEK293 is a
well-recognized human cell model derived from kidney and permissive
to CCHFV infection (Foldes et al., 2020; Dai S. et al., 2021a). Moreover,
clinical observations have shown that CCHFV has tropism to kidney tis-
sue (Ardalan et al., 2006; Deveci et al., 2013; Khazaei et al., 2018; Foldes
et al., 2020). Additionally, HEK293 is a most often chosen model for
omics study because of its availability of annotated human omics data-
bases to conduct gene identification and function assignment and ready
validation of the omics results by further experimental analysis with it.
Thus, we here establish a cellular transcriptome profile of CCHFV

Fig. 4. Global view of DEGs regulated by CCHFV infection. The DEGs were categorized according to the biological process and cellular component enrichment
analyses and respectively illustrated in the cell model for global view presentation. The virus-cell interplays could take place in various steps of the viral life cycle, such
as entry, replication/transcription, viral protein production, assembly, and release.
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infection in HEK293 cells by using RNA-seq technology. In total, 496
DEGs, including 361 up-regulated and 135 down-regulated genes, were
identified in CCHFV-infected cells. These DEGs were involved in multiple
biological processes potentially linked with CCHFV infection. Particu-
larly, type III IFN and ER stress responses were regulated significantly.

Furthermore, RT-qPCR validates these marked regulations by CCHFV.
Antiviral assays show that not only type I but also type III IFNs exhibit
anti-CCHFV activities. Collectively, the current study may shed lights on
some significant aspects of CCHFV-host interactions, which may benefit
further mechanistic delineation of the viral infection and pathogenicity

Fig. 5. Protein-protein interaction analysis of DEGs. A Potential protein-protein interaction network was analyzed by STRING. Nodes represent the proteins and the
biological relationship between two nodes is represented as an edge. Genes/proteins involved in the following biological processes, IFN pathway (Cluster a), ER-stress
(Cluster b) and metabolism (Cluster c), are notably clustered in the interaction network and further illustrated in (B), (C), and (D), respectively.
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and inform future development of anti-CCHFV strategies. The represen-
tative aspects of CCHFV-cell interplays highlighted by this study are
further discussed as follows.

4.1. Transcriptome profiling of bunyavirus infections

To date, few studies were reported regarding to the transcriptome
profiling upon bunyavirus infections. Previously, two groups analyzed
the transcriptome changes upon Rift Valley fever virus (RVFV, Phlebovi-
rus genus, Phenuiviridae family, Bunyavirales order) infection by RNA-seq.
Popova et al. showed that RVFV infection seemed to alter many path-
ways, such as G2/M DNA damage checkpoint, antiviral response,

integrin-linked kinase (ILK) signaling, and mitochondrial dysfunction in
human small airway epithelial cells (HSAECs) (Popova et al., 2010). In
the study by Havranek et al., it was noted that host splicing pattern,
immune response, and cell proliferation were changed in response to
RVFV infection in HEK293 cells (Havranek et al., 2019). Furthermore,
RNA-seq analysis of bovine cell infection with Schmallenberg virus
(SBV), another member of Orthobunyavirus in Peribunyaviridae family of
Bunyavirales order showed that NSs-deleted virus stimulated dramatic
transcription of antiviral ISGs suggesting the critical role of NSs in
shutting down host immune response (Blomstr€om et al., 2015; Abudur-
exiti et al., 2019). We here analyzed the effect of CCHFV infection on host
transcriptome by RNA-seq in HEK293 cells that could be considered as a

