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Differential innate immune activation by wild-type and NSs-deficient RVFV 
strains in human blood monocytes
Niranjana Naira, Julia Friesea, Paul J. Wichgers Schreurb, Albert D. M. E. Osterhausa, 
Guus F. Rimmelzwaana* and Chittappen Kandiyil Prajeetha*
aResearch Center for Emerging Infections and Zoonoses, University of Veterinary Medicine, Hannover, Germany; bWageningen 
Bioveterinary Research, Lelystad, Netherlands

ABSTRACT
Rift Valley fever virus (RVFV) is a Phlebovirus causing febrile and haemorrhagic illness in ruminants and humans. The viral 
protein NSs is a major virulence factor that suppresses the IFN-β response in various hosts. Hence, RVFV variants lacking 
functional NSs, such as Clone 13, are highly attenuated. It is speculated that from the sites of infection, the virus 
disseminates to the target organs via the bloodstream. We hypothesized that primary infection of circulating immune 
cells and their response to infection are critical factors determining systemic RVFV spread and pathogenesis. Human 
PBMC from healthy blood donors were exposed to both wild-type (WT) RVFV and Clone 13 strains. Flow cytometric 
analysis revealed that monocytes expressing LRP1, a known RVFV receptor, are target cells for RVFV. RNA-seq analysis 
of monocytes exposed to WT and Clone 13 strains showed a large number of differentially expressed genes 
compared to mock-exposed cells. Various genes involved in antiviral immune mechanisms were specifically 
modulated in monocytes either in response to WT or Clone 13 infection. Expression of genes encoding key 
inflammatory mediators, such as CCL2, CD40, and CD83, was only upregulated in Clone 13-infected monocytes, 
whereas IFNB1 and NFKB1 were downregulated specifically in WT-infected monocytes. Taken together, our findings 
suggest that RVFV NSs dampen the innate immune responses in monocytes which may be critical not only in RVFV 
pathogenesis but also in the induction of virus-specific immune response.
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Introduction

Rift Valley fever virus (RVFV), a Phenuiviridae family 
member, was initially identified as a source of abortion 
storms in sheep in the Rift Valley region of Kenya. 
Later, the disease was also reported in humans in 
close contact with diseased livestock [1,2]. It is hori
zontally transmitted by Aedes and Culex mosquitoes 
among livestock, whereas humans are mainly infected 

by contact with contaminated blood, carcasses or by 
consumption of unpasteurized milk from infected 
ruminants. A key characteristic of the disease is abor
tion storms in ruminants, predominantly in sheep and 
goats, as well as high mortality in newborn and young 
animals [3]. Infection outcomes in adult ruminants 
largely vary from asymptomatic, subclinical infection 
to severe febrile illness, hepatic disease accompanied 
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by haemorrhage, multifocal necrosis, and mild spleno
megaly [4,5]. Human infections are mostly asympto
matic or manifest as self-limiting febrile illness; 8– 
10% of symptomatic individuals develop severe dis
ease with hepatic lesions, haemorrhage, encephalitis 
or ocular disease [5].

The virus genome is a three-segmented negative- 
sense RNA consisting of the S, M and L segments, 
which encode several structural and non-structural 
proteins [6,7]. Non-structural protein NSs encoded 
by the S segment acts as the major virulence factor 
of the virus by suppressing host transcription, abro
gating type-I interferon response and enabling virus 
replication [3]. Moreover, NSs form nuclear filaments 
assembling into amyloid fibrils and contributing to the 
virulence in vivo [8,9]. Mutations in NSs are linked to 
reduced virulence as observed in natural isolates such 
as Clone 13 [10–12].

Although various functions of NSs have been ident
ified previously, their contribution to dissemination 
and pathogenesis, especially in humans, is poorly 
understood. Moreover, early events leading to virus 
dissemination from the entry sites to the target organs, 
such as the liver in humans, remain unclear. It has 
been shown that macrophages, dendritic cells and gra
nulocytes were infected by Clone 13 in Ifnar1-deficient 
mice, after inoculation by the intraperitoneal route 
[13]. Human monocyte-derived macrophages were 
also shown to be susceptible to infection with RVFV 
in vitro [14]. Here, we report that monocytes among 
peripheral blood mononuclear cells (PBMC) can be 
infected with RVFV. We further compared the mono
cyte response to infection with WT and NSs-deficient 
RVFV strains using a transcriptomics approach and 
observed major differences that could be critical for 
viral pathogenesis and host immunity to infection.