Fig. 6. CCHFV-stimulated IFN response and ER-stress pathways. Heatmap of DEGs related to IFN responses (A) and ER-stress (B) upon CCHFV infection were clustered
and visualized by TBtools. C A model depicting the three branches of ER-stress and the two phases of IFN responses (IFN induction and IFN signaling) stimulated
by CCHFV.
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priority human cell model for omics analyses of CCHFV infection.
Overall, in comparison with the previously reported bunyaviruses,
CCHFV infection results in not only some similar transcriptional changes
in the immune response but also unique regulations such as the
remarkable induction of type III IFNs, ER stress as well as the possible
apoptosis (further discussed below). Recently, Arnold et al. utilized a
targeted gene panel to analyzed transcriptional changes in whole blood
samples of virus-infected cynomolgus macaques and Kozak et al. char-
acterized dual gene expression regulations in hepatocarcinoma cell lines
(Kozak et al., 2020; Arnold et al., 2021). Common immune stimulations
including type I IFN and ISG expression were observed, while the re-
sponses of type III IFNs and ER stress were not uncovered in these studies
(Kozak et al., 2020; Arnold et al., 2021). Aside from omics analysis, no
further experimental validations were conducted in both studies (Kozak
et al., 2020; Arnold et al., 2021). However, it is still likely suggestive of
the dependence of transcriptional responses on the host cell types or viral
strains. Besides, technical platforms, sequencing depth, and experimental
settings may also lead to differences of obtained RNA-seq results. Indeed,
in our study, we observed that type III IFN responses were generally
induced by CCHFV in various human cells, while IFN-β and ER-stress
related genes were not notably stimulated in some cell types (Supple-
mentary Fig. S2). Additionally, CCHFV causes lethal disease with severe
clinical manifestations in humans but is usually nonpathogenic in wild or
domestic animals (Ergonul, 2006; €Oncü, 2013). In view of this, experi-
mental investigations in human-derived cells might be particularly
informative. Further comparative transcriptomic analyses in more other
human cell types or even in clinical patients are merited. During the
revision of our manuscript, Neogi et al. reported a system-wide net-
work-based system biology analysis of peripheral blood mononuclear
cells (PBMCs) from CCHF patients and interestingly, their results also
highlight notable changes of metabolism (Neogi et al., 2022). Apart from
IFN responses and ER stress, metabolism process is the third enriched
network regulated by CCHFV infection according to our data (Fig. 5). The
consistent findings further underline the metabolic changes of particular
importance involved in CCHFV infection and also support the potential
value and significance of studies based on cell infection models like
CCHFV-infected HEK293 in the present study. In addition, the data from
whole blood or PBMCs, which both are mixtures of cell populations and
even remain to be fully characterized in infectivity of CCHFV, are con-
voluted to be interpreted and depend on cultured cell infection model for
validation and detailed depiction. Temporal analysis of transcription
which is not achieved in our study due to the restrictions of using
high-level biosafety laboratory especially during the current COVID-19
pandemic may be also informative and merited to be conducted for

characterizing the kinetics of viral regulation of host cells in the future.
Importantly, by combination of in vivo and in vitro study models, further
experimental validations of the CCHFV-regulated cellular processes
revealed by the transcriptome profiling is more urgently required to help
deepen our understanding of this life-threatening pathogen and design
specific antiviral therapeutics.

4.2. Antiviral IFN responses upon CCHFV infection

Antiviral IFN system driven by type I and III IFNs is the key component
of host innate immune defense against viral infection.Upon virus infection,
cellular pattern-recognition receptors (PRRs) can recognize pathogen-
associated molecular patterns (PAMPs) produced by virus infection and
trigger IFNexpression. Secreted type I and III IFNsbind to their receptors on
the cell surface and direct the following JAK-STAT signaling cascades,
resulting in IFN-stimulated genes (ISGs) expression and establishing anti-
viral state of host cell (Maher et al., 2008; Ivashkiv and Donlin, 2014). The
transcriptome profiling and qPCR analysis of our study show that upon
CCHFV infection, IFNλ1, IFNλ2, IFNλ3, and IFN-β, togetherwithmany ISGs,
were significantly upregulated, indicating systematic response of IFN
signaling against CCHFV. Moreover, two ISGs, RIG-I (a main PRR sensing
CCHFV infection) and IRF7 (an important transcription factor stimulating
IFN expression) that can act as positive feedback regulation factors of IFN
signaling cascades were also elevated (~4.6 and 2.3 folds, respectively),
which could further amplify the antiviral IFN responses.