Materials and methods

Ethics statement

Buffy coats from healthy blood donors appearing for 
voluntary blood donation were obtained from 
Deutsches Rotes Kreuz, Springe, Germany. Written 
informed consent was obtained from all donors, and 
the procedure was approved by the Hannover Medical 
School Ethics Committee (No. 3393-2016).

Methods

Methods are described in detail in the supplementary 
material and methods (SMM). A brief description of 
the methods is presented here. Wild-type RVFV strain 
35/74 and Clone 13 stocks were generated as described 
in the SMM. PBMC were isolated by overlaying buffy 
coats pre-diluted with phosphate-buffered saline 
(PBS) + 2% FBS solution onto Lymphoprep density 

gradient medium (18061, StemCell Technologies) in 
SepMate-50 (IVD) tubes (85450, StemCell Technol
ogies) and centrifuging at 1200 g. PBMC obtained 
from this procedure were frozen in aliquots and stored 
at −150°C until further use. PBMC were thawed and 
resuspended in warm R10F medium. Monocytes 
were isolated using the classical human monocyte iso
lation Kit (130-117-337, Miltenyi Biotec) and auto
MACS Pro Separator (130-092-545, Miltenyi Biotec) 
as per manufacturer instructions. The monocytes 
obtained from this procedure had high purity 
(>95%) and good viability (Supplementary figure 
S1a). PBMC and monocytes (1 × 106 and 2 × 106 

cells, respectively) were inoculated with RVFV 35/74 
and Clone 13 at a multiplicity of infection (MOI) of 
1 in infection medium (CIM++ medium) for one 
hour, following which the initial inoculum was 
thoroughly washed, and the cells were maintained in 
culture medium for the specified time. The infectivity 
was assessed by intracellular staining of PBMC and 
monocytes for RVFV Nucleoprotein (N) using rab
bit-polyclonal anti-N antibody (Genscript) followed 
by a secondary Donkey anti-Rabbit IgG Alexa Fluor 
647 antibody [15]. Flow cytometric characterization 
of infection among PBMC subpopulations was done 
using antibodies against cell-specific markers as 
specified in SMM. RNA was extracted from the 
infected cells using Qiagen RNeasy mini kit (74104, 
Qiagen) following the manufacturer’s protocol. Copies 
of RVFV-M gene fragment in the infected monocytes 
were quantified by RT-qPCR assay using Luna 
Universal One-Step RT-qPCR Kit (E3005X, New Eng
land Biolabs) and forward primer 5’-AAAGGAA
CAATGGACTCTGGTCA-3’ and reverse primer 
5’-CACTTCTTACTACCATGTCCTCCAAT-3’ as 
described by Drosten et al. [16]. RNA-seq analysis 
was performed on total RNA isolated from mock 
and infected monocytes using Illumina sequencing. 
Library preparation, bioinformatics pipeline and 
quantification of gene expression levels are described 
in detail in SMM. Infectious virus titres in culture 
supernatants of Clone 13, RVFV 35/74 or mock- 
infected monocytes collected at 24 hpi were deter
mined in BHK-21 cells and expressed as TCID50 per 
mL. TCID50 values were calculated using Reed and 
Muench method. Concentration of CCL2 and 
CXCL9 in the culture supernatants was quantified 
using commercially available ELISA kits (Invitrogen) 
according to the manufacturer’s instructions.

Statistical analysis and RNA-Seq data analysis

Data was analysed using GraphPad Prism version 
10.4.1. Statistics for FACS analysis were performed 
using Two-way ANOVA with Tukey’s multiple com
parisons test. One-way ANOVA with Kruskal–Wallis 
test was used for RT-qPCR. p-value <0.05 is 
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considered as statistically significant. RNA-seq data 
were analysed using the Novomagic platform of Novo
gene. DEGs with |Log2 fold change| ≥ 1 and p < 0.05 
were considered for Gene Ontology (GO), KEGG 
and Reactome analysis using Novomagic. SRPlot 
online platform was used for generating dumbbell 
plots for commonly regulated genes [17]. RaNA-seq 
was used for interaction network analysis of the top 
10 differentially regulated pathways during infection 
[18].

Results

Human PBMC are susceptible to infection with 
RVFV

To investigate cell tropism, PBMC isolated from 
healthy human blood donors were exposed to 
RVFV strain 35/74 (WT) or to the NSs-deficient 
RVFV (Clone 13) at an MOI of 1. Comparison of 
nucleotide and amino acid sequences of Clone 13 
and RVFV 35/74 revealed striking homology except 
for a 69% in-frame deletion in the NSs gene in 
Clone 13, making it non-functional (Supplementary 
figure S2). Following culture, the cell viability was 
slightly reduced in both mock-treated and virus- 
inoculated PBMC (Figure 1(a)). At 24 h post inocu
lation (hpi), approximately 8% of PBMC stained 
positive for RVFV nucleoprotein (N) antigen, hence 
reflecting similar infectivity of both WT and Clone 
13 (Figure 1(b)).

Further flow cytometric characterization of infected 
PBMC using cell-specific markers identified monocytes 
as a major cellular target of RVFV (Figure 1(c) & Sup
plementary figure S3). Among all infected cells at 
24 hpi, 42% were CD14+ monocytes, 9% were T cells, 
whereas B cells and NK cells constituted minor targets 
for RVFV infection. Thus, among PBMC, monocytes 
were the primary targets for RVFV infection.

Human monocytes express RVFV receptor LRP1

DC-SIGN, a C-type lectin and low-density lipopro
tein receptor-related protein (LRP1) are known 
entry receptors for RVFV. To investigate whether 
the preferred cellular tropism of RVFV correlated 
with the expression of these entry factors, flow cyto
metry was performed on PBMC. Only a minor popu
lation of monocytes (CD11b+ CD14+), B cells 
(CD19+) and T cells (CD3+) expressed DC-SIGN. 
Interestingly, LRP1 was highly expressed on mono
cytes with >88% CD11b+ CD14+ cells staining posi
tive for LRP1. In contrast, LRP1 expression was 
relatively low on T cells and not expressed on B 
cells (Figure 2). Taken together, this suggests that 
RVFV may enter human monocytes by virtue of 
their LRP1 expression.

RVFV infection of purified human monocytes

To confirm infection of monocytes, MACS-sorted 
cells were inoculated with WT and Clone 13 at an 
MOI of 1. Virus-inoculated monocytes showed 
reduced cell viability at 24 hpi, with viabilities of 
67% for WT and 71% for Clone 13 strains. Mock- 
infected cells maintained a cell viability of >85%, indi
cating that RVFV infection exerts cytopathic effects in 
monocytes (Figure 3). Infectivity was assessed at 1 and 
24 hpi by flow cytometry using staining to detect intra
cellular viral N protein. Minor background staining 
of <0.8% was detected at 1 hpi. The proportion of 
N+ monocytes among WT and Clone 13-infected 
monocytes significantly increased at 24hpi with com
parable infection rates (∼15% and ∼14%, respectively) 
between both strains. Thus, WT and Clone 13 can 
infect purified human monocytes to a similar extent, 
leading to modest loss of viability.

WT RVFV and clone 13 induce differential 
transcription profiles in infected monocytes

Monocyte response to WT and Clone 13 infections 
was assessed at the transcription level by RNA-seq 
analysis on total RNA isolated at 24 hpi (Supplemen
tary figure S1b & S1c shows virus copy number and 
infectious virus titre at 24 hpi, respectively). In com
parison to mock-infected monocytes, expression of 
3774 and 3916 genes was significantly altered, greater 
than two-fold (p-value <0.05) in WT- and Clone 13- 
infected monocytes (Figure 4). Among these, 1661 
genes were commonly expressed after infection 
with either virus. A significant number of differen
tially expressed genes (DEG), 2113 in WT and 2255 
in Clone 13, were unique to each virus infection, 
indicating strain-specific host responses 
(Figure 4(d)). Further analysis of WT infection- 
induced responses revealed that among the DEG, 
79% of genes were downregulated and only 21% 
were upregulated compared to mock-infected mono
cytes. In contrast, 55% of DEG were downregulated 
and 45% genes were upregulated in Clone 13-infected 
monocytes.