Numerous viruses have been reported to stimulate type I IFN induc-
tion, while reports concerning type III IFN production in response to virus
infection are limited (Ank et al., 2006; Vitour et al., 2014; Killip et al.,
2015; Huang et al., 2017). Interestingly, here we observed that CCHFV
infection triggers significant induction of three types of IFN-λs (all ranked
top 5 up-regulated genes together with IFN-β), revealing a distinct IFN
induction pattern and highlighting the notable involvement of type III
IFNs in CCHFV-host interactions. Further, we also demonstrated the
substantial anti-CCHFV activities of type III IFNs in HEK293 cells even at
low application dosages. Additionally, higher concentration (e.g. 100
ng/mL) appeared not to increase the antiviral efficacy, which suggests
that the low-dosage treatments may have resulted in a plateau of antiviral
effect and is reminiscent of the previously reported complex antagonistic
capabilities of CCHFV (Frias-Staheli N. et al., 2007b; Andersson et al.,
2008; Fajs et al., 2014). Besides, some of the ISGs that have significant
anti-CCHFV activity (e.g. MxA) (Andersson et al., 2004) may have
reached an expression plateau as well in type III IFN treatment of lower
concentration as seen in Fig. 8F, which may also explain the less obvious
dose-dependent manner of the antiviral efficiency. Despite the similar

Fig. 7. Validation of representative DEGs involved in the IFN antiviral pathways and ER-stress responses by RT-qPCR. A RNA-seq results of DEGs related to IFN
response and ER stress. B Induction of the representative DEGs were verified by RT-qPCR. HEK293 cells infected with CCHFV or mock infected were subjected to RT-
qPCR analysis for the relative expression of the indicated DEGs at 24 h post infection (hpi). GAPDH was used as an internal control.
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induction pathway, type III IFNs are believed to have different kinetics in
action in comparison with type I IFNs: the former stimulates ISGs in a
relatively slower but much more sustained pattern (Pervolaraki et al.,
2018; Sun et al., 2018; Ye et al., 2019). Moreover, administration of type
III IFNs as antiviral agents is likely much safer with fewer side effects due

to their more specific and local actions at epithelial cells and mucosal
barriers (Kotenko and Durbin, 2017; Ye et al., 2019). Thus, further
testing of the inhibitory effects of type III IFNs on CCHFV replication
(especially in animal infection models) is warranted to develop
anti-CCHFV therapies in the future.

Fig. 8. Inhibitory effects of type I and III IFNs on CCHFV infection. A–P HEK293 cells were pretreated with the indicated concentrations of IFNλ1 (A–H) or IFNλ3
(I–P), or 100 U/mL IFN-α or 100 ng/mL IFN-β for 24 h, followed by CCHFV infection and RT-qPCR detection at 24 hpi. CCHFV RNA levels (A–C and I–K) and
representative ISGs in type III IFN-treated cells (D–H and L–P) were analyzed. (Q and R) Anti-CCHFV activities of type III IFNs in Huh7 cells. Huh7 cells were
pretreated with IFNλ1 and IFNλ3 (10 ng/mL) for 24 h, followed by CCHFV infection and RT-qPCR analyses of the viral RNA (Q) or ISG mRNA (R) levels as above. Data
are shown as means � SD, n � 3. **P < 0.01; ***P < 0.001.
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4.3. ER-stress induced by CCHFV infection