Gene ontology (GO) enrichment analysis was per
formed using total upregulated and downregulated 
gene sets to identify biological processes affected in 
monocytes following WT and Clone 13 infection 
(Figure 5). GO terms enriched using upregulated 
genes were predominantly associated with antiviral 
defence mechanisms, including “response to virus” 
and “defence response to virus”, etc., for both Clone 
13 and WT virus infections. Nevertheless, the number 
of genes associated with each GO term was different 
between the strains (Supplementary table S1). 
Another prominent GO term enriched with the upre
gulated gene set was associated with cytokine activity 
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and responses to cytokine signalling (Figure 5(a)). For 
the downregulated gene set, GO-enriched processes 
were primarily associated with chemotaxis and leuko
cyte recruitment, suggesting migratory and inflamma
tory responses are affected following infection with 
both Clone 13 and WT strains (Figure 5(b)). Network 
analysis based on the top 10 pathways that demon
strated the highest statistical significance showed a 
cluster of biologically related processes that were com
mon as well as distinct between infections with either 
of the viruses. The involvement of “immune path
ways” was common in both networks. Notably, 
Clone 13 infection showed interaction among “innate 
immune system” and “adaptive immune system”, 
which was absent in WT RVFV-infected monocytes 
(Figure 5(c,d)). Collectively, the DEG analysis indi
cates that both viral strains induce an antiviral state 
in monocytes with Clone 13-infected monocytes 
showing distinct potential to engage with the adaptive 
immune system.

Infections with the WT RVFV strain and clone 13 
induce different immune activation pathways

To obtain a better understanding of the common 
pathways, Reactome pathway enrichment analysis 
was performed on 1661 shared DEG induced by 
Clone 13 and WT infections (Figure 4(d)). Top path
ways selected by high statistical significance were 
further categorized into groups based on the function 
possibly affected by these pathways. As demonstrated 
in Figure 6, the major pathways listed for both strains 
include the interferon and interleukin signalling path
ways along with genes associated with antigen proces
sing and presentation (Figure 6(a,b), Supplementary 
tables S2 and S3). Using KEGG pathway analysis, 
gene ratios of the top 16 significant pathways regulat
ing the innate immune responses in monocytes were 
compared for Clone 13 and WT infection, including 
those involved in antigen processing and presentation, 
B-cell and T cell receptor signalling, RIG-I-like 

Figure 1. Human PBMC infection with Clone 13 and RVFV 35/74 (WT). a. Cell viability at 1 and 24 hpi expressed as percentage of 
LIVE/DEAD negative cells. b. Percentage of virus-infected cells in PBMCs as determined by RVFV Nucleoprotein staining at 1 and 24 
hpi. c. Subpopulations of infected PBMCs were distinguished based on surface marker expression into monocytes, NK cells, T cells 
and B cells. The respective treatments are colour coded as indicated (grey, mock-infected; red, Clone 13-infected and blue, WT- 
infected). Each symbol represents the results obtained with an individual blood donor. Two independent experiments with four 
donor PBMCs per experiment are shown (n = 8). Statistical significance was determined using Two-Way ANOVA with Tukey’s mul
tiple comparisons test. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.
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Figure 2. Expression of putative RVFV entry receptors on PBMC populations. Representative FACS plots of LRP1 and DC-SIGN 
expression on a. monocytes, b. T cells and c. B cells. Colours indicate antibody staining of cells (orange, unstained cells; blue, iso
type control; red, receptor-specific antibody-stained cells). Two independent experiments with four donor PBMC per experiment 
are shown (n = 8).
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receptor signalling, NF-κB signalling and MAPK sig
nalling (Figure 6(c), Supplementary table S4). The 
gene ratios show that Clone 13-infected monocytes 
had a higher number of genes associated with these 
pathways, satisfying the selection criteria of >10 genes 
per pathway with p-value <0.05, compared to mono
cytes infected with the WT virus. Although the mono
cyte response to infection with either virus was similar, 
the degree and nature of gene expression varied.

To compare the magnitude of the response to 
Clone 13 and WT infections, we assessed the fold 
changes, relative to mock controls, in selected genes 
involved in innate immunity and in shaping adaptive 
immune response, including several chemokines and 
cytokines, costimulatory molecules and transcription 
factors. Notably, genes encoding CXCL9, CXCL10 
and CXCL11 that mediate their effects by binding to 
the CXCR3 receptor were upregulated (>500 folds) 
upon infection with both RVFV strains. Several 
other chemokines, such as CXCL1, CXCL5, CCL20, 
etc., that aid leukocyte migration were downregulated 
in monocytes by Clone13 and the WT strains. Simi
larly, expression of genes encoding proinflammatory 
cytokines like interleukins IL1Α, IL1Β and IL6 was 
downregulated in monocytes infected with both 
RVFV strains. Notable variations in fold changes 
were also observed between WT and Clone 13 infected 
monocytes. Expression of the gene encoding CCL2, a 
chemokine important for the recruitment of immune 
cells was upregulated in response to Clone 13 infection 
only. Similarly, expression of the CSF1 gene encoding 
macrophage colony-stimulating factor was highly 
upregulated in Clone 13-infected monocytes. In 

contrast, expression of the CSF3 gene encoding gra
nulocyte colony-stimulating factor was strongly 
downregulated in WT-infected monocytes. Differ
ences were also observed in the expression of genes 
encoding type-1-interferons, which exert potent anti
viral activity. For instance, IFNA1 expression was 
upregulated in WT and Clone 13-infected monocytes, 
whereas IFNB1 expression was highly upregulated 
(>140 fold) in Clone 13-infected monocytes only 
(Figure 7(a,b)). Expression of STAT1 and STAT2 tran
scription factors was upregulated in monocytes by 
Clone 13 and WT strains. Collectively, these results 
indicate the ability of monocytes to sense either strains 
and respond by activating genes and pathways that 
drive innate immune response. However, fold changes 
of these genes suggest that the response in Clone 13- 
infected monocytes was relatively stronger compared 
to the response to the WT RVFV strain.

Clone 13 infection upregulates the expression 
of costimulatory molecules and chemokines in 
monocytes

Monocytes are important antigen-presenting cells that 
can activate virus-specific T cells. To assess the T cell- 
activating potential of monocytes induced by WT or 
Clone 13, the expressions of CD80, CD40, and CD83 
genes were assessed from the RNA-seq data. Differential 
gene expression data revealed that, compared to mock 
controls, CD80 expression was higher in Clone 13- 
infected monocytes (∼90-fold) than in WT-infected 
cells (10-fold). The expression of CD40 and CD83 was 
significantly upregulated after infection with Clone 13 