The ER is an organelle with multiple biological functions which are of
significance for the correct protein modification (Jheng et al., 2014).
Retaining of incorrect proteins in ER will stimulate UPR. The UPR con-
sists of PERK, IRE1 and ATF6 pathways (Tirasophon et al., 1998; Haze
et al., 1999; SOOD et al., 2000). Many viruses, including DNA and RNA
viruses were reported to induce ER-stress and UPR pathways during
infection. Virus-induced ER stress and UPR are either beneficial or
detrimental for virus replication. For example, transmissible gastroen-
teritis virus (TGEV), a member belonging to alphacoronavirus, triggers
all the three UPR pathways, while the replication of TGEV was sup-
pressed by the PERK-eIF2α axis-mediated UPR pathway (Xue et al.,
2018). In contrast, lymphocytic choriomeningitis virus (LCMV), a
member with bi-segmented negative sense RNA genome newly defined
to family Arenaviridae, order Bunyavirales, activates the ATF6 branch of
UPR pathway to benefit viral replication and cell viability (Pasqual et al.,
2011). A recent quantitative proteomic study demonstrated that severe
fever with thrombocytopenia syndrome virus (SFTSV), another bunya-
virus (Dabie bandavirus species, Bandavirus genus, Phenuiviridae family of
Bunyavirales order), appeared to activate all the main three UPR re-
sponses with two of the pathways favoring SFTSV infection (Zhang et al.,
2019; Kuhn et al., 2020). As for CCHFV, preliminary studies revealing
CCHFV infection-triggered ER-stress, especially the UPR in Huh7 cells,
are in line with the investigation of IRE1-mediated splicing of XBP1
transcript (Fraisier et al., 2014). In agreement with their results, we
observed the upregulation of XBP1, a hallmark of UPR stimulation. To be
more specific, all the three arms of UPR (ATF6-/PERK-/IRE1-mediated
unfolded protein responses) were likely stimulated according to our
transcriptomic analysis here, reflecting their potential roles in CCHFV
infection. Nonetheless, the mechanisms underlying the regulation of the
UPR pathways by CCHFV remain to be clearly unraveled. Further,
whether and how these ER-stress responses affect CCHFV infection and
pathogenicity are also merited to be determined in the future study.

4.4. Cross talks of cellular biological processes in response to CCHFV
infection

As discussed above, IFN immune response, UPR, and apoptosis
regulation are marked biological processes induced by CCHFV infection.
Previous studies have shown that UPR promotes phosphorylation-
dependent ubiquitination and degradation of IFNAR1, highlighting the
link with immune response, especially the type I IFN pathway (Liu et al.,
2009). Therefore, it is of interest to investigate the connection between
the two responses during CCHFV infection. Further, viral infection in-
duces UPR signaling, while prolonged and irremediable ER-stress could
trigger apoptosis in PERK-eIF2α-ATF-CHOP (C/EBP-homologous pro-
tein) mediated pathway (Abudurexiti et al., 2019). As a cellular parasite,
CCHFV utilizes the host ER to produce large amounts of viral glycopro-
teins (Serretiello et al., 2020), thus likely leading to misfolded and
unfolded protein accumulation in the ER lumen. To alleviate this stress,
UPR then could be initiated during CCHFV infection. In terms of exten-
sive UPR, the intrinsic apoptotic cascade-related proteins such as
CHOP-ATF3, CHOP-ATF4 and CHOP-C/EBP complexes would be upre-
gulated as seen in the present transcriptomic data, perhaps leading to the
intrinsic apoptosis (Liu et al., 2016). Additionally, immune responses
including the IFN pathways could also contribute to the apoptosis regu-
lation. In our study, many genes involved in the three processes (immune
response, UPR and apoptosis) were significantly stimulated (Fig. 4). The
result agrees with the finding that CCHFV infection of Huh7 cells induced
ER-stress and modulated apoptosis involving mitochondrial and death
receptor pathways as reported by Rodrigues et al. (2012). Thus, there
would be complicated cross talks among these processes during CCHFV
infection. It will be interesting to investigate whether and how CCHFV

balances these pathways to create an environment favorable for its
replication or manipulates them for its pathogenesis.

5. Conclusions

CCHFV is a high-virulent BSL-4 pathogen posing a severe threat to
worldwide public health. In the current study, we establish the cellular
transcriptome profile of CCHFV infection in human kidney HEK293 cells
by RNA-seq and identify 496 DEGs, including 361 up-regulated and 135
down-regulated genes. The data suggest that multiple biological pro-
cesses including defense response to virus, response to stress, regulation
of viral process, immune response, metabolism, stimulus, apoptosis and
protein catabolic process are likely implicated in the cellular responses
upon CCHFV infection. Among them, type III IFN pathways as well as ER
stress responses are particularly regulated and highlighted by qPCR an-
alyses, indicating their potential roles in CCHFV-cell interplays.
Furthermore, antiviral assays demonstrate that not only type I but also
type III IFNs exhibit notable anti-CCHFV activities. These findings pro-
vide new insights into CCHFV-host interactions and may help advance
the understanding of viral infection and pathogenesis, which perhaps
will eventually inform the development of medical countermeasures for
disease prevention and treatment.
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