Figure 3. RVFV infection of purified monocytes. a. Percentage of viable cells, b. infected monocytes after 1 and 24 hpi measured 
by flow cytometry. Each data point represents monocytes from an individual blood donor (n = 4) that were mock-infected (grey) or 
infected with Clone 13 (red) or WT (blue) virus. Statistical significance was determined using two-way ANOVA with Tukey’s mul
tiple comparisons test. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.
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Figure 4. Differential gene expression in RVFV-inoculated monocytes. Volcano plots depict the enrichment of DEG (log2fold 
change >1, p-Value < 0.05) in a. Clone 13 and b. WT-infected monocytes in comparison to mock-infection. c. The bar graph 
shows total DEG (red) and those that are up- (blue bar) and down- (green bar) regulated between these conditions. d. The 
Venn diagram shows DEG that are common for both infections (dark grey), Clone 13-specific (red) and WT (blue) -specific DEG.
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Figure 5. Total DEG filtered with parameters |log2 fold change| > 1 and p < 0.05 of Clone 13 or WT-infected monocytes relative to 
mock, expressed as a bar graph and interaction network. a. Upregulated GO terms and b. Downregulated GO terms in Clone 13 
and RVFV 35/74 infected cells were compared to mock-infection. The total number of DEG associated with the given GO term for 
Clone 13 (red) and WT virus (blue) infection is shown on the X-axis. Network analysis of the highest annotated DEG for c. Clone 13 
and d. WT infection. The link between the innate immune system and the adaptive immune system is highlighted in red. Each 
node represents a functional category, and colour represents the percentage of significant DEG annotated in this category. The 
size of the node indicates the p-value of the category; a larger node indicates high statistical significance. Edges show the func
tional categories with genes in common. Edge width is proportional to the number of genes in common. Legend represents the 
gradient of DEG annotation percentage.
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Figure 6. Reactome pathways enriched using common DEG a. Clone 13 and b. RVFV 35/74 infection was expressed as a scatter 
plot. The dot size indicates gene count and the colour indicates p-value. The p-values range from red colour indicating the least 
significant p-value, and violet colour for the highest significant p-value c. Gene ratios for KEGG immune pathways were compared 
for Clone 13-(red dots) and WT- (blue dots) infection and represented as a dumbbell plot. For a., b, c., the x-axis shows gene ratio 
to indicate pathways.
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Figure 7. Heatmap showing log2 fold change and p < 0.05 up- (red) or down-regulation (blue) for selected genes that are 
a. commonly expressed in WT and Clone 13 infections and b. genes specifically regulated with either WT or Clone 13 infection. 
Intensity of colour indicates the strength of regulation. Mean fluorescence intensities (MFI) of surface expression c. CD80, CD40 
and HLA-DR on mock- (grey) Clone 13 (red) and WT (blue) infected monocytes were plotted from four blood donors (n = 4). 
d. Concentration (pg/mL) of chemokines CCL2 and CXCL9 in culture supernatants of mock- (grey), Clone 13- (red) or WT (blue) 
virus-infected monocytes at 1 and 24 hpi. Each symbol represents the average of two technical replicates from a blood 
donor (n = 4). Statistical significance was determined using two-way ANOVA and Tukey’s multiple comparisons test. ∗p < 0.05; 
∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.

10 N. NAIR ET AL.



only (Figure 7(a,b)). Furthermore, flow cytometric analy
sis validated these findings, showing that surface 
expression (mean fluorescence intensity) of CD80, 
CD40 and HLA-DR was significantly higher on Clone 
13-infected monocytes than in WT-infected cells com
pared to mock controls (Figure 7(c) & Supplementary 
figure S4). Similarly, the concentration of chemokines 
CCL2 and CXCL9 measured in the culture supernatants 
of Clone 13 and WT-infected monocytes showed that 
higher amounts of CCL2 were secreted by monocytes 
only in response to Clone 13 infection (Figure 7(d)). 
CXCL9 was detected in both supernatants; however, 
the concentration in Clone 13-infected monocyte cul
tures (12.5 ng/mL) was higher compared to that detected 
in supernatants of WT-infected monocytes (2.6 ng/mL; 
Figure 7(d)). The protein expression data for the selected 
genes were consistent with RNA-seq data. Collectively, 
these findings show that Clone 13 infection enhances 
chemokine secretion and T cell activation potential of 
monocytes more than WT RVFV infection.

Clone 13 and WT RVFV regulate unique 
functional pathways

A significant number of DEG were unique to either 
Clone 13-(2255) or WT-infected (2113) monocytes. 
Further GO and Reactome pathway analysis was done 
using these gene sets to identify unique biological pro
cesses and pathways that are affected by Clone 13 and 
WT infection. The enriched pathways were categorized 
into those involved in viral sensing, innate immune 
response, structural organization and cell survival 
(Figure 8). Notably, most pathways enriched by Clone 
13-specific DEG were associated with viral sensing 
and host response to infection (Figure 8(a), Supplemen
tary figure S5 & table S5). Enrichment of pathways like 
NLR-, CLR- and TLR-signalling cascades by Clone 13 
specific gene set indicates transcriptional programmes 
regulating pathogen sensing, largely absent among top 
hits for WT-specific gene set (Figure 8). Similarly, path
ways associated with interleukin signalling and inflam
masome pathways driving host response to infection 
were primarily enriched with the Clone 13-specific 
gene set. In contrast, WT-specific DEG enriched top 
pathways were associated with structural organizations, 
cell survival and those regulating cell motility 
(Figure 8(b), Supplementary figure S5 & table S6). 
These results confirm that distinct transcriptional pro
grammes associated with viral sensing and response to 
infection were more pronounced in Clone 13-infected 
monocytes, whereas the WT virus regulated pro
grammes that affect cell survival.

Discussion

In the present study, we have confirmed that RVFV 
can infect mainly classical monocytes (CD14+ 

CD16−) within a human PBMC population. Pre
viously, it was shown that RVFV can infect THP- 
1PMA differentiated macrophages, Raw 264.1 cells 
and human monocyte-derived macrophages in vitro 
[14,19,20]. Monocytes comprise approximately 10% 
of human PBMC, and function as immediate respon
ders to infection and disease [21]. Inflammation 
results in the migration of classical monocytes from 
blood to specific organs where they differentiate into 
tissue-resident macrophages [22]. Infection of mono
cytes at the site of infection would be one way for 
the virus to travel systemically, eventually reaching 
target organs for massive virus replication. For 
example, Dengue virus and Zika virus can use mono
cytes to reach peripheral organs for further virus 
amplification [23–25].

Presumably, after initial replication at the sites of 
infection, RVFV enters the bloodstream to reach the 
main target organ, the liver. Hence, the early response 
to infection by circulating immune cells might be a 
critical factor in the pathogenesis of RVFV. Few 
studies have identified LRP1 as a potential cellular 
receptor along with a few attachment receptors for 
RVFV entry [26]. In addition, it was shown that 
LRP1 expression in hepatocytes was required for the 
development of severe hepatic disease in a mouse 
model [27]. After showing that monocytes among 
PBMC were the main targets of RVFV, it was intri
guing to find that monocytes were also the major 
cell types expressing LRP1. Our findings suggest that 
the high cell surface expression of LRP1 on monocytes 
may be the reason for the observed cell tropism of 
RVFV in human PBMC. Nonetheless, the possibility 
that other viral receptors may also be involved in 
this process cannot be ruled out.

The ability of RVFV NSs to negatively impact 
innate immune responses by suppressing the gene 
expression of IFNβ is well established [28]. Hence, 
a comparison of monocyte responses to infection 
with WT versus NSs-deficient RVFV strains was 
our strategy to identify early events critical for 
pathogenesis. Early host responses were studied 
with 24 hpi as an appropriate time point, thus ensur
ing measurable and significant host response, while 
allowing virus replication to proceed. WT 35/74 
and Clone 13 share a high amino acid sequence 
homology (>99%) for most viral proteins except for 
the NSs protein (31% homology). The absence of 
functional NSs did not affect the ability of Clone 
13 to infect monocytes, as infection rates were com
parable to those of WT RVFV. Although most of the 
transcriptional differences observed in this study 
could be attributed to the NSs, the possibility that 
some of these differences arise from the subtle 
amino acid variations in other viral proteins, such 
as the glycoproteins, cannot be excluded. A com
parative analysis using isogenic virus strains would 
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Figure 8. Reactome pathways enriched based on specific DEG from a. Clone 13- and b. WT-infected monocyte relative to mock- 
infection and is presented as a scatter plot. The x-axis represents gene ratio associated with pathways; dot size indicates gene 
count and colour indicates p-value. The p-values range from red colour, having the least significant p-value and violet colour 
for the highest significant p-value.
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be the approach to resolve these effects. Assessment 
of infectivity by flow cytometry revealed that only a 
small monocyte fraction was infected. As the infected 
cells could not be sorted for RNA-seq analysis, the 
observed transcriptional changes could still be a 
combination of direct viral effects on infected mono
cytes and bystander response from uninfected cells. 
However, transcriptional changes induced by Clone 
13 in monocytes were considerably different from 
that of WT RVFV-infected monocytes, both in 
terms of the overall number of DEG and the 
enriched GO terms and pathways associated with 
these DEG. Clone 13 infection upregulated the 
expression of more genes involved in the interferon 
response and pathways associated with control of 
viral infection in comparison to WT infection. Path
ways regulating viral RNA sensing, like RIG-I-like 
receptor signalling (RLR) and NLR signalling path
ways, which in turn regulate NF-κB signalling and 
expression of factors driving the innate immune 
response, were among the prominent hits associated 
with Clone 13 infection. Furthermore, Clone 13 
induced robust expression of the IFNB gene, which 
was not the case in WT-infected monocytes. This 
is in agreement with the previous report of negative 
effects of NSs on IFNB expression [11]. Infection 
with Clone 13 and WT RVFV resulted in the 
expression of other chemokine and cytokine genes, 
including those encoding CXCL9, CXCL10, 
CXCL11, which are important for immune cell 
recruitment, activation and differentiation [29]. 
Upregulation of transcription factors such as 
STAT 1 and STAT 2 by either virus strains support 
the fact that virus sensing induces the activation of 
pathways that guide proinflammatory response. 
Furthermore, it is known that STAT1 regulates 
the differentiation of monocytes into M1-like 
macrophages, which form an important component 
of immune defence in tissues [30]. In contrast to 
infection with WT, Clone 13 infection induced the 
expression of cell surface markers involved in T 
cell activation by monocytes, like CD80, CD40 
and HLA-DR, which was also reflected by a higher 
gene ratio for T- and B-cell activation signalling. 
These findings may explain the virulence associated 
with the WT virus, where the functional NSs 
resulted in diminished innate immune activation. 
Alternatively, Clone 13, lacking functional NSs, pro
motes viral sensing and antiviral defence mechan
isms in monocytes, while the WT strain influences 
structural organization and cell mobility. The com
binatorial effect of enhanced mobility and reduced 
antiviral defence mechanisms contributes to the 
pathogenesis of the WT strain [31]. Nevertheless, 
we also observed that genes encoding key proi
nflammatory factors such as IL-1β, IL-6 and several 
chemokines involved with chemotaxis and 

leukocyte migration are downregulated in mono
cytes by both Clone 13 and WT strains. The reason 
for this is unclear. It is likely that these factors are 
regulated independently of NSs and are influenced 
by other viral proteins. It has been demonstrated 
that nucleoprotein encoded by the S segment of 
severe fever with thrombocytopenia syndrome 
virus (SFTSV) exhibited suppressive effect on NF- 
KB signalling [32].

Monocytes with their antigen-presenting capabili
ties, could act as a bridge between innate and adaptive 
immune responses. Therefore, the gene expression 
data combined with flow cytometric data validating 
the expression of costimulatory molecules support 
our hypothesis that contact with monocytes during 
the early infection and the ensuing response may be 
one of the factors determining immunity to infection 
or dissemination and trafficking of the virus to pri
mary target organs such as the liver. Collectively, we 
have demonstrated that both attenuated and WT 
strains of RVFV can infect human monocytes efficien
tly, which coincides with the expression of the virus 
receptor LRP1. However, the cellular response of 
monocytes to infection with either virus varies widely 
in relation to a functional NSs gene, which is absent in 
the Clone 13 strain. Absence of potent innate and sub
sequent adaptive immune responses seen after infec
tion with the WT strains may contribute to virus 
dissemination, leading to full-blown infections and 
high viral loads. Further studies are required to vali
date the impact of transcriptional changes identified 
in our RNA-seq analysis on the function of mono
cytes. Although we could demonstrate that gene 
expression data is consistent with protein expression 
for selected genes, it must be noted that RVFV NSs 
is known to block mRNA export from the nucleus 
and hence the gene expression changes may not 
always be reflected at the protein level [33,34]. There
fore, this limitation must be considered while validat
ing these findings.
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